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Foreword 

It is a great pleasure for me to contribute a few words as an 
introduction to the second edition of this volume, first published 
in 1990 when it was edited by David Cooper and Dimitri 
Novitzky. The first edition was, in fact, a greatly expanded 
version of an even earlier volume Heart Transplantation, edited 
by David Cooper and Robert Lanza and published in 1984. This 
first work, authored by members of the medical staff of Groote 
Schuur Hospital and the University of Cape Town Medical 
School, was, I believe, the first volume reviewing this relatively 
new field of medicine. 

The present volume, therefore, continues the documentation of 
the development of the transplantation and replacement of intra
thoracic organs begun over a decade ago by the editors of the 
original volume. The pace of advance during the past 10 years 
has been considerable, as evidenced by the excellent results being 

achieved by many heart transplant centers and the ever improving 
results of lung transplantation and the functioning of mechanical 
cardiac assist devices. 

The current editors bring a wealth of expertise and experience 
to their task, and have blended together absolutely superb con
tributions by many of the world's experts in their fields. This 
comprehensive and highly readable volume documents the 
present 'state of the art' in the field of transplantation and 
replacement of thoracic organs. It provides an invaluable and un
paralleled source of information for those concerned with heart 
and lung medicine or surgery, and is essential reading for all who 
wish to keep abreast of developments in this field. 

March, 1996 Chrisdaan N. Barnard 
Cape Town, South Africa 



Preface 

The second edition of tiiis volume reflects the major develop
ments that have taken place in the field of thoracic organ trans
plantation and replacement since the first edition was published in 
1990. With the exception of the 'historical' chapters, every 
chapter has been extensively rewritten and updated and many new 
chapters have been added. 

In particular, with the rapid growth of single and bilateral lung 
transplantation, these topics have required considerably more 
attention and space. In contrast, relatively less space has been 
devoted to the field of transplantation of the heart and both lungs, 
where activity has declined significantly in recent years. 
Similarly, the increasing importance of left ventricular assist 
devices, and the decreasing clinical activity relating to the total 
artificial heart, are also reflected in the text. 

In a comprehensive work of this nature, some topics are 
inevitably addressed by more than one author. We make no 
apology for any such duplication as it almost always relates to 
topics of great importance, where the opinions of more than one 
expert are valuable. For example, the subject of infection follow
ing thoracic organ transplantation is reviewed by recognized 
experts in three different chapters which, between them, provide 
an unparalleled review of this increasingly important field. 

Several other topics, such as aspects of cardiac allograft vas-
culopathy and the newer immunosuppressive agents, are also 
discussed by more than one author, who together provide the 
reader with comprehensive overviews of these subjects. 

Considerable emphasis has been placed on the current 
experimental and clinical developments taking place in both the 
transplantation and the mechanical replacement of thoracic 
organs, thus providing a preview of the clinical advances that are 
anticipated within the next few years. 

In summary, this volume provides by far the most com
prehensive review of this subject that has been published to-date. 
For those entering this field of medicine, this work will provide a 
sound and extensive basis of information; for those already 
experienced, we hope it will prove an invaluable source of 
reference and update for many years to come. 

March. 1996 David K.C. Cooper 
Oklahoma City, USA 

Leslie W. Miller 
St. Louis, USA 

G. Alexander Patterson 
St. Ltniis, USA 
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The Concept and Diagnosis of Brain Death 
E.G. WARNER 

INTRODUCTION 

The concept of brain death as opposed to clinical death was first 
formulated by Mollaret and Goulon in 1959'. At the onset this 
new concept of death produced a considerable amount of discus
sion, some of it acrimonious, in medical circles. The public was 
also interested in this new concept of death as distinguished from 
what it had previously understood. 

Up until this time the recognized criteria for diagnosis of clini
cal death were cessation of respiration and cessation of heartbeat, 
both usually occurring in close proximity to each other. Thus a 
new concept, the concept of brain death, when it was first 
promulgated, was rather revolutionary. 

The reason the new concept was essential is because of the 
effectiveness of resuscitation which is now available after an 
acute injury or acute organ failure. This has produced a large 
number of patients who are mechanically ventilated with cir
culatory parameters stabilized artificially, but without the 
possibility of recovery of cerebral function. This then is the diag
nosis of brain death as opposed to clinical death by the older 
cardiovascular standards. 

This new concept of brain death now signifies the death of the 
individual, and is accepted throughout most of the world, although 
there are a few countries which do not recognize this new concept. 

From the transplantation standpoint most of the organ dona
tions are from patients who are brain dead. The care of this type 
of patient has not only ethical importance, but also legal impor
tance. It is the accurate diagnosis and timing of the occurrence of 
brain death that is essential, not only in procuring organs but in 
order to continue appropriate perfusion and other techniques 
necessary to maintain the organs in the best state possible for 
transplantation. It is not the task of the neurosurgeon or any 
medical practitioner to provide organs for donation. However, 
neither should any doctor, on the basis of insufficient evidence or 
personal prejudice, deny patients in need of transplant surgery 
their chance for a cure^' .̂ 

cessation of function of the entire brain, including the brainstem, 
and failure of the brainstem itself. The importance of this differ
ence varies by geography. In the United States the concept of 
total brain death is defined as irreversible loss of function of the 
entire brain including the brainstem. In some other countries the 
concept of brainstem death is rendered equivalent to brain death. 

The etiological factors which produce irreversible brain death 
are several; these include: (a) supratentorial lesions such as sub
dural or intracerebral hematomas, subarachnoid hemorrhage, 
cerebral infarctions, tumors or abscesses; (b) infratentorial masses 
which directly damage the brainstem, such as brainstem or cere
bellar hemorrhage, brainstem infarction, or tumor; (3) hypoxic 
encephalopathy of a high degree, usually occurring after pro
longed asphyxia. Other metabolic factors, such as severe toxic 
insults or in the setting of severe hepatic necrosis, are not 
uncommon. 

The parameters necessary to diagnose brain death will now be 
described. These are the descriptions that would be appropriate 
to clinical evaluation in the United States. In other some countries 
the use of only brainstem criteria may be adequate. 

The end-result of major trauma, whether physical or chemical, 
which leads to progressive brain swelling, is herniation of the 
hippocampal gyri with lateral pressure on the brainstem. This 
eventuates in the loss of brainstem function. Any expanding 
lesion will increase intracranial pressure to equal systemic arterial 
pressure, at which point there will be complete arrest of cerebral 
circulation. Cerebral circulatory arrest can therefore be con
fidently used as a criterion of irreversible cerebral injury. 
Functional disintegration, following the conditions described 
above, leads to cessation of spontaneous respiration. TTiis results 
in turn in hypoxic cardiac arrest. If gaseous exchange and cir
culation are maintained artificially, the heart, kidneys and liver 
may continue to function for some hours or days. However, after 
brainstem death has occurred, cardiac arrest will usually follow 
reliably within 1-2 weeks'*. 

TOTAL BRAIN DEATH VERSUS BRAINSTEM DEATH 

At the onset it should be noted that there is a difference in dis
tinguishing between total brain death, which implies irreversible 

CONFOUNDING FACTORS IN THE DIAGNOSIS OF 
BRAIN DEATH 

There are a number of factors which may confuse a diagnosis of 
brain death; these are the following, and must be excluded to 
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make a proper diagnosis of brain death: (a) hypothermia - this 
becomes operative, however, only when rectal temperatures are 
below 32°C; (b) drug intoxication; (c) factors producing severe 
electrolyte or endocrine disturbances; (d) identification of a struc
tural lesion that might be amenable to surgical treatment, by 
appropriate imaging techniques; (e) the effect of neuromuscular 
blocking agents - if these agents have been used, enough time 
must be given so that they will have dissipated from the blood. To 
emphasize again, the exact diagnosis (or as close to being exact as 
possible) must be made as to the etiology of the comatose 
state. 

ESTABLISHING THE DIAGNOSIS OF BRAIN DEATH 

There are therefore two major areas of testing which are required 
to establish the status of brain death. The first is that of coma -
total unresponsiveness to any stimuli. The .second is the absence 
of brainstem reflexes, including apnea. 

(1) Coma ~ the patient must be totally unresponsive to painful 
stimuli. This can be tested by supraorbital pressure, 
sternal pressure, nailbed pressure, or other appropriate 
means. 

(2) Brainstem death - measured by absence of brainstem 
reflexes: 
(a) Absence of pupillary response to light - there must be an 

adequate level of illumination to make it a valid test. One 
must exclude previous pupillary abnormalities and/or 
topical drugs that may be applied to the eyes. 

(b) Absence of corneal reflex - tested by taking a moist piece 
of cotton or paper tissue and touching the cornea. This 
should produce a direct response in the eye being tested. 
It should also produce a consensual response in the 
opposite eye. 

(c) No oculovestibular reflexes. Irrigation of each ear individ
ually with cold water, using an adequate amount (which is 
usually defined as 50-60 ml). The patient is allowed to 
rest for several minutes after the injection. This is then 
repeated on the opposite side. The head should be ele
vated 30° during the irrigation on each side. A positive 
response is deviation of the tonic variety toward the cold 
stimulation, signifying an intact brainstem. With brain
stem death there is no deviation of the eyes with 
stimulation. 

(d) Absence of oculocephalic reflex: this is absent 'doll's 
eyes', performed by rapid turning of the head from the 
neutral or forward position to 81-90° rotation on each 
side. A similar test may be made with vertical movements 
of the head. The eye movement is to the opposite side 
from the deviation of the head. Then, as the movement of 
the eyes lags behind the head movement, they rapidly 
adjust to their new position. 

(e) Gag reflex absent after stimulation of the pharynx. 
(f) No cough reflex - this can be determined with bronchial 

suction. 
(g) Absence of respiratory activity (demonstration of apnea -

see below.) 

Respiration is driven from a center in the brainstem. If the above 
brainstem tests are all negative (that is absent), the next procedure 

to be performed is a test for apnea. Loss of brainstem function 
produces apnea as well as hypotension. 

A large number of factors influence respiratory drive, including 
PCO2, pH, etc. The recommendations that will follow are based on 
the concept of reaching a PacOj level >60 mmHg for maximum 
drive or stimulation of the respiratory center in the brainstem. 
Lower levels may be sufficient, but at 60 mmHg there is no ques
tion that the respiratory drive should be definitely present if the 
respiratory center can respond to the hypercarbia. Caution must 
be used in interpreting these values in patients who have severe 
COPD or other causes for chronic hypercarbia. In these instances, 
greater reliance should be placed on other confirmatory tests. 
Because hypotension may result during the procedure, it is 
essential that the patient have as normal a blood volume as 
possible. 

One should preoxygenate the patient to a Pao , of approx
imately 200 mmHg. The arterial PCO2 should be within normal 
limits. Then disconnect the ventilator. Be sure that a diffuse type 
of oxygenation can take place by giving 6 1/min oxygen via the 
trachea or placing a fine cannula at the level of the carina. 
Disconnect the respirator. Generally, if one starts with a Pcoi of 
40 mmHg, the value will gradually increase after 6-8 min 
to a level of approximately 60 mmHg. It will rise probably 
3-6 ml/min, but is variable depending on the individual patient. 
Observe the patient for any respiratory movements that would 
produce an adequate tidal volume. 

At the 8-min interval, check for pH, PCO2 and f*02. The object 
here is to be sure that the PcOj is above 60 mmHg. If no respira
tory movements are seen at this level, that is a PcOj >60 mmHg, 
then assume that the respiratory drive is adequate and the 
response of the brainstem is negative. This fits with the diagnosis 
of brain death. If, however, respiratory movements are observed, 
then there is still present a response to this level of PcQj, and the 
brainstem is not dead. In the event that the patient becomes 
abruptly hypotensive or significant cardiac arrhythmia develops, 
the respirator should be restarted promptly and the volume 
adjusted until the O2 saturation is >90% (or arterial Po, 
>90 mmHg). 

To summarize, irreversible apnea is part of the diagnosis of 
clinical total brain death, particularly involving the responsive
ness of the brainstem. Respiration must be absent with a PcOj of 
60 mmHg. 

There are other protocols which may be used to ensure 
adequate respiratory drive to the brainstem occurring in the pres
ence of adequate peripheral oxygenation. At this point there is no 
agreement on the exact protocol that should be followed in regard 
to this issue. 

COMMENT 

Many problems are seen in these critically ill patients in the 
intensive-care unit (ICU). Particularly troublesome are those pa
tients who have severe facial and head injuries, such that exami
nation of cranial nerves is difficult, if not at times virtually 
impossible. The presence of confounding drugs, e.g. sedatives, 
etc., can be evaluated from a thorough history and toxicological 
analysis. Often these problems, as well as the etiology of the 
coma, will be clarified with continued observation and laboratory 

testing^. 
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Not infrequently one may have the 'Lazarus reaction' - that is, 
spinal reflex activity - particularly during apnea testing. If this re
action occurs it may suggest to the observer purposeful move
ments. Hence, it is our policy to exclude the family from the 
agonal period so that these reflex actions are not considered as 
evidence of an error in the diagnosis of brain death. These pa
tients may sit up in bed, swing their arms in front of them, move 
one limb in a jerking-type action, or even make pseudowalking 
movements with their legs. Some of these movements may 
involve chest muscles, but they do not produce adequate move
ment to enable a respiratory exchange with significant tidal 
volume. 

Since deep tendon reflexes are of spinal origin they may remain 
present, although they are usually absent; the same applies to 
Babinski signs. 

CONFIRMATORY TESTS 

In this particular area there is considerable disagreement between 
physicians in the USA and those in other parts of the world, par
ticularly in Britain. In the USA the criteria for total brain death 
include a total lack of function of the entire brain - not only the 
brainstem but the entire brain. In the UK, however, the argument 
is made that if one has no evidence of activity in the brainstem, 
for practical purposes the patient is truly 'brain dead'. 
Semantically there is, of course, considerable difference here, as 
the total brain is not necessarily dead when only the brainstem 
is non-functional. Nonetheless, it is quite true that if all 
brainstem reflexes are absent there is virtually no chance that the 
patient will recover. However, given the litigious atmosphere in 
the USA, we tend to use and advise confirmatory tests. One 
may use arteriography via a four-vessel (carotid and vertebral 
arteries) injection. This should show no intracerebral spread of 
the dye, although it may reach the external carotid circulation. 
No intracranial arterial dye should reach the external 
carotids'. 

Other techniques which are used in the USA are somatosensory 
evoked potentials, transcranial Doppler, isotope angiography, etc. 
However, none of these has been fully accepted for widespread 
use. Part of the reason is that they are technically difficult pro
cedures to do in an intensive-care unit with consistent reliable 
results. 

Electroencephalography (EEC), however, has been accepted 
very widely, and is used in most major hospitals to confirm brain 
death. The appropriate finding here is an isoelectric E E C This 
does not mean that the record is totally isoelectric, but that there 
is no measurable activity over 2 /iV. Standards have been set up 
for the type of recording necessary, and these must be 
meticulously and carefully followed. Reference should be made 
to their publication, which details the exact criteria published by 
the American EEC Society''. 

Unfortunately, recording EEG in an intensive-care unit can be 
very difficult. The ICU is electrically an electronic jungle with 
multiple sources of extraneous electrical potentials. Frequently 
one may find a given cubical in the ICU unit in which recording 
of the EEG is absolutely impossible despite every maneuver pos
sible. This has become less common as EEG machines have been 
improved, but still does occur. In this case the only alternative is 

to move the patient to another area of the ICU which has 
less electronic 'noise' in the environment. Careful attention must 
be paid lest one creates grounds to the patient which could in fact 
cause an unknown electrical shock. Again, the details of the 
correct recording of the EEG, and the use of the equipment 
and instruments, are detailed in American EEG Society 
guidelines'. 

CHART DOCUMENTATION 

The last documentation occurs when all the evidence is present and 
total brain death is diagnosed. This evidence should then be 
recorded in an appropriate note in the permanent record. All the 
major criteria should be listed, and the results of testing noted. In 
any case when there is a question involved, particularly if there is a 
question of hypoxic insult or an insult due to extraneous drugs, the 
testing should be repeated at an interval of no less than 6 hours. 
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APPENDIX 

Minimum criteria for a diagnosis of brain death 

The diagnosis of brain death can only be made if the answer to 
all the questions is No. 

(1) Cerebral state 
(a) Is the patient responsive to stimuli (painful, auditory, 

etc.)? 
(b) Is the cause of coma unknown? 
(c) Does the coma appear to be reversible? 
(d) Have any drugs which may affect ventilation or the 

level of consciousness been administered during the past 
12 hours? 

(2) Brainstem reflexes 
(a) Do the pupils react to light? 
(b) Do the pupils react to painful stimulation? 
(c) Is the corneal reflex present? 
(d) Are doll's eye movements present? 
(e) Does nystagmus occur when each ear is in turn irrigated 

with ice-cold water for I min? 
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( 0 Is there a gag or a reflex response following bronchial 
s t imulat ion by a suction catheter passed down the *Methodsof testing for spontaneous respiration 
trachea? (^) Ifarterial blood-gas analysis can be performed: 

(g) Is there'spontaneous ventilation?* ^\ Xr",!*lf "'' ' P ' " ' " ' T"*" ' ^ * o>'ygfn;w '^ "jinutes. 
/I\D\I *"' Check/'acOj-mustbe within normal limits (5.3-6.1 kPa). 
(3) Body temperature (iii. Disconnect the patient from the ventilator. 

Is the rectal temperature below 35°C? (iv) Administer oxygen (6 l/min) through a catheter in the trachea. 
(v) Check Paco-i - must be greater than 6.7 kPa. 

(b) Ifarterial blood-gas analysis cannot be performed: 
(i) Ventilate the patient with 100% oxygen for 10 min. 
(ii) Ventilate the patient with 5% carbon dioxide for a further 5 min. 
(iii) Disconnect the patient from the ventilator. 
(iv) Administer oxygen (6 1/min) through a catheter in the trachea. 



Medico-legal Aspects 
S.S. SAN BAR 

INTRODUCTION 

The legal and ethical aspects of human organ transplantation vary 
from country to country, although in broad terms the legal and 
ethical requirements denote substantial similarities. This chapter 
provides an overview principally of the statutory requirements re
lating to heart transplantation. 

The major legal issues that pertain to human organ donation 
include: 

(1) consent by donor or by those authorized by law to speak for 
the donor; 

(2) legal tests and doctrines applied to organ donors; 
(3) determination of time of death of donor; 
(4) professional liability or medical malpractice; 
(5) ethical and economic considerations. 

INFORMED CONSENT 

Competent adults 

When dealing with adults of legal age and sound mind, their 
rights of self-determination and privacy rank supreme and are 
fundamental. When the transplant donor or donee is a competent 
adult, his or her consent should be given freely, knowingly and 
intelligently after being fully and reliably informed regarding the 
transplant procedure, its material risks, prognosis, and all alterna
tive procedures. The doctor may not induce consent by minimiz
ing the dangers of the surgery, or by misrepresentation or duress. 

Donation by a competent adult prior to death 

Any person may make such a donation to be implemented after 
his death: (1) in his will, if he is competent to make such a will; 
(2) in any document attested to by two competent witnesses; (3) 
by an oral statement made by the deceased during life in the pres
ence of two persons of at least 18 years of age; and (4) by 
wearing a prescribed identity tag issued by an approved institu
tion (e.g. driving license). Any such donation may be revoked 
prior to death by the donor. 

In the USA the Uniform Anatomical Gift Act of 1968', and 
amended in 1987^, allows any individual of sound mind who is 
over 18 years of age to make a gift during his life by will (to be 
effective immediately upon death without waiting for probate), or 
by a card or other document. If the donor is incapable of signing 
for any reason, including sickness, then the document can be 
signed on his behalf, if validated by two witnesses. The amended 
Uniform Anatomical Gift Act of 1987 added provisions for 
routine inquiry, required requests, presumed consent for Medical 
Examiner cases, and prohibition of the sale of human organs. 

The system of donor cards has the merit of simplicity and 
portability. A typical example is the Uniform Card developed in 
the USA following the Uniform Anatomical Gift Act. This card, 
which can be carried easily in a pocket or wallet, states in simple 
words the donor's desire to make an anatomical gift to take effect 
upon death. On the reverse side the card contains provisions for 
signature, witnessing and personal details. Similar cards are avail
able in several other countries, including Australia, Canada and 
Britain. In Britain, under the Human Tissues Act, 1961, a patient 
may carry a signed donor card or record his wishes 'in writing at 
any time or orally in the presence of two or more witnesses 
during his last illness'. 

Donation by a relative of the deceased 

In the absence of specification by the individual while alive (as 
above), permission to donate organs at death may be obtained 
from certain specified next of kin of the deceased, i.e. the adult or 
legally competent spouse, child, parent, brother or sister, provided 
the deceased donor had not forbidden such a donation. Prior to 
actual organ removal, any donation by a relative may be revoked 
by the next of kin who made it. In this context legal competency 
refers to a person of sound mind who is over the age of 18 or 21 
years, depending on the legally specified age of majority for the 
country. 

In the USA, relatives of a deceased may also legally donate by 
document, telegraph, recorded telephone or other recorded 
message; in order of legal priority the next of kin are the spouse, 
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adult children, parents and adult siblings. In many countries 
'relative' is not defined. 

Donation by an authority empowered to donate after 
death 

The acquisition of hearts in the absence of donation (as above) 
may be possible in some countries. If a relative authorized at law 
to consent to a donation cannot be traced, the law of some coun
tries may allow for a designated official to authorize under certain 
prescriptions the removal of tissue from a deceased person for pur
poses of a donation, e.g. the District Surgeon in South Africa, and 
the Coroner in England and Wales. In the USA, however, the law 
makes no actual reference to the deposition in use of an unclaimed 
cadaver. A few states allow transplantation of certain organs (such 
as corneas) if a reasonable effort has been made to trace the 
relative; authorization must be given by the Medical Examiner. 

An adult, mentally competent prisoner may be judicially com
pelled in the United States to submit to lifesaving treatment, in
cluding human organ transplantation, by a declaratory judgement 
and a temporary restraining order. The judge uses a balancing test 
weighing the patient's non-absolute constitutional right of privacy 
and self-determination against the state government's most 
significant interest - namely, the preservation of life. 

Minors and other incompetents 

When dealing with minors, mentally retarded patients, or psychi
atric patients who are legally incompetent to give a valid consent, 
several legal problems can arise. As a general rule a court order 
will almost always be required before organ transplantation may 
occur. The consent of parents or guardians is also usually re
quired. However, refusal by the parents or guardians of necessary 
treatment for the incompetent child or mental case may not 
always be conclusive. In those circumstances involving minors 
and incomf)etents the judge applies the doctrine of parens patriae, 
an equitable doctrine which, in essence, permits the juvenile court 
to act as a parent and attempts to protect the minor from the abuse 
or neglect by the real parent or guardians. 

Cadaver organs 

For cadaver donors, where an informed consent by the donor prior 
to death is unavailable, there are three considerations in obtaining 
the requisite consent. First, there must be a valid consent from one 
who is legally capable of granting such a consent (generally, next 
of kin). Second, the determination of the time of death should be in 
accordance with the law. Third, the removal of organs from one 
who has died from a violent cause involves the Medical Examiner, 
who has jurisdiction over the body. There are certain circumstances 
where the Medical Examiner may not approve organ donations, 
including homicide, poisoning, industrial accidents, car accidents 
involving other persons, and where there is a question of liability. 

Unclaimed bodies 

For unclaimed bodies, statutes generally require that one should 
wait 48 hours after the death of the patient, during which time the 

hospital that is in possession of the body must make a reasonable 
search for the next of kin. Until such a search is carried out, the 
body is technically not claimed. In addition, the physician who 
wishes to use the unclaimed body in a transplant procedure is re
quired to obtain clearance from the Medical Examiner. The physi
cian must document carefully all aspects of the transplant 
procedure in the medical records in an attempt to avoid future 
liability. 

Anencephalic 

Anencephalic infants represent an important potential source of 
organs. Organs from such infants could meet the bulk of the 
current demand for infant organs. Organs from stillborns and 
infants dying from other diseases are not generally suitable for 
procurement and transplantation. 

The first transplant of the heart from an anencephalic infant in 
the USA occurred in October 1987 at the Loma Linda University 
Medical Center in California without legal incident. 
Subsequently, other parents requested that their anencephalic 
children be used as donors to help other children. It is noteworthy 
that the anencephalic does not fall under the category of brain-
dead. Hence, the brain death statutes are inapplicable under those 
circumstances. However, in some states an anencephalic infant 
may fall under the category of either a patient in a 'vegetative 
state' or the 'terminally ill", or both, as defined by statutes. 
Without specific federal or state statutes that prohibit anencephal-
ics from donating organs before actual death has occurred, it is 
conceivable that a State Court may order the organ donation of an 
anencephalic infant when death is 'imminent', in a matter of 
hours or days, if the parents, doctors, hospital, clergy, and a court-
appointed guardian ad litem all approve of the donation. 

LEGAL TESTS AND DOCTRINES IN THE UNITED 
STATES 

Simple judicial approval of parental consent 

In cases involving intra-familial transplants among minors and in
competents (e.g. mentally retarded and schizophrenics), where 
both parents agree, judicial approval has generally been granted. 

In a 1972 Connecticut case. Hart v. Brown^, the court approved 
a transplant between two identical 7-year-old twins, considered 
the medical ramifications, and stated that the parents' motivation 
and reasoning had met with approval of the guardians ad litem, 
physicians, clergymen, and the court itself. 

Best interest test 

By statute in Louisiana, medical intervention must be in the 'best 
interest' of minors and incompetents. A 1975 Louisiana case, In 
re Richardson^, involved a husband who brought an action 
against his wife to compel her to consent to surgical removal and 
transplantation of one of her minor's kidneys for donation to the 
boy's older sister. Such surgical intervention would invade the 
minor's right to be free in his person from bodily intrusion, and 
was not shown to be in the best interest of the minor. In a concur
ring opinion, a judge stated that before the court might exercise 
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this awesome authority in this instance, and before it even consid
ered the question of the best interest of the child, certain require
ments must be met. He said; 'I am of the opinion that it must be 
clearly established that the surgical intrusion is urgent, that there 
are no reasonable alternatives, and that the contingencies are 
minimal. If those requisites are not met, then the court will not 
need to address the best-interest of the child issue'. 

In 1975 the Supreme Court of Wisconsin reached a similar 
holding, In re Guardianship of Pescinski^, where a permit was 
sought for removal of a kidney from a mentally incompetent 39-
year-old catatonic schizophrenic to donate to his 38-year-old 
sister. The Wisconsin Court found that there was absolutely no 
evidence in this case that any interest of the mentally disturbed 
brother would be served by the transplant. The court held that 
where no benefit had been shown to the mentally incompetent, 
and no consent for the kidney transplant had been given by the in
competent or his guardian ad litem, the judge had no power to 
order such surgery. 

In Kansas there is statutory authority that allows the judge to 
delegate powers to a committee of persons who will be appointed 
by the judge to act for the mentally incompetent under the super
vision of the county court. Thus, in addition to its inherent 
common-law powers, the Kansas court by statute may rightfully 
act as the parens patriae and substitute its judgement to protect 
and benefit the incompetents who are incapable of protecting 
themselves. 

Guardian ad litem 

In most cases involving intra-family transplants from incompe
tent donors, judicial approval has been granted. The court may 
appoint a guardian ad litem, often an attorney, who will be re
quired to argue whether the transplantation procedure is in the in
competent's best interest. The judge then determines as a question 
of fact whether the parents' exercise of substituted consent is in 
the incompetent's best interest. 

Substituted judgement doctrine 

Most courts have been using the doctrine of 'substituted judge
ment', which was first applied in 1816 in an English case. The de
cision was amplified in 1840 by a second English case, and in 
1844 the doctrine of substituted judgement was first applied in 
the United States in a New York case. In 1945 the United States 
Supreme Court held that the doctrine of substituted judgement re
quires that the court substitute itself as nearly as possible for the 
incompetent, and act with the same motives and considerations 
as would have moved the incompetent. 

In 1969 the doctrine of substituted judgement was first applied 
in a transplant case, Slrunk v. Strunkfi. The mother of a 27-year-
old mentally retarded male, with an IQ of approximately 35 and a 
mental age of approximately 6 years, petitioned the court for au
thority to proceed with a kidney transplant for the 28-year-old 
brother who was suffering from chronic renal nephritis. In apply
ing the doctrine of substituted judgement the court did not apply 
the best interest test. Instead, it applied the 'avoidance-of-
detriment' test vis-a-vis the donor. The court based its opinion on 
psychiatric testimony to the effect that the death of the donor's 
brother would have an extremely traumatic effect on the donor. 
Stated differently, the benefit to the transplant donor is detriment 
avoidance, and what the court is trying to avoid is the grave 
emotional impact on the donor. The latter concept was used by a 
Massachusetts court in the 1950s when ruling on incompetent 
candidates for renal transplantation. 

Parens patriae doctrine 

As a general rule, when parents request permission from the judge 
to give consent on behalf of minors, e.g. incomjjetent twins for 
kidney transplantation, the court applies the equitable doctrine of 
parens patriae, thereby empowering it to permit parental consent 
on behalf of the minor. On the other hand, when the parents 
do not request permission of the judge, or even refuse to consent 
to necessary organ transplantation for minors, the court 
may resort to the doctrine of parens patriae to protect the 
incompetent. 

Substantial psychological benefit test 

This test was used in a 1979 case. Little v. Little^, from the Court 
of Civil Appeals of Texas. There, the mother of a 14-year-old 
daughter with Down's syndrome applied for an order authorizing 
her to consent to the removal of a kidney from her incompetent, 
mentally retarded daughter for transplant into her son who was 
suffering from end-stage kidney disease. The judge appointed an 
attorney ad litem to represent the daughter. The attorney was 
opposed to transplantation. The mother argued, first, that the 
daughter with Down's syndrome was the only relative suitable for 
donating a kidney to her brother; second, that the transplant 
would provide great and tangible benefit to her; third, that there 
was no threat to her life; and fourth, that, to the best of the 
mother's knowledge, the transplant was what the daughter would 
have wanted for her ill brother. The judge authorized the trans
plant over the objection of the attorney ad litem, using as his 
yardstick the 'substantial psychological benefit' test. The judge 
noted that the donor's participation in a procedure that would 
save her brother's life would be substantially beneficial to the 
donor from a psychological standpoint. 

DETERMINATION OF TIME OR FACT OF DEATH 

The 1961 British Human Tissues Act allows removal of tissue 
once a registered medical practitioner has satisfied himself by per
sonal examination of the body that life is extinct. 

The 22nd World Medical Assembly, at the meeting in Sydney, 
Australia, in 1963, issued a statement that 'the determination of 
death should be based on clinical judgement supplemented, if 
necessary, by a number of diagnostic aids, of which electroen
cephalography is currently most helpful'. In the case of those 
persons kept alive by artificial means of resuscitation (in use or 
contemplated), or in which the transplantation of an organ is 
being considered, it emphasized that the moment of irreversibility 
of the processes leading to death must be determined, rather than 
the moment of death. This declaration further states that, while 
the electroencephalograph is the most useful diagnostic aid, 'no 
single technological criterion is entirely satisfactory in the present 
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State of medicine, nor can any one technological procedure be 
substituted by the overall judgement of the physician'*. 

In the United States the 1978 Uniform Brain Death Act 
specifies that 'For legal and medical purposes, an individual who 
has sustained irreversible cessation of all functioning of the brain, 
including the brain stem, is dead. A determination under this 
section must be in accordance with reasonable medical stand
ards'. The law is, however, silent on the actual criteria to be used 
for determining death. The time of death is determined by the 
physician who attends the death, or, if none, by the physician who 
certifies the death. By this law, too, this physician may not par
ticipate in the procedures for removing or transplanting a part of 
the deceased's body'. 

In addition to cessation of heart beat and respiration, therefore, 
brain death is recognized by law. In 1975 a New York court ad
dressed the legal definition of time of death as used in provision 
of the Anatomical Gift Act. The court held that the term 'death' 
implies a definition consistent with the generally accepted 
medical practices of doctors who are primarily concerned with ef
fectuating the purposes of the Anatomical Gift Act. It was noted 
that the intent of the Act was to provide a systematic procedure of 
implementing the public policy of New York State, which is to 
encourage anatomical gifts on death. 

Under the Uniform Anatomical Gift Act of 1968, adopted in 
all 50 USA states, the physician may incur possible liability for 
making an errant determination of the time of death in the trans
plant donor, resulting in premature harvesting of the organ(s). 
(The time of death of the patient must be determined by a 'treat
ing' physician.) However, when the physician removes an organ 
from a donor patient in 'good faith', the physician is not liable in 
a civil action under the terms of the Act or an applicable state 
law. The physician is probably protected from criminal liability, 
particularly when it involves the question of the determination of 
the time of death. However, the surgeon who removes the desired 
organ prematurely may not be protected from a wrongful death 
action, even though the act may protect the surgeon from the 
charge of mutilation or mayhem. 

Failure to comply with the Anatomical Gift Act is evidence of 
'bad faith' per se. A physician who makes an honest effort to de
termine the time of death based on reasonable and well-
recognized medical standards, and who acts in the best interest of 
the patient, would probably be considered to be exhibiting good 
faith. 

In contrast with the United States, most other countries have no 
specific laws relating to brain death as evidence of the fact of 
death, and generally rely on acceptable medical criteria. A 
Working Party on behalf of the Health Departments of Great 
Britain and Northern Ireland has prepared a quasi-legal Code of 
Practice, intended for hospital staff and medical administrators re
lating to 'Cadaveric Organs for Transplantation'. In the section 
dealing with brain death it states: 'There is no legal definition of 
death. Death has traditionally been diagnosed by the irreversible 
cessation of respiration and heart beat. This Working Party 
accepts the view held by the Conference of Royal Colleges that 
death can also be diagnosed by the irreversible cessation of 
brain-stem function - "brain death". In diagnosing brain death, 
the criteria laid down by the Colleges should be followed.' (The 
clinical diagnosis of brain death is discussed in detail in Chapter 
1). 

PURPOSE OF DONATION 

In most countries each donation or 'removal' must be for the pur
poses of medical and dental education, research, or therapy (in
cluding use in any other living person), or for any other scientific 
purpose; such purpose need not be specifically expressed and may 
include the production of a therapeutic, diagnostic, or prophylac
tic substance. 

THE DONEE 

In the USA, state statutes vary with regard to permissible recipi
ents of donated tissue. In general, licensed hospitals, teaching in
stitutions, colleges, medical schools, universities, storage banks, 
state public health and anatomy boards and institutes approved by 
the State Department of Health may be donees. Unless the donee 
has been previously indicated during life by the deceased, the at
tending physician becomes the donee. If he so desires he can 
transfer his ownership to another person. Although he is not per
mitted to participate personally in removing and transplanting 
organs or parts, he is allowed to communicate with other relevant 
donees or transplant teams. 

AUTHORIZATION FOR THE REMOVAL OF ORGANS 

Once a donation has been made in South Africa, a donee 
specified, and the fact of death certified, the transplant surgeon or 
a member of the team must request authority from the appropriate 
medical practitioner (for example, the medical superintendent of 
the hospital in which the donor is being cared for, or his author
ized medical deputy) to remove the donated organ, which 
removal may only be undertaken by or on the authority of a 
medical practitioner or dentist. The person authorizing removal 
must satisfy himself that the body is not required for examination 
in terms of other legislation which has a higher ranking claim on 
the body, e.g. the Inquest Act. 

Authority to remove a valid donation in the United Kingdom is 
not essentially different from the above provisions, with the no
ticeable exception that the person lawfully in possession of the 
body of a deceased may so authorize, after practicable inquiries, 
providing that the deceased had not expressed objection to his 
body being so dealt with, or the surviving spouse or any relative 
of the deceased expressed objection. Normally, the 'person' law
fully in possession of a dead body is a National Health Service 
hospital until such time as the body is claimed by the person with 
the right to possession, i.e. the coroner, the executor, or the next 
of kin'0. 

CONFIDENTIALITY 

Disclosure to any other person of any fact whereby the identity of 
the deceased donor or donee may be established is prohibited by 
statute in some countries. In the United Kingdom confidentiality 
is not prescribed, but the staff of hospitals and organ procurement 
organizations 'must respect the wishes of the donor, the recipient, 
and the families with respect to anonymity''". There appear to be 
no specific statutory laws regarding transplantation confidentiality 
in the USA. However, the constitutionally protected right of 
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privacy and general statutes governing medical care in the USA 
preclude unpermitted disclosure. 

At common law the privacy of the individual may not normally 
be intruded upon. The legal and ethical obligations of a medical 
practitioner to treat patient information as confidential appear to 
be based also on contract. Experience has shown that breaches in 
confidentiality in regard to heart transplantation have generally 
had their origin beyond the medical profession. 

IMPORTATION/EXPORTATION OF TISSUE 

In most countries the importation or exportation of tissues is 
subject to permission being obtained from a government 
authority. 

SALE OF TISSUE 

An authorized institution or the importer of tissue may receive 
payment for providing tissue to any person for therapeutic or 
scientific purposes. If any other person receives payment for such 
tissue, he shall refund such payment to the person who made it. 
The object of this and the aforementioned provision is to prohibit 
trading in tissue, which ethically and scientifically is unaccept
able. This prohibition, however, does not prevent a medical prac
titioner from being paid for his services in the collecting or use of 
such tissue as a part of therapy. 

In the USA the sale of organs is prohibited by the National 
Organ Transplant Act of 1984, as amended in 1986 by the fiscal 
1987 Budget Reconciliation Legislation, setting a uniform policy 
in this area following a private attempt to establish an organ 
brokerage firm in Virginia during 1983"'^. A reasonable charge 
for removal costs is allowed. While questions have been raised 
concerning the constitutionality of the non-sales provision under 
the 'right of privacy' doctrine, the better position is that the pro
vision is constitutional under the commerce power, and does not 
properly fall within the sphere of constitutional privacy. 

TRANSPLANT MALPRACTICE 

With regard to medical malpractice involving transplantation, the 
reasons for malpractice as a cause of action are the same in trans
plant cases as in any other medical situation: negligence, lack of 
informed consent, battery, invasion of privacy, fraud, abandon
ment, breach of fiduciary duty, etc. To date there have been rela
tively few cases of medical malpractice involving transplant 
patients, probably because transplantation is still relatively new 
and experimental. Also, expectations for success are low, and 
there has usually been a cultivated personal relationship and good 
communication between the transplant surgeon and the patient 
and relative. What suits have occurred have generally turned 
on the question of informed consent, rather than the applicable 
standard of care". 

An area of developing concern, in light of current AIDS mal
practice litigation, is that of liability on the part of the physician, 
the hospital, and the donor's estate for the transplantation of 
AIDS-infected organs. A cause of action could also arise on the 
part of the donor's family, if they became involved in an active 
concealment of the donor's health status prior to death. 

This is, in reality, an extension of the general question of strict 
liability for body tissues in the areas of blood and blood products. 
While early cases allowed the plaintiff to hold the blood supplier 
strictly liable for contaminated blood products, the clear trend of 
later cases has been to reject strict liability, considering blood as a 
'service'. This is in keeping with provisions of the Federal Act 
preventing the sale of organs. Thus, the major impact of the in
crease in AIDS cases will most likely be to limit the number of 
organs available for transplant, rather than produce a significant 
risk of malpractice to the practitioner (in the absence of 
negligence). 

ETHICAL AND ECONOMIC CONSIDERATIONS 

The United States' health-care system is subject to an ever-
expanding technologic pace plus an insatiable consumer demand 
for the most advanced medical care; and yet our health care 
faces a future of limited organ resources and inescapable cost-
containment measures'^ 

Who shall live? Who shall pay? And who shall decide who will 
get the next transplant? Not only are there problems in securing 
organs for transplant, but there are also dilemmas for third-party 
payers in deciding whether to pay for the costly new transplant 
procedures. The soaring cost of health care has become a 
significant factor in determining the zealousness of the physi
cian's search for innovative treatment, be it transplantation or 
other novel treatment. Although seemingly distasteful to some, 
cost considerations vis-a-vis the patient, the community, the state, 
the payer, and the physician do influence health-care delivery. 
Cost-benefit considerations are having an impact on the develop
ment of the standard of care. 

Economic considerations are also important in determining the 
performance and acceptance of the innovative procedures and, 
secondarily, in influencing the standard of medical care. Concerns 
of the patient, the government, health-care insurers, and the 
public regarding the escalating cost of health care have resulted in 
increasing scrutiny of transplants. Affordable types of transplan
tation may also help determine the standard of care in some cases. 

Physicians are becoming sensitized to cost-containment. They 
find themselves caught between demands to provide the best pos
sible treatment for patients and to keep down the cost of medical 
care. Fortunately, in many cases the cost-effective use of organ 
transplantation and good medicine are one and the same. 
Transplant .surgeons appreciate that, as consumers of health care, 
the patient, the government, and the third-party payer demand 
accountability. 

COMMENT 

One can expect that national standards for transplantation, includ
ing socioeconomic considerations, will be set by the medical pro
fession and applied by the courts. In addition to (or in lieu of) the 
standard of care set traditionally by the medical community, the 
courts may take into consideration legal, ethical, moral and econ
omic considerations. They may, as they have in other situations, 
develop standards that will be set as a matter of law, or judicially 
imposed. The problems of informed consent and time-of-death 
determinations should be completely resolved soon. 
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Regrettably, affordable medical care is, by definition, selective. 
When coupled with federal budget constraints and resistance by 
the third-party payer to cost-shifting by the health-care provider, 
the net result may be the rationing of health care. This is indeed 
the dilemma of contemporary and managed medical care, and 
transplantation is a part of the dilemma. 
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Donor Organ Availability and Transplant Coordination 
J.S. CHAFFINAND L MISCHKE 

INTRODUCTION 

Organ donation is a process tiiat begins with a need. The need is a 
patient suffering from failure of an essential organ. To satisfy that 
need, organ procurement organizations (OPO) have developed 
mechanisms for identification, referral, and equitable distribution 
of organs that are made available'. The primary function of most 
OPO is education, not only of the general public but, more im
portantly, of the professional community, regarding the 
need for organs and tissue for transplantation. Unfortunately, 
most OPO are still burdened by the lack of suitable donor 
referrals. 

'Harvesting organs' is not a phrase transplant surgeons com
monly use, or enjoy hearing used, in public; but, with rare excep
tions, we use it routinely in work, journals, and at medical 
meetings unattended by the press. In today's climate of ever-
expanding demand for organs, the mounting pressure to find 
viable organs is felt by all transplant units. Nowhere is the 
pressure felt more greatly than by the retrieval team, whose job it 
is to evaluate, prepare, and 'harvest' the organ(s). 

REASONS FOR INADEQUACY OF DONOR ORGAN 
SUPPLY 

Gallup polls have determined that more than 80% of Americans 
state that they are willing to donate their organs and tissue for 
transplantation after death. Only about 17%, however, carry organ 
donor cards^. Currently, in the USA, a significant percentage of 
patients approved for heart or lung transplantation die awaiting a 
donor organ'. If 80% of Americans actually donated post-mortem 
organs for transplantation we would be closer to supplying our 
current needs. 

Personal experience demonstrates that grieving families fre
quently welcome an opportunity to consider organ and tissue do
nation. The knowledge that other lives have been enhanced 
through the gift of organs is generally a strong solace for a family 
struggling to accept what they feel is a 'meaningless' death. The 
reason given by a significant number of those who do not donate, 
is that either they were not approached, or that the personnel in

volved in the care of the patient were not aware of the suit
ability of the patient as a donor of organs. Well-coordinated 
public and professional education programs must continue to be 
developed"*. 

In 1968 the National Conference of Commissioners on 
Uniform Law and the American Bar Association drafted the 
'Uniform Anatomical Gift Act', an attempt to provide the states 
within the USA with a model for recognizing and formalizing 
methods through which individuals or families could make a gift 
of their organs or those of a relative. The Act authorizes an indi
vidual 18 years of age or older, in the presence of two witnesses, 
to record his wishes regarding organ donation by will, donor card, 
or other written document, or orally in the presence of two wit
nesses, and authorizes the next of kin to consent to organ dona
tion in the absence of the deceased's known objection. Space has 
been made available on the back of all drivers' licenses for 
recording the wishes of potential organ donors. Less than 10% of 
those eligible, however, actually mark their license'^. 

While it may not .seem to be healthy or 'natural' to anticipate 
one's own death, or the death of a family member, such anticipa
tion is not infrequent - we buy life insurance to provide benefits 
upon death, we prepare wills and trusts, and even buy cemetery 
plots in anticipation of death. In a similar manner we must con
vince the members of the public to accept consent for organ dona
tion as a logical preparatory step for their own demi.se. 

Trust in the system is imperative, and lack of knowledge or 
understanding of organ donation procedures may instill fear or 
lack of trust (Table I). Common sources of concern or mistrust 
include: (a) lack of awareness of religious or moral propriety 
of invasion of the body or removal of parts for transplantation; 
(b) concern over the care of, or proper respect for, a body after 
donation; (c) concern that organs may be sold for profit of others; 
(d) fear that signing a donor card might accelerate their own 
death, and finally (e) fear that organs might be removed from a 
person before death has occurred*. It is the responsibility of the 
transplant community to alleviate such fears and concerns 
through proper education. Historically, mankind responds with 
altruism when called upon to meet needs it understands and 
trusts. 
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Table 1 Questions frequently asked by the family of a potential organ 
donor 

Is there anything more that can be done? 
Is he really dead? 
Why does his heart still beat? 
What organs or tissue will be used? 
Who will remove the organs? 
Who will receive the organs? 
What will surgery be like? 
How long will surgery take? 
Will an autopsy be necessary? 
Will the body be picked up by the funeral home? 
Will the Medical Examiner be involved? 
When can a funeral be held? 
How will he look, after donation? 
Who will pay the cost of organ donation? 
Will anyone know we donated? 
Will the media be involved? 
Will we be able to make contact with the recipient? 
When will we know if the organs were used? 

ORGAN PROCUREMENT NETWORKS 

Our own personal expeiience has been largely in the USA, where 
organization of organ retrieval is now well advanced at a national 
level. Most of our comments will therefore relate to the system of 
organ retrieval as it is in the USA, though the underlying princi
ples are relevant in all countries where organ transplantation is 
performed. 

USA 

Currently there are 69 separate OPO in the USA, and another 
eight in Canada, either hospital-based agencies serving the parent 
hospital or, more commonly, independent organ procurement 
agencies serving several transplant centers in a given area. 

In 1982 the demand became so great for organizations that 
could expedite procurement, preservation, and distribution of vital 
organs that the North American Transplant Coordinators 
Organization (NATCO) established a computer registry called 
'24-Alert' to facilitate the distribution of organs other than 
kidneys. This system coordinated more than 80% of the hearts 
transplanted in the USA from September 1982 through June 
1986. 

The National Organ Transplant Act, signed into law in 1984, 
called for the design and implementation of a national computer
ized network that would include transplant centers, procurement 
agencies, voluntary health organizations, and the public. The 
United Network for Organ Sharing (UNOS) now coordinates organ 
donation nationally, and lists all vital organs required and available, 
and produces a printout of the listing. This system cannot be acti
vated without a computer terminal. The computer database in
cludes information on all potential recipients, including name, age, 
sex, weight, blood tyf)e, lymphocytotoxic antibody status, medical 
status, and identification of unacceptable HLA antigens. 

Western Europe 

Western Europe now has a number of regional organ-matching 
services, the first of which was set up in the Netherlands, which 

is now the base of the European Transplantation Service 
(Eurotransplant)*. Most of these units were set up originally for 
kidney placement. Although most fulfill their functions primarily 
in their own areas, should there be no suitable local recipient the 
organ will then be offered to another transplant service. In this 
way there has been progress towards an international organiza
tion. Since 1984 there has been a marked increase in multiple 
organ donation throughout Europe. Each region retains the right 
to service its own population first; only if there is no suitable re
cipient will that organ be offered to another region. 

With multiple organ retrieval the potential for chaos in the op
erating room seems great when perhaps four separate surgical 
teams, possibly unknown to each other and speaking different 
languages, may gather for organ removal. One possible solution, 
pioneered in Cambridge, England, is to provide one surgical team 
trained to remove and preserve all organs and tissues for trans
plantation*. It is possible that, in the future, such teams will 
become available throughout the world to expedite multiple organ 
retrieval. 

Elsewhere 

In most other countries, such as South Africa, organ retrieval net
works are not as yet so well organized. Major transplant centers 
tend to rely on organs in their immediate vicinity, and on direct 
referral from physicians at other hospitals who are aware of their 
requirements. In South Africa, for example, there is no central 
unified organ retrieval network, though organs are exchanged 
from center to center depending on need. 

ORGANIZATION OF ORGAN RETRIEVAL 

The transplant coordinator 

With the evolution of transplantation has come a number of new 
health-care professionals, none more important than the transplant 
coordinator. In the USA, coordinators are organized under the 
North American Transplant Coordinators Organization (NATCO) 
for credentialling and certification. The OPO usually provides the 
donor coordinators, and the recipient center provides recipient co
ordinators. The donor coordinator provides expertise in the man
agement of the brain-dead potential donor, and in the 
procurement, preservation, and distribution of transplantable 
organs. The recipient coordinator is responsible for coordination 
of the pretransplant assessment and preparation of the recipient, 
together with post-transplant care and follow-up. 

Transplant coordination 

Recipients are listed on computer by their individual criteria 
through the United Network for Organ Sharing (UNOS). Once an 
organ has been identified for transplantation, the chain of events 
may be lengthy but, in practice, the system works efficiently 
(Figure 1). 

A member of the medical or nursing team caring for the poten
tial donor will contact the local organ procurement agency, either 
directly or through the hospital transplant coordinator. A member 
of the local procurement agency will generally go to the hospital to 
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Figure 1 Chain of communication when a thoracic organ donor becomes available 
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assess the donor personally, and initiate therapy to maintain the 
donor in as stable a hemodynamic state as possible (Figure 2). A 
number of essential blood tests will also be requested (Chapter 4). 

When basic data, such as blood group, height, weight, and age, 
are known, the procurement agency will enter this information 

into the computer, and search for a compatible recipient. With 
regard to thoracic organs, a potential recipient is generally located 
within the geographical region in which the donor hospital is situ
ated, but a recipient in a distant region may on occasion be 
identified as the most suitable. 
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Figure 2 Pretransplant steps involved in the performance of a successful thoracic organ (e.g. heart) transplant 
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If the recipient is at a distant center, communications will be 
via the procurement agency serving that area. This agency will, in 
turn, contact the transplant coordinator or a member of the trans
plant team in the hospital on whose waiting list the potential re
cipient is listed. If the donor appears a suitable match for the 
potential recipient, a number of activities are set in motion. 

Transplant coordination at the recipient center 

The transplant coordinator at the recipient center organizes the re
trieval team (who will travel to the donor center usually with a 
member of the local donor procurement agency), and the neces
sary equipment (Table 2). The most expedient transportation 
(road transport for short range, helicopter for medium range, and 
private jet for longer distances) is organized. If the potential re
cipient is not an inpatient he (or she) is notified, arrangements are 
made to transport him to the hospital, and he is prepared for 
surgery, which will include any necessary preoperative laboratory 
tests. All potential recipients waiting as outpatients carry pagers 
so that they may be easily contacted. 

Contact must be made with all appropriate staff (surgeons, 
anesthesiologist, pump technician, and the operating room per
sonnel) who are advised of the planned transplant procedure. 
They are advised of the timing, and may require updating at inter
vals. Contact must be kept with the donor retrieval team to ensure 
that there will not be an unnecessarily prolonged organ ischemic 
time. The recipient family is updated frequently by the coordina
tor during both the pretransplant waiting period and the surgical 
process. Confidentially as to the donor must be respected and 
honored. 

Transplant coordination at the donor center 

Simultaneously, the coordinator at the donor center confirms infor
mation on both donor and recipient to ensure acceptable matching 
of size and blood type. It is not unusual in the USA to have re

trieval teams arriving from at least three or four different locations 
to harvest heart, kidneys, liver, and possibly lungs and/or pancreas. 
The local coordinator arranges ground transportation from the 
airport for the teams. It is the donor coordinator's responsibility to 
ensure that the donor is properly cared for prior to arrival of the re
trieval teams, and that on-site arrangements are made for operating-
room personnel to assist in the retrieval. This would include 
anesthesia personnel, as they do not usually travel with the harvest 
teams. An added burden in the European community might be to 
ensure a translator is present to overcome any language barrier that 
might exist between the retrieval teams. 

Since we believe that, whenever possible, the heart or lungs 
should not be ischemic for more than approximately 4 hours, and 
as 30-60 minutes of this time must be allowed to sew in the trans
planted organ, the time of donor aortic cross-clamp should be 
arranged so that the organ can be delivered to the transplant 
center within .3 hours. It is es.sential that close communication be 
maintained between the retrieval team and the team preparing the 
recipient, to ensure that the ischemic period is not unnecessarily 
prolonged. The liver and kidney retrieval teams are usually co
operative, as they appreciate that the heart and lungs have the 
shortest ischemic survival times of any of the solid organs. 

It is vitally important that coordination between the thoracic 
organ retrieval team(s) and colleagues at the recipient centcr(s) be 
well organized at this point, because unnecessary delays of the 
other retrieval teams do not go unnoticed; a poorly coordinated 
team may find that it is not invited a second time! Multi-organ pro
curement etiquette requires being able to work professionally with 
multiple surgical teams from other programs without creating tur
bulence. Factors causing friction include arriving late, being un
necessarily demanding with regard to investigations and/or 
operating room personnel support, and discourteous behavior. 

When the procurement team arrives, the surgeon reviews the 
relevant charts, chest radiographs, and electrocardiogram. The 
surgeons and/or coordinator call the recipient center to confirm 
the donor's suitability and coordinate the final stages of preopera
tive care for the recipient. 

Table 2 Rquipment required by the heart/lung retrieval team 

Supplied iieneraUy by donor hospital Supplied and transported by retrieval team 

Esophageal temperature pnibe 
Blood warmers 
Sterile drape 
Cautery 
Suction 
Vascular instruments 
Vascular clamps (e.g. Coolcy) 
Pedicle clamps 
Satinski clamps 
DeBakey forceps 
Umbilical tapes, vessel loops 
Hemoclips 
Ties: silk (0000,000,00,0, #1. #2) 
Sutures: silk retention sutures (0) 
Cold (4°C) normal saline or ice slush for irrigation 
Large basin(s) 
Extra poles for supporting intravenous infusion fluids and cardioplegic bags 
Table covers - towels 
Ice and ice bucket 
Heparin 
Inotropic agents 

Necessary drugs 
Sternal saw 
Sternal retractors - .several sizes 
Special clamps, retractors, or instruments 
Cannulas and administration sets (for cardioplegic/pulmoplegic infusion) 
Cardioplegic/pulmoplegic solution(s) 
PGEl 
Cold (4''C) normal saline or ice slush 
Sterile intestinal bags (for transport of donor organs) 
Stapler devices (for trachea, bronchi, SVC) 
Portable cool box 
Specimen bottles for lymph nodes 
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Before the surgical recovery begins, the surgeons from each of 
the procurement teams should agree on an order of organ excision 
which is acceptable to all concerned. 

COMMENT 

As heart and lung transplantation mature medically, a number of 
ethical and policy issues remain. A central fact about organ trans
plantation is the scarcity of organs for transplantation. 

The essential need to continue a program of making both the 
public and the medical profession aware of the requirements of 
the patient awaiting transplantation has already been discussed. 
There are, however, several other ways in which the number of 
organs made available for transplantation could be significantly 
increased. Several involve possible changes in the laws concern
ing donation, and some of these will be discussed below. 
Furthermore, attention must be paid to the efficient use of such 
organs; unnecessary wasting must be eliminated whenever 
possible. 

In the USA no state has such a law, although 21 states have 
some form of presumed consent laws applying to removal of 
corneas for transplantation, and in Pennysylvania citizens may 
legally register their objection to donation by attaching a 'non-
donor' card to their driver's license. In many stales the Medical 
Examiner can give consent for donation if next-of-kin cannot be 
located (after reasonable efforts have been made to reach them). 
In Texas a symbol can be attached to a driver's license that indi
cates the wish to donate organs without the approval or consent of 
any family member. 

A more radical option would be the elimination of consent alto
gether, allowing the routine salvage of organs in every suitable 
brain-dead patient. Routine salvage would treat the deceased's 
organs or body as a community resource, and permit organs and 
tissue to be excised as needed. This may not be as radical a solu
tion as it seems. The military 'draft', or the conscription of young 
people into the armed forces, which is or has been legal in many 
countries, demonstrates the community's willingness to accept ju
risdiction of the live body when an important public purpose -
the safety of the community - is at stake. 

'Consent' to donation requirements 

The laws governing donation of organs differ from country to 
country and from state to state. They can basically be divided into 
three groups: (a) where there are no such laws, (b) required 
request, and (c) presumed consent. 

^Required request' implies that the hospital in which a potential 
organ donor is identified is required by law to ensure that the 
next-of-kin of the donor is informed of the option of organ dona
tion. The decision as to whether to donate, however, is that of the 
next-of-kin. Hopefully, this system at least ensures that all poten
tial donors are identified, and that the possibility of organ dona
tion is discussed with their families. Various personnel may be 
involved in the request for donation. At some centers it is a 
member of the nursing staff, at others a physician, a hospital 
chaplain, or an organ donor coordinator. The success of this 
policy of required request varies greatly from center to center. 

The system of family consent for donation from brain-dead, 
heart-beating cadavers does not result in donation of all of the 
organs that are medically acceptable for transplantation. It is 
likely that more hearts and lungs could be retrieved if the need for 
family consent were modified or even eliminated. The argument 
in favor of doing this rests on the assumption that the harm that 
might be inflicted on a (potential donor's) non-consenting family 
is of less concern than that suffered by a transplant candidate (and 
his family) who dies from lack of a suitable donor organ. 

An alternative is 'presumed consent', in which the consent of 
the deceased to donate is assumed unless he/she had previously 
indicated a formal objection, e.g. in the form of a 'now-donor' 
card or by registration on a central computer. Some countries (e.g. 
Austria, Belgium, Denmark, Finland, France, Norway, and 
Singapore) currently have such laws, and have seen a significant 
increase in the supply of organs. Although the law makes it 
unnecessary, the policy at most centers in such countries 
is to request family consent, and not to retrieve organs against 
their wishes. To override strong family objections would 
almost certainly lead to damaging publicity and impair public 
relations. 

Relaxation of brain death requirements 

Some persons have proposed relaxing the requirement for brain 
death, which at present includes death of the brainstem, to permit 
organ retrieval from persons who lack cortical function only" .̂ 
Such a re-definition of death would allow organ retrieval from ir
reversibly comatose and anencephalic patients. While such a 
change is not likely to increase significantly the supply of adult 
thoracic organs, it may prove to be an important factor in the ex
pansion of pediatric heart and lung transplantation. 

'Rewarded gifting' - financial incentives to donation 

Some form of financial or material incentive to the donor family 
has been proposed as a way to increase the supply. One plan 
would enable the donor's family to be rewarded by the State for 
their humanitarianism in making this valuable gift. Such acknowl
edgement, by the material rewarding and honoring of families, 
already occurs in some countries of the Middle East. Offering a 
small State grant to help pay for funeral expenses, or some form 
of tax rebate, would be a possible means of financial reward. 

Others have suggested more aggressive financial incentives, 
which would risk making a competitive market of these valuable 
resources. In the USA, however, it is a federal crime, punishable 
by 5 years in prison, to 'acquire, receive, or otherwise transfer 
any human organ for valuable consideration''". Opponents of the 
'sale' of organs point out the adverse effect it would have on vol
untary organ donation and on donors' families, and its dehuman
izing symbolic connotation. Concern has been expressed that a 
financial inducement would increase the pressure on poor families 
to donate, but not on wealthier ones, and would therefore lead to 
discrimination. 

Proponents feel that these concerns can be minimized, and are 
outweighed by the benefits to recipients of a probable increase in 
the supply of organs. If organ transplant operations are 'sold' by 
surgeons, inasmuch as the recipient pays the surgeon, the propo
nents see no harm in 'selling' the organs that make the operations 
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possible'. There are persuasive arguments on both sides, but at 
present no Western country has passed a law making it legal to 
offer a financial material incentive to donation. 

Modifications in recipient selection 

The scarcity of thoracic organs for transplantation inevitably re
quires a rationing of the organs that do become available. The 
basis for selecting recipients involves a balance between 
efficiency and equity in the use of organs. Efficiency is clearly 
favored at the candidacy evaluation stage, while equity plays a 
larger role in deciding which candidate on the waiting list re
ceives the organ. 

The cardiologist's/pulmonologist's attitude in referring patients 
for evaluation for candidacy plays an important role in the selec
tion of patients for transplant, and will draw greater scrutiny in 
the future. The frequency of referral for evaluation varies with 
the knowledge and attitudes of each individual cardiologist/ 
pulmonologist treating patients with end-stage cardiac or 
pulmonary disease. Physicians who are unaware of transplant 
options, or who neglect to refer patients for evaluation, may be 
denying their patients a viable therapy. Although, to our know
ledge, malpractice suits challenging referral decisions have not 
yet been brought, negligence may soon be claimed in cases of 
non-referral of patients to transplant centers for evaluation. 

The current selection system regarding heart transplantation 
gives priority to those candidates on the list whose poor physical 
condition makes them most urgent. These include those who are 
rejecting a transplant and frequently those who have received a 
temporary mechanical assist device or artificial heart as a bridge 
to transplantation. A strict concern for the efficacious use of 
donated hearts might argue against such an allocation, for the 
most urgent cases may be less likely to do as well as healthier 
candidates". 

While efficiency is important, a strong equity consideration is 
to avoid abandonment of critically ill patients. Once on the can
didate list, one could argue that there is a special commitment not 
to abandon those in greatest need. Retransplantation after acute 
rejection of an organ, however, appears to conflict with efficiency 
by allocating a second organ to a patient who may not have as 
good a chance of survival as a healthier candidate. Aggressive 
efforts on behalf of a recipient in acute rejection, however, are 
viewed by some physicians as essential to demonstrate commit
ment. Transplantation of a third organ, particularly after acute re
jection, would appear to be even more controversial, and policy in 
this situation is divided between the major centers. Not infre
quently these situations are self-limiting, because a donor organ 
does not become available at the time it is required, particularly 
during a severe irreversible acute rejection episode. 

A similar situation arises with the use of the total artificial heart 
or ventricular assist device as a bridge to transplantation. Since a 
significant number of candidates die awaiting transplantation, 
mechanical hearts and assist devices are used in some programs 
to act as a bridge until a donor heart becomes available'-^. This 
actually exacerbates rather than relieves the supply problem for 
the entire group of potential recipients, although it benefits the 
individual involved. It increases the number of patients awaiting a 
transplant, thus increasing the pool of patients from which selec

tion for the next available heart must be made". Moreover, some 
of these patients will be urgent cases. Although the results of sub
sequent transplantation in this group are steadily improving, they 
remain slightly inferior, but the urgent patient will gain priority in 
the allocation of the scarce resource of the donor heart. This may 
be considered by some to be a source of inefficiency in the use of 
donor hearts. 

Official designation of transplant centers 

Now that heart and lung transplantation have achieved accepted 
status, a major issue is whether there should be limits on the 
number of centers doing such transplants. There were 12 centers 
performing heart transplants in the USA in 1983, but there are 
well over 100 today, many of which perform relatively few trans
plants. The situation is developing similarly with lung 
transplantations. 

The Federal Task Force on Organ Transplantation recom
mended that heart transplants be carried out only at those centers 
meeting certain criteria, including a minimum volume of 12 trans
plants a year". Reimbursement through Medicare for both heart 
and lung transplants limits reimbursement to centers meeting 
certain requirements for volume and survival. The purposes of 
permitting only those centers that meet volume and survival crite
ria to perform thoracic organ transplants include the protection of 
recipients and the efficient use of scarce organs. Since physicians, 
patients, and institutions do not have an inherent right to the use 
of scarce organs, the community is free to limit transplants to des
ignated centers if it deems this limitation essential to the efficient 
use of this resource. 

Physicians in centers unable to meet criteria will argue that 
access to transplantation in one's own community is a distinct ad
vantage, or that the local community should receive first priority 
for the organ donations it generates. They should be aware, 
however, that poor outcomes in centers that do not meet desig
nated standards may be vulnerable to malpractice claims. It is ar
guably negligent to conduct a transplant program when 
components that are reasonably deemed essential to good 
outcome are missing. In any event, it is essential that transplant 
candidates be informed of a local center's compliance with, or de
viation from, accepted standards. In addition, the referring physi
cian should be aware of the standards of a specific center and 
realize that referral to a center not meeting public criteria for 
center designation could lead to malpractice claims, and poor 
patient outcome. 

Finally, organ procurement agencies must consider whether it 
is wise to provide organs to programs that do not meet minimum 
criteria for safe and efficacious use of donated organs. 
Presumably, a national network that controlled the distribution of 
organs would not permit supply to unqualified centers. 

The medical and legal constraints on organ donation result in a 
chronic shortage of hearts and lungs for transplantation. It seems 
that the demand for organs will always outweigh the supply. How 
donated organs are distributed, how recipients are selected, etc., 
are issues of public concern, with demands voiced for public ac
countability in rationing organs. Medical efficacy plays a major 
role in selecting recipients, but a variety of equitable and other 
concerns also enter into the picture. More public scrutiny and 
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debate about conflicts between efficiency and equity are likely, as 
is a reduction in the freedom now held by medical professionals 
to resolve these questions themselves'*. 
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Selection and Management of the Donor 
D.K.C. COOPER AND I.L PARADIS 

INTRODUCTION 

The importance of well-functioning donor organs cannot be 
overemphasized; it is crucial to the success of a heart or lung 
transplant procedure. Donor organ failure contributes towards a 
significant number of early deaths in thoracic organ transplant pa
tients today, and is therefore an area where improvements can still 
be made. Careful selection and management of the potential 
donor therefore remain essential. 

SELECTION OF DONOR HEART OR LUNG 

Donor age 

Heart 

As the incidence of coronary atheroma in Caucasian men in
creases markedly after the age of 40-45, many groups will 
exclude men above this age from donation of hearts (and women 
over the age of 45-50 years) unless fully investigated by cardiac 
catheterization and coronary angiography. The shortage of donor 
hearts has become so acute, however, that many centers now con
sider hearts of both men and women up to the age of 65 years, as 
long as echocardiography, left ventriculography, coronary an
giography, and basic pressure measurements (such as left ventric
ular end-diastolic pressure or pulmonary capillary wedge 
pressure) reveal no significant disease. As most donors will be 
donating multiple organs, including the kidneys, coronary angio
graphy and left ventriculography should be performed using the 
smallest amount of contrast medium possible, in order not to 
impair renal function. 

Should coronary angiography not be available at the donor 
center, but it is essential to find a heart for a desperate recipient, 
some transplant groups believe that the heart could be used if: 
(a) echocardiography shows normal left ventricular wall move
ment; (b) direct coronary palpation and inspection reveal no 
significant signs of atheromatous disease; and (c) no significant 
ECG changes suggestive of ischemia (preferably with the heart 
rate increased to > 140 beats/min by the infusion of isoproterenol) 
are present. Though these studies provide only a crude assess

ment, it is probably justified to use such hearts under urgent 
circumstances. 

Potential donors of certain ethnic groups in some countries may 
be considered to an older age without the need for coronary an
giography. For example, black patients in rural South Africa have 
an extremely low incidence of coronary atheroma, and may be 
acceptable as donors up to the age of approximately 60 years 
without coronary angiography. 

A policy of using older hearts for older recipients is now fol
lowed by several centers. As early as 1989, Schuler et al.' pro
vided evidence that donor hearts up to the sixth decade yield 
satisfactory graft function, even when taken from donors who had 
not undergone coronary arteriography. Graft function was as good 
in the recipients of these older hearts as in patients with younger 
donor hearts. Late complications from reduced ejection fraction 
and accelerated graft atherosclerosis did not occur more fre
quently in older donor hearts. Also in 1989, the Houston group 
similarly showed that there was no increased risk using donors in 
their 40s compared with younger donors-. Both groups urged that 
consideration should be given to the use of hearts from donors of 
previously unacceptable age groups, and this has certainly been 
the trend in recent years, stimulated primarily by the shortage of 
donor organs. 

Recent experience at our own and other centers has shown suc
cessful use of hearts from donors in their 60s. However, our own 
opinion is that coronary arteriography should always be per
formed in patients of this advanced age group. Despite a good 
outcome reported at several centers, some caution must be shown 
as data from the International Society for Heart and Lung 
Transplantation Registry indicate that increasing age of the donor 
is associated with a higher recipient mortality (Chapter 43). 

Lung 

Some centers do not like to utilize lungs from donors who are 50 
years or older, and a majority become cautious when donors of 55 
years or older are presented. Even if the patient has not been a 
smoker, there is some loss of lung function in many patients >50 
years of age, and this may increase the risk of poor lung function 
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after transplantation. Multivariate logistic regression analysis of 
risk factors for 1-year mortality after heart-lung transplantation 
reveals that a donor older than 40 years is a statistically 
significant risk factor for survival of the recipient. Similarly, a 
donor >45 years old is a significant risk factor for death in the 
first year after double lung transplantation'. Some centers would 
therefore not utilize a donor aged >40 years for transplantation of 
the combined heart and both lungs (Chapters 67 and 69). The age 
of the donor (<55 years of age) has not been shown to affect sur
vival after single lung transplantation. 

Donor size 

Heart 

The donor heart must clearly be large enough to support the re
cipient's circulation immediately after transplantation, but not so 
large that it is compressed when the chest is closed. The latter cir
cumstance is relatively rare in adults, as most patients undergoing 
heart transplantation have large native hearts and large pericar
dial cavities. It is a much more important consideration in chil
dren. There are no absolute rules, and successful transplantation 
has been performed using donors weighing <50% to >150% of 
the recipient. However, a good working guideline is that the body 
mass of the donor should not vary from that of the recipient 
(either larger or smaller) by more than approximately 25-33%. A 
donor whose body mass is within these limits will usually support 
the circulation after orthotopic transplantation without difficulty, 
and will not prove too large or too small. 

Chan et al.* used echocardiographic measurements of left and 
right ventricular internal dimensions, left ventricular mass, and 
percentage fractional shortening, and showed there were no 
significant differences in left ventricular internal dimension when 
women weighing 40-109 kg were compared with men weighing 
up to 80 kg. Left ventricular size was not statistically different 
among men weighing 50-99 kg. No difference was noted in 
right ventricular size among men and women. Body weight, 
therefore, does not correlate well with adult cardiac size, and 
should possibly not be used as an exclusion criterion for a donor 
heart. 

Other factors, therefore, may have to be taken into considera
tion. The relative heights, muscle masses, and ages of the two 
subjects are also important factors. The heart from a tall, muscu
lar, yet slim athletic teenager may be functionally satisfactory for 
a short but much heavier, though relatively inactive, older patient. 
In contrast, the heart may prove inadequate if the recipient is 
much taller and has little fat when compared with the donor. If the 
need of the recipient for transplantation is urgent, and yet the 
body mass of the donor is >33% less than that of the recipient 
(i.e. the donor weighs <67% of the potential recipient), then het
erotopic heart transplantation should be considered as a possible 
option (Chapter 37). 

Several groups have reported the results of using undersized 
donor hearts. For example, Blackbourne et al.^ used 28 hearts 
where the donor-to-recipient body weight ratio was only 0.6-0.8. 
Hospital survival for non-urgent (UNOS status II) recipients was 
no different when undersized donors were used than when normal 
or oversized donors were used. However, in more critically ill pa
tients (UNOS status I) there was a significantly higher mortality 

when undersized donors were used. This would suggest that, in 
patients where the risk is already high, the additional risk of 
utilizing a small heart may reduce survival. However, not all 
groups have confirmed this increased mortality. The Tucson 
group showed comparable survival in recipients receiving hearts 
from donors with a weight difference of >30% (range 30-46%)*. 

In a study from Loyola in 1991^, the clinical and hemodynamic 
characteristics of recipients weighing more than their donor (un
dersized) were compared with those of recipients weighing less 
than their donor (oversized). Oversizing of donor hearts did not 
improve the outcome of orthotopic heart transplant recipients who 
had reversible preoperative pulmonary hypertension. Acceptance 
of undersized donor hearts was not detrimental to allograft func
tion and recipient survival. This group therefore recommended 
the use of undersized donor hearts to maximize the use of this 
critically scarce donor organ. 

The Vanderbilt group went one step further and concluded that, 
in the presence of moderate preoperative pulmonary hyperten
sion, long-term cardiopulmonary function was compromised in 
recipients of oversized allografts and mildly impaired in recipi
ents of size-matched allografts*. In the absence of pulmonary hy
pertension, cardiopulmonary function was impaired to similar 
degrees with undersized, size-matched, and oversized allografts. 
These findings supported the liberal use of undersized hearts for 
transplantation in patients without moderate pulmonary hyperten
sion and, furthermore, suggested that oversized allografts are not 
beneficial to long-term cardiopulmonary function in patients with 
moderate pulmonary hypertension. 

By carrying out right-sided cardiac catheterization 3 months 
after transplantation, Hosenpud el al^, however, demonstrated 
that although cardiac output was maintained at levels appropriate 
for recipient size, patients who had received small hearts relied on 
an increased heart rate and elevated filling pressures to achieve 
this end. This suggested that the small cardiac allograft had not 
adapted to recipient body size by 3 months. 

Reviewing all of these studies, it would appear that close 
matching of donor and recipient sizes is not essential, but prob
ably preferable. 

In contrast to orthotopic heart transplantation, a close size 
match between donor and recipient thoracic cavities is required 
for transplantation of the heart and both lungs (Chapter 67). 
Undue compression of the donor lungs within the recipient's tho
racic cage results in significant atelectasis and cardiac compres
sion. Although fewer problems result from the use of smaller 
donor organs, the donor thoracic cavity dimensions should not 
deviate from those of the recipient by more than approximately 
20% i». 

Lung 

Selection of a suitable lung is based more on the respective 
heights of the potential donor and recipient than on the weight. 
The etiology of the lung disease, however, is of great importance. 
Patients with chronic obstructive pulmonary disease with emphy
sema have overexpanded lungs, and therefore can accept a donor 
lung that is rather larger than would be expected. Therefore, a 
shorter patient with emphysema could accept a lung from a rather 
taller donor. However, care has to be taken to ensure that the lung 
is not too large, or chest movement will be impaired. 
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A patient with pulmonary fibrosis will have a small thoracic 
cage and therefore may require a donor lung that is smaller than 
would be anticipated for the patient's height. Patients with 
primary pulmonary hypertension often have lungs that are of 
normal size in relation to height. 

A comparison of the measurements taken on chest radiographs 
usually provides fairly reliable information regarding the relative 
sizes of the donor and recipient thoracic cavities. Sometimes ex
ternal measurements of the donor chest (e.g. the submammary 
thoracic perimeter") are also made, to compare with those of the 
recipient chest. Given the great variability in muscle and fat mass 
around the thoracic cage (and the variable size of breasts in 
women) a comparison of chest radiographs probably provides a 
more accurate assessment. The chest radiographs to be compared 
should be taken at a standard distance from the subject (e.g. 
1 meter), preferably with both subjects in a supine position. If 
possible, both anteroposterior and lateral films should be available 
for comparison. 

Measurements on the chest radiograph that have been found 
useful are illustrated in Figure 1. Alternative measurements that 
have been used at some centers are: (a) sternal notch to xiphoid, 
(b) sternal notch to lower rib margin, (c) sternal notch to 
acromion, (d) chest diameter halfway from sternal notch to lower 
rib margin, and (e) chest diameter at the level of the lower rib 
margin. All of these measurements can be readily obtained from 
the potential recipient during his or her initial evaluation, and 
from the donor at the time when brain death is established. 

When the internal thoracic diameters of the donor are larger 
than those of the recipient, the donor may need to be excluded 

from donation for that recipient, although experience is develop
ing in reducing the size of the donor lung when necessary 
(Chapters 51 and 52). When the internal thoracic diameters of the 
donor are up to 25% less than those of the recipient, the donor 
will generally be acceptable. 

Some centers no longer rely on comparison of chest and/or 
chest radiograph measurements, but prefer comparisons of height, 
weight, and total lung capacity (measured or predicted)'- ' \ The 
total lung volume of the donor (and the recipient) can be calcu
lated approximately from a knowledge of his/her height and sex 
(Figure 2)'''. This is probably the most accurate guideline for the 
size of lung that could be accepted by any individual recipient. 

The actual measured total lung volume of the recipient is likely 
to be increased in the emphysematous patient and restricted in the 
patient with pulmonary fibrosis. In the case of the emphysema
tous patient, the optimum size of the donor lung is difficult to de
termine; as a general guide the estimated size of the donor lungs 
should be approximately 80% of the recipient's measured total 
lung capacity'' ' \ This may necessitate selecting lungs which 
have a greater volume than that estimated for the recipient by the 
height/sex-based formula. 

The experienced Barnes Hospital group from St Louis''' 
attempt to provide a prospective recipient with donor lungs that 
would be an appropriate size for the patient if the thoracic 
configuration were not altered by his or her lung disease. For 
single lung recipients they attempt to oversize the donor lung. In 
contrast, for double lung recipients they make an effort not to 
oversize, so as to facilitate recipient chest closure. In general, pa
tients with pulmonary fibrosis receive a lung larger than the 

POSTERIOR ANTERIOR 

Figure 1 Measurements of anteroposterior and lateral chest radiographs found helpful in assessing relative sizes of donor lungs and recipient thoracic cavity. All 
measurements are made on chest radiographs ideally taken in the supine position with the camera at a set distance from the radiographic plate. Measurements 
include: (a) vertical distance from the apex of the pleural cavity to the diaphragm on both right and left sides; (b) the transverse diameter of the widest point of the 
chest (this is usually near or at the costophrenic angle). If lateral chest radiographs are available (which is rarely the case with the donor) then (c) the anteroposte
rior diameters from the anterior surface of the vertebral column to the posterior surface of the sternum, and from the posterior curvature of the ribs to the back of 
the sternum (both of these measurements being made at the midsternal and diaphragmatic levels), can provide additional information. 
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Figure 2 The lotal lung capatiiy of the donor can be calculated approxi
mately Iroiii the knowledge of his/her height and sex (niodiHed from ref. 13) 

native one, and patients with emphysema receive a lung smaller 
than the native one(s). This rationale is based on observations of 
mediastinal shift, diaphragm realignment, and chest cavity 
changes subsequent to lung transplantation. To date this group 
has observed no difference in outcome or in function related to 
whether a right- or left-sided single lung implant is placed. For 
patients with pulmonary hypertension, a single lung that is larger 
(by 30%) than the size of the native lung is preferred, in order to 
accommodate the pulmonary blood flow, which is almost all pref
erentially directed into the allograft due to the elevated vascular 
resistance in the remaining native lung. 

For transplantation of the heart and both lungs a discrepancy of 
2 ^ liters in pulmonary capacity between donor and recipient can 
generally be tolerated without the risk of complications. 
Atelectasis and intrapulinonary shunting have been reported when 
donor lungs that were too large for that particular recipient were 
transplanted". 

Blood group compatibility 

It is essential to have ABO blood group compatibility between 
donor and recipient (Chapter 6). There is an estimated approxi
mate 60% risk of early hyperacute or accelerated acute rejection 
if ABO incotnpatibility is present"'. There are data that suggest 
that a recipient who receives a heart from an ABO-identical 
donor (e.g. O to O, or A to A) may survive longer than one who 
receives a heart from an ABO non-identical, yet compatible, 
donor (e.g. O to A)'^ (Chapter 6). The shortage of donors is such, 
however, that most groups will transplant if there is ABO com
patibility. Rhesus blood group compatibility is not considered to 
be of importance. 

Presence of lymphocytotoxic antibodies in the 
recipient 

Whenever lymphocytotoxic (LCT) antibodies have been demon
strated to be present in the recipient serum (by prior screen
ing against a panel of lymphocytes), the results of a donor 
lymphocyte-recipient serum crosstnatch should be obtained if at 
all feasible (see also Chapter 6). Some groups would consider this 
may not be essential if the level of panel reactive antibodies 
(PRA) was <10-15%. In the presence of a positive crossmatch 
(demonstrating antibodies to be present in the recipient serum 
against the donor cells), there may be a significant risk of hyper
acute rejection of the transplanted organ and, unless expert 
opinion is otherwise (Chapter 6), that donor should not be used 
for that specific recipient (except possibly if the recipient is likely 
to die before another donor becomes available, when the risk may 
be justified). 

Exclusion of cardiac or pulmonary disease in the 
donor 

Heart 

Patients with pre-existing cardiac disease are obviously unsuit
able for heart donation, as are those who have undergone thoracic 
trauma resulting in contusion of the heart. Previous surgery 
within the pericardial cavity usually also precludes donation. A 
history of: (a) severe or long-standing diabetes mellitus, par
ticularly if known to have been poorly controlled or when there is 
evidence of microvascular disease; (b) long-standing systetnic 
hypertension, particularly if it was known to be resistant to 
antihypertensive drug therapy or if poorly controlled through the 
patient's non-compliance; and (c) smoking for many years, may 
all preclude donation of the heart, or at least indicate the need for 
very careful assessment of cardiac function, particularly in older 
donors. For example, features suggestive of ischemia or 
significant left ventricular hypertrophy on ECG or echocardio
graphy may be sufficient to abandon the heart, or to proceed to 
coronary angiography and left ventriculography. 

The presence of a gross cardiac disorder can generally be 
excluded by; (a) taking, whenever possible, a clinical history 
from the patient's relatives or his/her own medical practitioner; 
(b) careful clinical examination; (c) chest radiography; (d) 12-
lead electrocardiography; and (e) echocardiography"*. However, 
invasive studies may be required when there is a high suspicion of 
the presence of cardiac disease from the donor's history. If 
murmurs or added sounds are not to be missed, it is essential that 
the clinical examination be performed when a normal arterial 
pressure is present. Intracranial datnage itself may cause ST and T 
wave changes on the ECG''*-", which may not be iinportant if all 
other investigations suggest a normal heart. Hypothermia leads to 
bradycardia and/or presence of J waves, which are of no patho
logic significance, but can be confused with ECG changes 
suggestive of ischemia. 

Echocardiography to determine ventricular wall shortening 
fraction should also be carried out to give some indication of the 
quality of myocardial contractility. Septal motion is often para
doxical in brain-dead subjects, though the cause of this is unclear; 
in our experience its presence does not appear to be associated 
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with impaired ventricular function in the post-transplant period. It 
may be unwise, however, to accept a heart where the left ventric
ular ejection fraction (LVEF) is significantly <50%, particularly if 
the donor is receiving moderately high doses of an inotropic agent 
(e.g. dopamine at 12-15 /xg/kg per minute). Imaging is not easy 
in some donors, and transesophageal echocardiography should be 
considered if transthoracic visualization is not adequate'^'. 

Individual judgement is required in each case, and the experi
enced transplant surgeon may accept a heart that has a LVEF 
<50%. In a study from the University of Virginia at 
Charlottesville^-^, cardiac dysfunction was defined by an ejection 
fraction <45% and/or a significant segmental wall motion abnor
mality using standard two-dimensional echocardiographic crite
ria. These 'marginal' donors were considered acceptable at the 
time of inspection if: (a) there was no obvious reason for poor 
function, such as the presence of coronary artery disease or 
cardiac trauma; (b) the inotropic support requirement was only 
modest (<10 /xg/kg per minute dopamine); (c) hemodynamic pa
rameters were otherwise normal; and (d) the donor heart appeared 
viable without evidence of cardiac contusion. 

More sophisticated tests that assess left ventricular function 
(such as monitoring of the left ventricular pressure-volume rela-
tionship2-^) can be employed, but are more invasive and are fre
quently unavailable. Measurement of total serum creatinine 
phosphokinase (CPK) and the CPK-MB isoenzyme should be 
carried out in ca.ses in which myocardial injury is suspected, and 
caution should be used in decisions regarding hearts from donors 
in whom the CPK-MB isoenzyme is extremely elevated. Cardiac 
troponin I, a sensitive and highly specific marker of myocardial 
injury^'', is also being explored at some centers in an attempt to 
detect unsuspected myocardial injury. 

Ideally, there should be no history of severe hypotension or 
cardiac arrest at any time. Recovery from such episodes, however, 
with return of an adequate blood pressure and diuresis, suggests 
that myocardial function remains satisfactory. Cardiac arrest requir
ing a prolonged period (e.g. more than a few minutes) of external 
cardiac massage, or repeated cardiac arrests, or frequent or 
intractable episodes of ventricular dysrhythmias, are generally con
traindications for use of the heart, unless a long period of stable 
myocardial function has subsequently been clearly documented. 

Many cardiac surgeons believe that the most reliable means of 
assessing donor heart function is by direct inspection of the organ at 
the time of procurement, and this is clearly a most important part of 
donor selection. It is therefore essential that an experienced surgeon 
should assess each donor heart on an individual basis. Donor heart 
assessment and retrieval is not a procedure that can safely be left to 
an unsupervised junior member of the surgical team. 

The UCLA group^' has performed coronary artery bypass 
surgery on donor hearts with localized atherosclerosis. The 
surgery has been performed ex vivo while the donor heart is still 
stored in cold saline. Although this has enlarged the donor pool, 
and has been relatively successful, this procedure is not without 
its risks and should not be undertaken without very careful 
consideration. 

Lung 

Patients with known lung disease are clearly unsuitable for dona
tion. This would include patients with obvious chronic obstructive 

airway disease or pulmonary fibrosis, as well as lung trauma. 
Previous surgery within the pleural or pericardial cavities usually 
precludes donation. The presence of a chest tube (frequently 
placed to treat a pneumothorax following insertion of a central 
venous pressure line) is not a contraindication to use of the lung if 
there is no significant air leak. Patients with infections of the lung, 
whether chronic or acute (pre- or post-brain death), are also 
usually excluded. The presence of neurogenic pulmonary edema, 
a not-uncommon sequel to the hemodynamic changes that take 
place during brain death, is generally exclusionary. An acutely 
failing donor heart generally results in poor lung function and 
therefore may preclude lung donation, but the presence of an 
acute or chronic cardiac disease (e.g. coronary artery disease) in 
itself is not a contraindication to lung donation if pulmonary func
tion remains good. 

A history of asthma is a borderline contraindication. If severe 
and prolonged for many years, then this may be an absolute con
traindication. Evidence suggests that asthma in the donor leads to 
a.sthma in the recipient-''. 

Although smoking is not exactly a 'disease', patients who have 
smoked a total of more than 20 pack-years (i.e. one pack a day for 
20 years or equivalent) are generally excluded on the grounds that 
their lungs may have lost some elastance. 

Pulmonary function, as assessed by compliance and gas ex
change, may require repeated assessment to ensure that no sig
nificant deterioration is occurring before the lungs are excised. With 
positive end-expiratory pressure (PEEP) of 5 cmH^O and an Fp2 of 
0.4 (40% O,), the Pao. should be >100 mmHg.'On an F.o, of 1 
(100% Oi), the PflOi should be >300 mmHg. Lung compliance 
should exceed 0.1 1/cm HjO at a tidal volume of 10 ml/kg. In a 
patient with a non-obstructive endotracheal tube in situ, an inspira
tory volume of 15 ml/kg should not result in a static pressure of 
more than 20 cmHiO being measured. This will indicate a relatively 
normal lung compliance. The measurement should be repeated three 
times and an average taken. Possibly the simplest way of testing 
lung compliance is by increasing the ventilatory tidal volume from a 
minimum 500 ml in an adult by 100 ml increments to 1000 ml; peak 
inspiratory pressure should not rise above 30 mmHg. Airway resist
ance, though not a routine measurement (on mechanical ventilation), 
should be <1.6 cm H2O/I per .second^'-*. 

In order to achieve or maintain good lung function, fluid re
striction is necessary, especially with respect to crystalloid solu
tions. Close monitoring of central venous pressure (which should 
be maintained as low as possible compatible with the main
tenance of other vital organs), and cautious application of cate
cholamines are mandatory. Prolonged artificial ventilation, an 
Fp2 exceeding 0.5 (50%), and positive end-expiratory pressures 
>10 mmHg should all be avoided, if possible. 

Due to nosocomial infections, mechanical ventilation in brain-
dead subjects for more than 4-7 days will generally preclude u.se 
of the lungs for transplantation. The chest radiograph should be 
clear of major pulmonary infiltrates, including post-traumatic 
opacifications, suggesting contusion or infection, though some 
would not decline use of the lungs on these grounds alone if there 
were no confirmatory evidence of pulmonary damage or infec
tion. Minor areas of infiltrate may not preclude donation'''. Before 
the donor operation, frequent aseptic and thorough endotracheal 
suction and toilet is mandatory, and a broad-spectrum antibiotic 
should be administered (see below). 
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The majority of donors have bacterial colonization of the tra
cheobronchial tree despite normal radiographic appearances. 
Therefore, specimens should be taken before (optimally, via a 
bronchoscope) harvesting, to allow immediate Gram stain and 
cultures^'''"". The presence of purulent sputum with a large 
number of organisms on Gram stain, especially if of only one 
type and if intracellular, indicates the presence of an active infec
tion and may be a contraindication to donation. Some centers, 
however, might accept such a donor if the offending organism(s) 
had been identified and specific antibiotic therapy initiated in both 
donor and recipient. The presence of some neutrophils but no or
ganisms on Gram stain will generally not preclude donation. 
Postoperative antibiotic treatment can be based on the results of 
culture. The presence of heavy fungal colonization of the tracheo
bronchial tree is generally considered a contraindication to 
donation. 

Many believe bronchoscopy to be essential before a final deci
sion is made to accept a lung for transplantation-^^. In 26 other
wise acceptable donors, bronchoscopy was abnormal in 10 (38%) 
and was sufficiently abnormal in six (23%) to preclude lung dona
tion. The allografts of two recipients whose donor had evidence 
of aspiration of gastric contents, but normal chest radiograph and 
gas exchange, failed at 15 and 12 days post-transplantation. The 
allografts of two recipients whose donors had evidence of aspira
tion of blood only had uncomplicated post-transplant courses. 
Certainly, if: (a) the chest radiograph shows any abnormality in 
the lungs; (b) the endotracheal aspirate is purulent, or significant 
microorganisms are seen on Gram stain; or (c) there is a 
possibility of aspiration of gastric contents into the tracheo
bronchial tree during the course of the donor's care, then fiber
optic bronchoscopy should be performed. Inflammation of 
the walls of the bronchi with or without the presence of purulent 
secretions/gastric contents strongly suggests aspiration, and 
contraindicates use of the lung(s). 

Based on bronchoscopy, the absolute contraindications to ac
cepting a donor lung are grossly purulent secretions (especially if 
voluminous) and the finding of aspirated foreign material or evi
dence thereof (e.g. severe erythema and tracheobronchitis)'''. 
Blood entering the airways is obviously common after head 
trauma. With the passage of time the blood imparts a distinctly 
brown coloration to the bronchial secretions, which can be dis
tinguished from pus. If this can be cleared by suctioning, and 
the bronchial mucosa appears normal, the lung is generally 
considered suitable for u.se". 

The University of Virginia group consider a lung donor to be 
marginal with a PaOi of <350 mmHg on 100% Ff>2- the presence 
of infiltrates on chest radiograph, or purulent secretions on bron
choscopy". However, they found these marginal lungs frequently 
acceptable if the patient had been on a ventilator <24 h and the se
cretions could easily be cleared by suctioning, even if purulent 
material was present. A Gram stain revealing bacteria did not 
exclude a donor unless there was evidence of gross fungal 
contamination. 

The Barnes Hospital group in St Louis considered a lung donor 
to be marginal with a fuOj <300 mmHg on Fi02 100%, or when 
radiographic infiltrates or evidence of trauma were present in 
either lung. There was, however, no difference in outcome as 
defined by; (a) A-aOi gradients, (b) time on ventilator, and (c) 30-
day survival, between marginal and ideal donors''. 

Transferable disease 

Neither heart nor lung should be transplanted from donors with 
transferable disease, such as a malignant lesion (other than a 
primary tumor of the central nervous system, which generally 
does not metastasize elsewhere) (Chapter 12) or certain serious 
infections. 

The presence of pyrexia in the hours or days before death may 
be related to the brain injury itself, and may not necessarily indi
cate serious infection, although every effort must be made to 
exclude this possibility. Once brain death has occurred, body tem
perature usually falls to subnormal levels over the course of a few 
hours. The length of time that the patient has been ventilated me
chanically is equated with an unavoidable degree of pulmonary 
infection, overt or otherwise, and possibly also with some lung 
injury; not more than 3 days is desirable, particularly in the case 
of the lung, and longer than 7 is usually unacceptable even for 
the heart. 

The presence of overt acute pulmonary infection almost cer
tainly precludes donation of the lungs, but does not rule out heart 
donation. In one study from St Louis, in 43% of cases in which 
bronchial washings from donor lungs grew at least one organism, 
similar organisms were isolated from the tracheobronchial tree of 
the recipient'*. Six of these recipients (21%) subsequently had in
vasive pulmonary infection as a result of the organism originally 
isolated in the donor. The St Louis group recommended that 
antibiotic coverage in transplant recipients should be initiated on 
the basis of Gram stain results, and modified on the basis of cul
tures obtained from the donor lungs. Others also follow this 
p0licy29.31.35 

Infection in the renal tract of the donor is not a contraindication 
to use of the heart or lungs. Many hearts and some lungs have 
been transplanted successfully from donors with positive blood 
cultures; the decision to use an organ from such a donor is a 
difficult one, and not without risk, but, if the infected organism is 
known, the recipient can be administered the appropriate anti-
biotic(s). The policy of many groups in regard to the chance 
finding of a positive blood culture is liberal; if the patient has 
clinical features of sepsis, however, the organs should not be 
excised for transplantation. 

Positive human immunodeficiency virus (HIV) antibody serol
ogy should preclude transplantation, and this test should clearly 
be performed before donor organ excision'*. When positive, if 
time allows, the test should ideally be repeated, as fal.se-positive 
results can occur. If the donor is believed to be 'high risk' for 
HIV positivity (e.g. homosexuals, intravenous drug abusers, he
mophiliacs), and yet the HIV antibody serology remains negative, 
the decision whether to use the organ must be based on the 
urgency of the potential recipient's condition, after full discus
sion with the patient and/or his or her family. When making such 
a decision, the possible risks to operating room, intensive-care 
unit, and laboratory staffs must also be taken into consideration. 
Current opinion is that organs from 'high-risk' donors should 
probably not be used". Transfer of HIV has been reported with 
kidney, liver and heart transplants with poor survival"*"*-. In five 
such heart transplants, only two patients had survived with a 
mean follow-up of 2.75 years. 

Blood specimens from the donor are taken for bacteria] culture 
and serologic tests for syphilis, cytomegalovirus, hepatitis B 
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surface antigen (HBsAg), and hepatitis C serology'* (which are 
essential), and Epstein-Barr virus, herpes simplex virus, 
Toxoplasma, and hepatitis A (which may also prove to be valu
able). The results, especially for hepatitis B and C, should be 
available before the organ is excised. If, under unusual circum
stances, the transplantation has already taken place when the 
results become available, the result, if positive, may be of consid
erable importance in the subsequent care of the recipient. 

A thoracic organ from a donor known to be HBsAg-positive 
should probably not be utilized unless the recipient has previously 
been vaccinated against hepatitis B. When the need of the recipi
ent is extremely urgent, however, this should possibly not prevent 
donation, as long as the recipient is covered by a course of 
gamma-globulin. 

Hepatitis C may take several years to cause clinical symptoms, 
although its progress may be much more rapid in an immunosup-
pressed subject. The decision to use a thoracic organ from an anti-
hepatitis C antibody-positive donor is, therefore, a difficult one, 
and depends to a great extent on the status of the potential recipi
ent. The recipient almost always seroconverts after transplanta-
tion^l Even if he or she does, clinical or biochemical features of 
hepatitis may not develop for several years. We have therefore 
chosen to transplant such hearts into patients whose life ex-
[lectancy is short (i.e. days), who are deteriorating in an intensive-
care unit despite inotropic, intra-aortic balloon pump with or 
without ventilator support. Availability of therapy with interferon 
in the post-transplant period (if the recipient seroconverts) has 
made us slightly more liberal in the use of hepatitis C-positive 
donors in such cases. However, the development of clinical 
hepatitis in the recipient can be fatal, and the decision to risk this 
eventuality should not be taken without due consideration, which 
includes full discussion with the patient and his/her family. 

With regard to organ transplantation in hepatitis C-positive re
cipients and the use of hepatitis C-positive organs, Milfred et al. 
carried out a survey of 45 cardiothoracic transplant centers'*"*. 
Seventy-five percent stated that they would list an HCV-
seropositive candidate (either directly or by lack of routine 
screening to exclude such a patient). Only 16% would not accept 
HCV-seropositive candidates. Nine percent had no policy. 
Overall, 69% accepted organs from HCV-seropositive donors, at 
least for selected recipients. Twenty-two percent of the centers 
said they would accept an HCV-positive donor for any recipient 
(although a knowledge of the practice at other centers does not 
support this surprisingly high figure), 45% would select for only 
HCV-seropositive and/or urgent (UNOS status I) recipients, and 
2% would not screen donors and would therefore be unaware of 
the HCV status of the donor. A total of 27% of the centers would 
never accept organs from an HCV-seropositive donor, and 4% 
had no policy towards this issue. 

The presence of a positive test for syphilis in the donor need 
not preclude donation, but it would seem wise to give the recipi
ent a course of antibiotic therapy to prevent transfer of disease. 
An IgM level suggestive of recent cytomegalovirus infection 
would generally not preclude use of the heart for transplantation, 
though an occasional group would not u.se a CMV IgM- or IgG-
positive donor for lung or heart-lung transplantation in a 
cytomegalovirus-negative recipient. 

Toxoplasma has been transplanted with the donor heart"''", and 
unless clinically suspected in the donor is likely not to be diag

nosed until after transplantation, sometimes purely on endo
myocardial biopsy'*'. 

Effects of drugs of addiction/substance abuse on the 
donor organs 

Cigarette smoking is probably the most common form of sub
stance abuse and a high percentage of donors will have such a 
history. This may clearly have a direct effect on the heart or lungs 
to be used for transplantation, by contributing towards ischemic 
heart disease and/or emphysema. These matters have been dis
cussed above. 

Marijuana/heroin 

The smoking of marijuana is also fairly common. If only occa
sional, it probably is of little significance, either as a contributing 
factor toward injury to the organ or as an indicator that the donor 
may be in the high-risk category with regard to HIV or hepatitis. 
If marijuana use has been heavy, particularly if it has extended 
over many years, the suspicions of the surgical team must be 
aroused to the possibility of the intravenous use of other drugs 
(e.g. heroin) that would increase the possibility of the donor 
having been exposed to HIV or hepatitis. The history of drug use 
is frequently inadequate and vague, making decisions of this 
nature difficult. Physical evidence for intravenous drug abuse 
(e.g. needle marks in the cubital fossa) should be sought. In the 
absence of positive serology, and when the clinical history of in
travenous drug abuse is certain or strongly suspected, the risks of 
transfer of an infectious agent to the recipient have to be weighed 
against the current status of the recipient for whom the organ is 
intended. 

Cocaine 

The increasing use of cocaine worldwide - in the USA an esti
mated 6 million individuals use the drug on a regular basis - leads 
to the supposition that some donor organs are from unknown 
cocaine users. Toxicology screening of all donors may more ac
curately define the incidence of cocaine usage in the donor popu
lation. Cocaine produces vasoconstriction, which results in a 
reduction in coronary artery diameter and coronary blood flow. 
Cocaine use appears to be associated with a variety of cardiovas
cular diseases, including ischemic events, myocarditis, and 
myocardial dysfunction"**^*. Electrocardiographic and echo-
cardiographic abnormalities are common in long-term cocaine 
abusers. Several autopsy and endomyocardial biopsy studies in 
cocaine users have shown contraction band necrosis, myocyte 
necrosis, and diffuse inflammatory cell infiltration, 

Minor et al.'*'' reported cocaine-induced myocardial infarction 
in patients with normal coronary arteries. Experimental evidence 
suggests that cocaine has direct and indirect sympathomimetic 
effects on vascular smooth muscle, attenuates endothelium va
sodilator capacity, exerts a potent depressant effect on cardiac 
myocytes, and promotes atherogenesis. Cocaine-induced myocar
dial infarction in patients with normal coronary arteries therefore 
probably involves adrenergically-mediated increases in myo
cardial oxygen consumption, vasoconstriction of large epicardial 
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arteries or small coronary resistance vessels, and coronary throm
bosis. Accelerated atherosclerosis and impairment of endothelium 
vasodilator function may occur after chronic cocaine use. 

Warner has reviewed cocaine abuse in some detaiH*. In the 
USA 7% of adults between 18 and 34 years old had used cocaine 
during the previous year. In the 1970s and 1980s the development 
of 'free base' and "crack" cocaine revolutionized the use of the 
drug by providing a form that could be smoked. Cocaine can be 
absorbed through any mucous membrane or injected intra
venously. Ninety percent of cocaine users have snorted cocaine, 
making intranasal insufflation the most common route of use. 
About one-third of users have smoked the drug, and fewer than 
10% have injected it. Free base and crack are the same chemical 
form of cocaine, but are made using different techniques. 

Complications associated with cocaine use include chest pain, 
myocardial infarction, arrhythmias, cardiomyopathy, myocarditis, 
pneumothorax, pneumomediastinum, pneumopericardium, pul
monary edema, exacerbation of asthma, pulmonary hemorrhage, 
bronchiolitis obliterans, and 'crack lung'. 

The use of hearts and lungs from donors with a history of 
cocaine abuse remains controversial. Information regarding the 
route of administration, purity, quantity, and duration of cocaine 
exposure is frequently incomplete. Traditionally, hearts from 
cocaine-using donors have been excluded from procurement. 
Certainly, if a history of intravenous drug abuse is elicited, such 
hearts are declined. Routine two-dimensional echocardiography 
and the inspection of the donor heart by the surgeon at the time of 
procurement may help to identify and exclude any hearts with 
significantly depressed global myocardial function. 

In a study from Los Angeles, however, 16% of donors had a 
positive history for non-intravenous cocaine use*''. No detrimental 
effects of cocaine usage on donor heart function, recipient sur
vival, hospital stay, or rejection frequency could be detected. 
Survival rates between this group and those who did not have 
such a history were similar at 30 days and at I year. Freedom-
from-rejection rates were also similar at 30 days and 6 months. 
The investigators concluded that the outcome of patients who re
ceived transplanted hearts obtained from non-intravenous cocaine 
users was favorable, suggesting that the use of such hearts is safe. 

Among the Los Angeles patients, none of the initial endomyo
cardial biopsies carried out within the first 2 weeks after trans
plantation showed significant inflammatory infiltrates or myocyte 
necrosis. This finding could possibly be explained by: (a) pre
selection of hearts without global dysfunction, (b) exclusion of 
intravenous drug users as donors, and (c) the time elapsed from 
the last exposure of cocaine until the first biopsy. 

Since chronic and irreversible lung dysfunction secondary to 
cocaine use has not been demonstrated, most groups would not 
decline a lung from a donor solely on the grounds that he or she 
was a cocaine user. 

Alcohol 

A report from Paris investigated the relatively high proportion 
(approximately 20%) of donors in France who had a history of 
chronic alcoholism, which was found to be a very detrimental 
factor to survival of the recipient after heart transplantation'". 
Fifty-four percent of patients who had early cardiac graft dysfunc
tion versus only 12% of patients who had immediate normal graft 

function had received a graft from an alcoholic donor. Among the 
early deaths from cardiac dysfunction, 40% of patients had an al
coholic donor. Excluding such alcoholic donors or reserving them 
for critically ill recipients would seem preferable. 

Preclinical alcoholic cardiomyopathy seems to be independent 
of the duration of chronic alcoholism and of the quantity of cumu
lative alcohol intake. This latent cardiomyopathy may be un
masked in the recipient because of the particular hemodynamic 
conditions to which the myocardium is exposed, e.g. myocardial 
ischemia, elevation of right and left heart filling pressures. The 
condition can be diagnosed with echocardiography by demonstra
tion of increased ventricular wall thickness and by left ventricular 
filling impairment without, at this stage, any alteration in the 
parameters of contractility. 

Chronic alcoholism in the donor would not appear to be a 
contraindication to use of the lungs for transplantation. 

Effects of poisoning on the donor organs 

There are few reports on the use of thoracic organs from donors 
who have died of poisoning. In Belgium, 12 poisoned 'brain-
dead' patients were considered as organ donors". The toxic sub
stances were various, but included barbiturates, insulin, carbon 
monoxide, and cyanide. Two heart transplant patients died within 
24 h from stroke and acute heart failure, respectively. The 
Brussels group, although not absolutely excluding organ procure
ment from a few select donors with acute poisoning, drew atten
tion to the risk of graft damage resulting from some poisons. 

Cyanide 

Most cyanide poisoning victims do not survive, due to rapid lethal 
massive cellular anoxia within minutes, particularly if large 
amounts have been ingested'^. Reported mortality is as high as 
95%. Due to its rapid absorption and paralysis of cellular respira
tion, the time from ingestion to treatment is critical. Cyanide 
causes cytotoxic intracellular anoxia. Cellular oxygen utilization 
is blocked, and anaerobic metabolism with glucose ensues, 
leading to lactic acidosis. There is consequent respiratory failure 
due to the high susceptibility of the central nervous system (CNS) 
to anoxia. The cyanide-cytochrome oxidase complex that is 
formed, however, is dissociable, with rapid recovery of respira
tion upon cyanide removal. 

Cardiac studies have shown a direct myocardial toxic effect 
manifested by left ventricular dysfunction and conduction abnor
malities. Cyanide causes vascular smooth muscle contraction, ar
terial vasoconstriction, and accelerated myocardial ischemia. 
While the myocardium is very susceptible to cyanide anoxia, 
almost complete dissociation of the cytochrome oxidase 
enzyme-cyanide complex has been demonstrated. 

Intentional cyanide poison victims are not usually considered 
for organ donation. With rapid antidote administration and close 
follow-up, however, the cyanide victim with irreversible CNS 
damage may have organs with reversible cyanide effects that may 
be suitable for transplantation. A heart has been transplanted from 
a patient who committed suicide by cyanide ingestion''-'. After 
transplantation, the recipient was initially on multiple low-dose 
hemodynamic agents to augment cardiac output, but was success
fully weaned off of these on the .seventh postoperative day. 
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Presumably, in such cases of reversal of cyanide effects, the 
lungs could also be considered for donation. 

Carbon monoxide 

The potential reversibility of hypoxic organ damage induced by 
carbon monoxide inhalation depends on the amount of hemoglo
bin bound to carbon monoxide and on the tolerance of the organ 
to hypoxemia'^ It has been suggested that death from carbon 
monoxide poisoning with a blood carboxyhemoglobin level 
>20% is an absolute contraindication to use of the heart, and a 
level <20% is a relative contraindication^'. 

Hearts from brain-dead victims of carbon monoxide poisoning 
have, therefore, generally been reported to be unsuitable for heart 
transplantation. However, heart transplants have been performed 
successfully using such donors''*-^'. Carbon monoxide poi-soning 
is therefore not an absolute contraindication to cardiac allograft 
procurement in the setting of clinical and objective evidence of 
satisfactory cardiac function. 

Iberer et al.^^ reported that, despite early post-transplant ECG 
abnormalities and elevated serum transaminase levels suggesting 
myocardial damage, after 16 days the ECG reverted to normal. 
No evidence of ischemic areas or myocardial cell necrosis could 
be found in any heart biopsies. At the time of reporting, the 
patient was doing well 4 months post-transplant. 

A report from Australia documented two patients who under
went successful transplantation with cardiac allografts from 
donors who had suffered acute carbon monoxide poisoning'''. The 
authors suggest that an ECG, assay of cardiac enzymes, and 
echocardiography are required to assess the degree of myocardial 
injury in potential heart donors. Cardiac enzyme elevation sug
gests severe myocardial injury, but transient elevations may be 
due to hypoxic injury to other organs. The myocardial effects of 
acute carbon monoxide poisoning, however, may be delayed. 
These authors therefore recommend that a short period of obser
vation be incorporated in the overall assessment of the potential 
heart donor, and suggested that careful consideration of the fol
lowing variables may minimize any potential risk in using 
carbon-monoxide-exposed hearts for transplantation: (a) normal 
ECG and satisfactory echocardiographic findings, (b) minimal el
evation of cardiac enzymes, (c) requirement for minimal inotropic 
support, (d) a short ischemic time, (e) favorable donor-to-
recipient weight ratio, and (f) the avoidance of recipients with 
high pulmonary vascular resistance. 

There is one report of successful transplantation of a lung from 
a donor with carbon monoxide poisoning^*, but presumably the 
same cautious guidelines apply. 

Anticipated donor organ cold ischemic period 

Most surgeons would prefer to have the donor organ (heart or 
lung) reperfused by recipient blood within a maximum of 4 hours 
after aortic crossclamping in the donor (Chapter 23). If the antici
pated cold ischemic period is likely to be much longer than 4 h 
(e.g. because of the long distance between donor and recipient 
centers) the surgical team may decide to decline acceptance of the 
donor on these grounds alone, particularly if: (a) the donor has 
other 'borderline' characteristics or (b) the recipient has other 
factors that may complicate the procedure. There is a natural ten

dency on humanitarian grounds to accept a long ischemic time 
(with or without a borderline donor) for critically ill potential re
cipients (e.g. those on ventilators with or without intra-aortic 
balloon pump with or without high doses of inotropic therapy) for 
whom there is doubt that a subsequent donor will become avail
able before the patient dies, Such as decision, though understand
able, may substantially increase the risk of failure or major 
complication of the operative procedure, and it may be prudent to 
decline such a donor. 

Although the surgeon's primary concern is to the patient most 
in need of the transplant, he or she must never fail to remember 
the many other patients awaiting organ transplantation throughout 
the world. Failure of a transplant from an accumulation of risk 
factors may have prevented successful transplantation in another, 
more suitable, recipient. A poor decision in such circumstances 
may be associated with three deaths: (a) borderline donor, 
(b) high-risk recipient, and (c) the low-risk recipient who may 
subsequently die through lack of a suitable donor organ. 

Cold ischemic times of >4 h have frequently been reported, but 
are associated with an increased risk of early donor organ failure 
(Chapters 43 and 44). The pediatric heart appears to be less sus
ceptible to cold ischemia, and cold ischemic intervals of >9 h 
have been documented. 

Perhaps surprisingly, in view of its delicate structure, the adult 
lung may be more tolerant of cold ischemia than the heart, as cold 
ischemic times <8 h have been reported''^. As a general guideline, 
however, the risk of early organ failure is likely to increase if is
chemic times of >4-5 h are incurred. 

Comment 

In an important review of 1719 consecutive primary cardiac trans
plants performed at 27 institutions, Young et a/.'** documented 
that risk factors for death of the recipient included: (a) old 
donor age (p = 0.001); (b) smaller donor body surface area 
(female donor heart placed into larger male patient) {p = 0.003); 
(c) greater donor inotropic support (p = 0.01); (d) donor diabetes 
mellitus {p = 0.01); (e) longer ischemic time (p = 0.0003); 
(f) diffuse donor heart wall motion abnormalities by echocardio
graphy (p = 0.06); and (g), for pediatric donors, death from causes 
other than closed-head trauma (p = 0.02). The 30-day mortality 
rate was 7%, but increased to 11% when donor age exceeded 50 
years, and was 12% when inotropic support exceeded 20 /itg/kg 
per minute dopamine plus dobutamine, and 22% with diffuse 
echocardiographic wall motion abnormalities. The interaction of 
donor risk factors was such that the heart of the smaller female 
donor given high-dose inotropes placed into a larger male recipi
ent produced a predicted 30-day mortality rate of 26%, and the 
heart of a 25-year-old male donor given high-dose inotropes with 
diffuse echocardiographic wall motion abnormalities transplanted 
into a 50-year old male recipient led to a predicted 30-day mortal
ity rate of 17%. The authors concluded that their analysis sup
ported cautious extension of criteria for donor acceptance but 
with an anticipated greater risk in the presence of diffuse echo
cardiographic wall motion abnormalities and long i.schemic time, 
particularly in older donors given inotropic support. 

Such data based on a large number of lung transplant patients 
are not yet available. 
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THE EFFECTS OF THE AGONAL PERIOD AND BRAIN 
DEATH ON MYOCARDIAL AND PULMONARY 
FUNCTION AND STRUCTORE IN THE DONOR 

The major source of donor hearts has been, and would appear to 
continue to be, persons dying of head injury or spontaneous in
tracranial hemorrhage. The adverse effect of brain dysfunction 
on the heart was demonstrated as early as 1954-'-' *-. 
Electrocardiographic changes have been reported clinically in as
sociation with subarachnoid hemorrhage, intracranial infections, 
and cerebral tumors. Subendocardial hemorrhage and even myo-
cardia' necrosis have been reported in association with intrat. • 
nial lesions. Electrocardiographic changes can be produced •, 
animals by midbrain stimulation, and chronic stimulation p. • 
duces myocardial necrosis; excessive sympathetic discharge n. •• 
be etiologically responsible. 

The pathological sequence of events that leads to brain de.-
(i.e. the mode of death) varies to some c.Ktcnt depending on " .; 
cause of death (e.g. exsanguinalion, asphyxia, etc.). There is •• 
perimenial evidence that the mode of death influences the cxt.--. 
of myocardial injury. For example, experimental studies have • 
dieated that hearts arrested by ex.sanguinaiion of the animal ••.••• 
easier to resuscitate than those arrested by asphyxia'*^^*, and h;-. .• 
therefore presumably suffered less injury and/or depletion •: 
energy stores. 

Studies in both experimental animals and potential clini:-;. 
donors, which have been reviewed elsewhere"•'''^, have sugges'-.- •. 
that brain death has major histopathological and functio .-..•. 
effects*-^'. 

Two major effects of brain death have been observed in experi
mental studies. The first is a scries of electrocardiographic, he
modynamic, and histopathological changes which take place 
during and immediately following the agonal period**-™-'-̂ '̂ '''̂ *. 
The second consists of significant changes in circulating 
levels of certain hormones, which in turn result in major 
changes in body metabolism'*''^'-''-. The time-course and 
.nature of these events may be greatly modified under clinical 
circumstances. 

'Autonomic Isympathetic, catechoiaminej storm' 

A sudden increase in intracranial pressure or the sudden onset of 
ischemia of the brain leads to a series of major pathophysiological 
changes which may collectively be referred to as the 'autonomic 
storm'*'''•^^'''•'. Though there is a brief initial period of excessive 
parasympathetic activity, evidenced by a marked bradycardia, 
most of the effects are brought about by the sympathetic nervous 
system'"•^^• '̂•; the terms 'sympathetic storm' or 'catecholamine 
storm' have therefore also been used to describe these 
events. 

There is a large increase in circulating and endogenous cate
cholamines in the early few minutes after induction of brain 
death, which is associated with an increase in myocardial activity, 
together with the appearatice on the EKG of ventricular arrhyth
mias*. Within 5 min of a sudden rise in intracranial pressure, 
circulating epinephrine, norepinephrine, and dopamine concen
trations rise markedly, though they return to control levels within 
10^15 min«'. 

Electrocardiographic effects 

When intracranial pressure is increased acutely (or the brain made 
acutely ischemic), an immediate bradycardia, progressing to sinus 
standstill with occasional junctional escape beats and a short 
period of atrioventricular dissociation, is rapidly followed by a 
sinus tachycardia and, subsequently, ventricular ectopic activity 
of multifocal origin'"'̂  (Figure 3). A further period of sinus tachy
cardia follows but, on this occasion, with marked ischemic 
changes. 

Figure 3 Electrocardiogram taken during development of brain tleatti in an 
experimental animal showing multifocal venlricular extrasystoles 

Factors which contribute to cardiac ischemia possibly include 
endogenous catecholamine release, spasm of coronary arteries 
(indicated by contraction band necrosis in the major coronary ar
terial walls), and a high systemic vascular resistance (SVR) from 
increased sympathetic activity which increases afterload and 
results in acute temporary myocardial oxygen supply-demand im
balance. This ischemia not infrequently results in myocardial 
histopathological damage, especially in the subendocardium, 
though this is rarely significant enough to exclude use of the heart 
for transplantation. 

Finally, there is a reduction in rate to the pre-agonal level or 
below, with a regular rhythm. Fifty percent of experimental 
animals, however, continue to show abnormalities of the QRS 
complex and/or ST segment, including pseudo-infarct patterns. 
These ECG changes rarely indicate severe ischemic injury, and 
are believed to be due to loss of energy within the cell. 

Hemodf namic effects 

The hemodynamic changes observed in such experimental 
animals reflect the body's attempts to compensate for the intracra
nial changes taking place during 'coning' (Cushing's reflex)^'. 
The classic picture is outlined below, but this may be greatly 
modified in the clinical situation. 

Significant and often massive increases in SVR and mean arter
ial pressure (MAP) occur (Figures 4 and 5), and are almost cer-
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Figure 4 Mean changes in systemic and pulmonary hemodynamic data during the induction of brain death in eight baboons. The left hand graph shows changes 
in systemic hemodynamics between control levels (A) and those recorded at the peak of systemic vascular resistance (B). (MAP = mean arterial pressure (mniHg); 
SVR = systemic vascular resistance (Wood units); CVP = central venous pressure (mmHg); Q = aortic blood flow (l/minl.) The changes in MAP, SVR and Q 
reached statistical significance. The right-hand graph shows changes in pulmonary hemodynamics between control levels (A) and those recorded at peak of sys
temic vascular resistance (B). (PA = pulmonary artery pressure (mmHg); LA = left atrial pressure (mmHg); PVR = pulmonary va.scular resistance (Wood units); 
Q = pulmonary artery blood flow (l/min).) The changes in PA and LA reached statistical significance 

tainly the direct result of a great increase in sympathetic nervous 
activity, which produces an extreme degree of peripheral vaso
constriction. Blood is therefore redistributed into the capacitance 
vessels, leading to a rapid accumulation within the great veins and 
right atrium. Due to a combination of low pulmonary vascular re
sistance (PVR), high pulmonary vessel compliance, and pul
monary capillary reserve recruitment, associated with a higher 
degree of right ventricular compliance compared to the left ventri
cle, the right ventricle is able to adjust to this increased venous 
return, and increase its output, demonstrated by an increase in 
pulmonary artery flow compared with aortic flow at this time'-. 

The left atrial pressure may actually exceed the pulmonary 
artery pressure for a matter of seconds during the period of peak 
peripheral vasoconstriction'-. This remarkable and surprising ob
servation implies that the pulmonary capillary blood flow tem
porarily ceases entirely. The extreme rise in SVR which occurs 
during the agonal period almost certainly results in transient 
mitral regurgitation following temporary failure of the left ventri
cle. It would seem likely that it is during this period that disrup
tion of the normal pulmonary capillary anatomy can occur. As the 
peak left atrial pressure far exceeds the norinal hydrostatic pul
monary capillary pressure, capillary integrity within the lungs 
may be disrupted, resulting in pulmonary edema with high protein 
content and interstitial hemorrhage. 

Histopathological effects 

In approximately 75% of experimental animals undergoing brain 
death, histopathological changes develop in the left ventricular 
wall^**". These consist of contraction bands, focal coagulative 
necrosis, and myocytolysis, with edema formation and interstitial 
mononuclear cell infiltration (Figure 6). Contraction band necro
sis may even develop in conduction tissue and in coronary arterial 
smooth muscle. 

In addition, over a third of the animals show pulmonary edema 
with an exudate rich in proteins (Figure 7); there is also evidence 
of capillary endothelial damage and, on occasion, diffuse 
hemorrhage, both in the alveolar walls and into the alveolar 
spaces''^. 

All of these changes are believed to be the result of the cate
cholamine excess which occurs during the development of brain 
death, and are thought to be related to cytosolic calcium overload. 
Similar myocardial structural damage has been clearly docu
mented in human potential organ donors''. Various combinations 
of the three forms of acute myocardial necrosis have been de
scribed; namely contraction bands, coagulative myocytolysis. and 
coagulative necrosis (colliquative myocytolysis). Focal mononu
clear cellular infiltration has also been described surrounding 
areas of myocyte necrosis. 

29 



THE TRANSPLANTATION AND REPLACEMENT OP THORACIC ORGANS 

CO V.vr. /\s«« 

» \ 

r\ \ 
\^s 

Q m / ^ ^ 

rr* /WM. 

SVR»«»«i 
MAP ••" '% 

i 
i 

f» ' • 

^As:̂ . * 

I V' 

FiRure 6 Lighl micrograph secJon of rnyoca 
coiilraclioii bands and edenia (H&E X 310) 

time sr, sec 

Figure 5 Systemjc and pulmonary licinodynamic data duniig mJuciie.n ol 
brasn death in a baboon. The upper graph shows changes in systettiic vascular 
resistance (SVR) (Wood units), mean arterial pressure (MAP) CiiimHg). pul
monary artery blood flow {PA) (1/min) and aortic blood flow (AO) (l/min). 
The discrepancy between pulmonary artery and aortic blood flows (shaded 
area) rcprcscnt.s the period and extent of blood pooling within the lungs; in 
this ease blood pooling extended for a period of 160 seconds. In the lower 
graph, changes in inean left atrial pressure (LA) (niniHg), mean pulmonary 
artery (PA) (nimHg) arid pulmonary vascular resiNlance (PVR) (Wood units) 
are shown. The shaded area represents Ihe period of 85 seconds during which 
the left atrial pressure e.\ceeded the pulmonary artery pressure 

A majority of huniaa dooor hearts show mild (or occasionally 
more severe) degrees of rnyocardial injiiiy (Figure 8), such as 
subendocEirdial hemorrhage, presumably once again due to the high 
catecholamine outpot during the period of brain injury and the de
velopment of brain death. Changes of ischemic injury incurred at 
the time of brain death can sometimes be seen in the myoca.rdiuiii 
at the time of the first post-transplant endomyocardial biopsy, 

Endocrine changes and metabolic responses 

This subject remains one of considerable controversy, and has re
cently been reviewed in some detaiF*. There is considerable 

Figure 7 Light micrograph of king following inductioti of bram .' •• .h. 
Alveolar wall hemorrhage due to disruption of capillary integrity can hi n, 
tis well as considerable pulmonary edema. The heavy eosinophilic stair ; of 
the edema fluid demorislrales it lo he an exudate nch in protein (II&E >' •• ')) 

Figure S Ijght micrograph of a human donor heart which failed 
after operation, showing extensive contraction bands (H&F. X 320) 

hours 
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variation in the findings of different groups who have been inter
ested in this potentially important field. 

In the baboon, the thyroid hormones plasma free triiodothyro
nine (T3) and thyroxine (T4), together with plasma Cortisol and 
insulin, fall significantly within a few hours of the onset of brain 
death". Antidiuretic hormone also disappears from the plasma 
within a few hours. These changes are associated with a reduction 
in myocardial energy stores (adenosine triphosphate (ATP), cre
atine phosphate (CP) and glycogen), as well as a significant in
crease in myocardial lactate'"''™'^''. These myocardial tissue 
changes suggest that there is impairment of aerobic metabolism 
following brain death. 

The functional testing of hearts taken from brain-dead animals 
demonstrates a deterioration in myocardial function, as evidenced 
by significant reductions in cardiac output, stroke volume, and left 
ventricular pressure™'^'. There is also evidence that brain death 
leads to functional deterioration of the kidney'*". 

Plasma free T3 levels have also been shown by most investiga
tors (but not all) to be reduced in human potential donors, and 
there would appear to be some correlation between the level of T3 
and the time interval that has elapsed since brain death took 
place''. Cortisol and insulin have also been shown to be in the 
low normal range. 

Further experimental work in the baboon, studying the kinetics 
following single bolus injection of 14-carbon labeled metabolites 
(glucose, pyruvate, and palmitate) has indicated that there is a 
major change in metabolic oxidative processes following brain 
death, involving the entire animaF'. The rates of glucose, pyru
vate and palmitate utilization were found to be markedly reduced, 
and there was an accumulation of lactate and free fatty acids in 
the plasma. These findings indicated a change from aerobic to 
anaerobic metabolism affecting the body as a whole, and cor
related well with the previous findings relating to metabolism in 
the heart and kidney alone. Evidence was provided that high-
energy phosphates are rapidly depleted under this changed 
metabolic environment, almost certainly leading to deterioration 
in function of all organs. These observations, however, and their 
interpretation, remain controversial, although recent confirmatory 
evidence has been provided*". 

MANAGEMENT OF THE DONOR 

Care of the donor can be a time-consuming activity. If the patient 
is to be maintained in an ideal state for organ donation, as much 
care has to be taken over his management as would be given to 
any patient in an intensive-care unit. When brain death has been 
confirmed, interest in the care of the 'patient' by the primary 
medical and nursing personnel may wane, and support by the staff 
of the organ procurement agency and/or retrieval teams is often 
called for. 

Some donors are in a less-than-optimal hemodynamic/ 
pulmonary state when first seen, and initially the organ(s) may 
not seem suitable for donation. In many cases, however, intensive 
monitoring and management of the donor leads to improvement 
in status, resulting in excision of organs of good quality'*''*'̂ . In 
contrast, however, particularly in the case of the lungs, organs 
that initially appear acceptable may show signs of deterioration 
despite intensive care, excluding them from use. It is important. 

therefore, to repeat important tests (e.g. the Pao, on an Fio, of 
40% or 100%) at intervals throughout the period of donor man
agement'*''. If the donor no longer fulfills the necessary criteria, 
the organ(s) may need to be abandoned. 

As the majority of brain-dead donors are donors of multiple 
organs, the aim of management has to be to achieve a balance so 
that no organ is functionally improved at the expense of another. 
For example, the heart may function better if the central venous 
pressure is increased by intravenous fluid infusion, but this may 
be detrimental to the lungs. Increased inotropic support may 
therefore be preferable in such a situation. 

Mechanical ventilation will already be employed, and blood 
gases are maintained within the normal range. The donor will be 
maintained on a (physiological) PEEP of 5 cmHiO with the 
lowest possible FiOj sufficient to maintain an oxygen saturation 
of 90-95%. Maintaining an Fio2 of 100% for several hours, if 
necessary, is probably not deleterious to subsequent lung func
tion. If the lungs are to be donated, frequent tracheobronchial 
suction is required to prevent secretions from collecting. At the 
earliest opportunity, tracheobronchial aspirate should be sent for 
Gram stain and aerobic and fungal culture. 

A urinary catheter may already be in siiu; if not, one is in
serted. A central venous pressure (CVP) monitoring catheter is 
essential if the volemic state of the patient is to be well controlled. 
A Swan-Ganz catheter is not generally required, but it may prove 
helpful in donors who continue to show signs of hemodynamic 
instability. An arterial pressure line is an advantage, but is not es
sential if monitoring by sphygmomanometer cuff is satisfactory; 
its presence, however, facilitates the frequent estimation of arter
ial blood gases. (The femoral artery and vein, or jugular vein, can 
be utilized for easy access for arterial and CVP monitoring.) At 
least one, and preferably two, other peripheral venous infusions 
are set up for fluid and drug administration. Care is taken to intro
duce all vascular and urinary catheters under sterile conditions, 
especially if the groin is used for vascular access. 

As a result of pituitary injury, brain-dead patients frequently 
pass large quantities of urine (diabetes insipidus), and rapidly 
become hypovolemic and hypotensive if fluid is not replaced. 
Fluid, preferably warmed to prevent hypothermia, is administered 
in the form of electrolyte solution or colloid. If the patient has 
bled significantly, e.g. from a head or other injury, whole blood 
(or packed cells) is given to maintain the hemoglobin >8 g/dl. The 
serum sodium may rise to high levels in patients with impairment 
of production of antidiuretic hormone, and the administration of 
sodium chloride as a replacement fluid is therefore avoided. 
Potassium is lost in the urine and may require frequent monitor
ing and replacement on a large scale; 30 mEq potassium chloride 
are added to each liter of intravenous fluid given. Further supple
ments of 1 5 ^ 0 mmol/1 administered in 30-100 ml of intravenous 
fluid over periods of 15-60 min may be necessary to maintain the 
serum potassium level above 3.5 mmol/1. 

A systemic MAP of between 60 and 80 mmHg (with a systolic 
pressure of ± 100 mmHg) would appear sufficient to provide ad
equate coronary flow. Such a pressure may be best obtained by a 
combination of fluids, to maintain a moderate preload, and an in
travenous infusion of vasopressin (or small increments of intra
muscular vasopressin) to increase the afterload. Excessive 
increases in either preload or afterload may be damaging to the 
myocardium, and particularly to the lungs. Heart function should 
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be satisfactory with a central venous pressure of 5-10 mmHg but, 
if the lungs are to be procured, every effort should be made to 
maintain good cardiac function and an acceptable systolic blood 
pressure with a CVP that does not exceed 5 mmHg. Fluid over
load must be prevented. If the kidneys are also to be excised for 
the purpose of transplantation, as is usually the case, an MAP of 
much below 60 mmHg may prove inadequate to maintain renal 
f)erfusion, and the CVP may need to be slightly increased. 

If fluid replacement (including blood, if necessary) sufficient 
to maintain a CVP of 5-10 mmHg (or less, if the lungs are to be 
utilized) does not maintain an adeqijate systolic blood pressure, 
inotropic support should be initiated. Dopamine is the usual in-
otrope of choice, and should be used at the lowest dose necessary 
to maintain the systolic blood pressure at approximately 
100 mmHg. Doses of <10 /xg/kg per minute are usually sufficient. 
If a rate of >15 /xg/kg per minute is required, the acceptability of 
the heart for donation needs to be reviewed. 

If urinary output is excessive, making adequate fluid replace
ment difficult, vasopressin given intravenously or intramuscularly 
is of value in reducing this loss. Since vasopressin at concentra
tions higher than those required for antidiuresis results in periph
eral (including renal) vasoconstriction, great care is required in 
its administration if the kidneys are to remain suitable for dona
tion. (Similarly, phenylephrine is contraindicated, although 
neither of these agents is harmful if the heart or lungs alone are to 
be donated.) The intramuscular administration of vasopressin can 
be particularly effective, only small doses being required 
(0.1-0.25 U/kg), repeated as necessary. For intravenous infusion, 
vasopressin (100 U/250 ml normal saline), administered initially 
at approximately 0.25 ml (0.1 U/min) usually results in a decrease 
in urine flow and/or increase in blood pressure. 

Desmopressin (dDAVP), a synthetic analog of arginine vaso
pressin (AVP), has enhanced antidiuretic potency, diminished 
pressor activity, and a prolonged half-life and duration of action 
compared to the natural hormone AVP*'-**. It also has a greatly 
reduced splanchnic vasoconstrictor effect. It is therefore preferred 
by some centers for the control of diabetes insipidus. Doses of 
2 |Ltg i.v. for up to two doses have been found satisfactory"^. 

Brain-dead patients lose thermoregulation and rapidly cool to 
low temperatures if not actively warmed with an electric warming 
blanket. Although a mild degree of hypothermia may, in fact, be 
beneficial to the preservation of organs in a satisfactory condi
tion, ventricular fibrillation can occur at temperatures below 
30°C. Our policy has been to maintain the central temperature at 
approximately 35°C. 

If the Pa02 and PacOi are maintained within normal limits by 
mechanical ventilation, and if the central venous and arterial pres
sures are also maintained within the desired range, acid-base 
balance may remain within normal limits. If acidosis occurs, as a 
result of a combination of increasing anaerobic metabolism and 
peripheral vasoconstriction associated with hypothermia, sodium 
bicarbonate should be administered to correct the base deficit 
(base deficit X body weight (kg) X 0.3/2 = ml 8.4% sodium 
bicarbonate). 

A suitable wide-spectrum, non-nephrotoxic antibiotic (e.g. a 
cephalosporin) is administered at regular intervals until the donor 
is taken to the operating room for organ excision. Some pulmo-
nologists prefer more aggressive antibiotic cover, depending on 
the results of Gram stain of the sputum. A combination of van

comycin (1-1.5 g as a single dose) and ampicillin/sulbactam 
(Unasyn) (3 g repeated q. 6 h) provides very wide cover. If the 
donor is known to be allergic to penicillin, a combination of 
aztreonam (2 g i.v.) and clindamycin (900 mg i.v.) given 8-hourly 
is effective. 

By the measures outlined above, the heart and lungs of most 
brain-dead donors can be maintained in a viable state for several 
hours, occasionally up to 24 h. In our experience, however, in
creasing instability of the circulation is the rule, and every effort 
should be made to organize the transplant operation as soon as 
possible. 

If there is undue delay in retrieval of organs it is wise, if not 
mandatory, to repeat the chest radiograph and oxygen challenge 
in potential lung donors. The appearance of a new infiltrate or 
edema on chest radiograph or a significant reduction in POi (even 
if still >300 mmHg) should be reviewed with concern, and the 
decision to utilize the lungs may need to be reconsidered. 

Hormonal therapy 

Noting both the deterioration in cardiac function and depletion of 
myocardial energy stores that can occur after brain death, consid
eration has been given as to whether these effects resulted from 
the depletion in circulating hormones, such as T3, Cortisol, and 
insulin, and, furthermore, could be reversed by replacement 
therapy. 

Experimental observations 

Brain-dead experimental animals treated with these hormones 
showed a return toward control level in respect to cardiac output, 
though left ventricular pressure remained slightly reduced''. 
Myocardial ATP, CP, glycogen (which had been depleted) and 
lactate (which had been increased) did, however, return to control 
values''. Similarly, there was a return to normal renal function 
following hormonal therapy to the brain-dead animal**". 

When T3 was administered to a brain-dead baboon (2 /xg at 
hourly intervals), there was a dramatic increase in the rate of 
metabolite (glucose, pyruvate, and palmitate) utilization, and re
ductions in plasma lactate and free fatty acids". These changes 
indicate stimulation of aerobic metabolism in the body as a 
whole, resulting in a reversal from anaerobic to aerobic metabo
lism in the brain-dead animal. These observations correlated well 
with the earlier studies which showed replacement of 
myocardial energy stores and improvement in myocardial 
function. 

Clinical observations 

In an initial study, a group of potential donors was treated with in
travenous T3 (2 /xg), Cortisol (100 mg), and insulin (10-20 inter
national units) when first seen, and the therapy repeated at hourly 
intervals, depending on the condition of the donor and his re
sponse to the treatment, until the heart was excised. Observations 
in this group of potential donors were compared with those in 
potential donors who did not receive any form of hormonal 
therapy". The hormonally-treated group showed a marked 
improvement in cardiac performance, as measured by significant 
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increases in MAP and heart rate and a fall in CVP, despite a 
significant reduction in inotropic requirements. This was in con
tradistinction to the donors who did not receive hormonal therapy, 
in whom there was no improvement in cardiac function, despite a 
significant increase in the level of inotropic support. In the 
hormonally treated donors there was a reduction in the bicarbon
ate requirement, and falls in serum lactate and pyruvate; in those 
who did not receive hormonal therapy the need for bicarbonate 
administration increased by 100% over the .same period of time. 

Nineteen percent of the donor hearts in the untreated group 
were eventually considered unsuitable for subsequent transplanta
tion on the basis of poor or deteriorating hemodynamic perfor
mance, whereas all of the hormonally treated donors were 
considered suitable for transplantation, and all showed immediate 
good function following transplantation, and good long-term per
formance except where affected by acute or chronic rejection. 

A further larger study showed a similar good response. The 
optimum dosage of T3, which is considered the most important of 
the replacement hormones, remains uncertain, but may be more 
than the 2 ^g/h given in the above studies. Unpublished data from 
the Papworth group in the UK suggest that, to achieve and main
tain normal blood levels of T3, an initial bolus of 4 /ig is re
quired, followed by an infusion of 4 fig/h (Wheeldon, D., 
personal communication). 

It should be stressed that hormonal therapy remains controver
sial, and is not yet fully accepted by the transplant commu-
f,i(y2i,78 jhere are increasing data, however, to suggest that it 
may prove a physiological way of maintaining donor organs in a 
viable state before excision and transplantation. 
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Selection and Evaluation of the Potential Thoracic 
Organ Transplant Recipient - General Considerations 
D.K.C. COOPER, NX. IMES AND D.R NELSON 

INTRODUCTION 

Selection of appropriate recipients for heart or lung transplanta
tion may be the most important factor determining long-term sur
vival, yet selection remains difficult and guidelines vary to some 
extent from one institution to another'"^ With increasing experi
ence and success, there has been a relaxation in selection criteria 
in heart transplant candidates, with both older and younger pa
tients and insulin-requiring diabetics now being offered trans
plantation. Similarly, with increasing experience in lung 
transplantation, selection criteria are gradually being modified. 
Greater experience with the new immunosuppressive regimens 
that are steadily becoming available, including tacrolimus 
(FK506) and mycophenolate mofetil, is likely to further broaden 
the criteria for transplantation. 

EVALUATION OF THE POTENTIAL RECIPIENT 

Screening of the recipient begins with a full history and physical 
examination. At this stage any major contraindication may 
already be evident. Some patients will be rejected at this early, in
formal evaluation, as they are seen to be completely unsuitable. 
Usually this is on the grounds of extremely advanced age or pro
hibitive, coexistent disease in other organ systems. 

Once having passed this informal assessment, candidates 
undergo systematic and extensive medical screening. If full data 
on the cardiac or pulmonary status have not already been ob
tained, a thorough assessment is completed. Once the patient is 
judged to be a candidate for transplantation on the basis of his/her 
cardiac or pulmonary clinical status, then further screening is per
formed to ensure that: (a) the patient is likely to withstand the 
rigors of surgery, (b) major contraindications to the use of im
munosuppression are not present, and (c) there is no condition 
that will prevent satisfactory post-transplant rehabilitation or 
long-term survival. 

This screening process is obviously guided by good clinical 
judgement, and the sequence of testing may be altered because of 
clinical suspicions generated by the history or physical examina
tion. For example, if a lung transplant candidate is suspected of 

having ischemic heart disease, a coronary arteriogram should be 
done early in the evaluation. The early identification of disquali
fying cardiac disease might result in a significant monetary 
saving, since other expensive tests will then not be necessary. 

General screening tests (Table 1) include urinalysis, chest radi
ography, a complete blood count, biochemical blood screening of 
liver and kidney function, glucose metabolism (including glyco
sylated hemoglobin), calcium, thyroid, and coagulation status. 
Serum cholesterol, triglycerides and prealbumin levels are helpful 
as baseline values, since they may be altered by the transplant 
process and subsequent drug therapy. Serologic tests for HIV, 
HTLVl and 2, and hepatitis B (surface antigen) and C (antibody 
and RNA) are performed during the early evaluation of patients 
and may reveal disqualifying disease to be present. A rapid 
plasma reagin (RPR) test for syphilis should also be performed. 
Serologic testing, such as for CMV and toxoplasmosis, may be 
delayed until late in the evaluation process, as this information 
will assist in post-transplant management but will not preclude 
candidate selection. 

Other screening tests include a 24-hour urine collection for cre
atinine clearance and protein, skin tests (PPD for tuberculosis 
with suitable control, and Candida), and any bacteriological 
studies that might be indicated by the history and physical exam
ination. All cardiac transplant patients should have pulmonary 
function studies unless this is precluded by the status of the 
patient (e.g. if on a ventilator). At our own center we assess the 
vertebral bone density in all patients >40 years of age as a base
line for following the development or treatment of osteoporosis 
post-transplant''. 

Doppler ultrasound studies of the carotid arteries and abdomi
nal aorta-iliofemoral systems are performed in all patients over 
the age of 40 years, and in younger patients with a history of is
chemic heart disease or considered to be at risk for peripheral vas
cular disease. If Doppler ultrasound demonstrates more than mild 
arterial disease we progress to arteriography and/or aortography, 
for reasons that will be discussed later. 

Further investigation of major systems, such as gastrointestinal 
endoscopy and intravenous pyelography, are performed when in
dicated by the history, physical examination, or laboratory data. 
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Table 1 Suggested general evaluation of the potential thoracic organ 
recipient 

General data 
Comprehensive history and physical examination 
Blood chemistry determinations, including renal and liver function panels, 

TSH 
Complete blood count, differential white blood count, platelet count, pro

thrombin time, partial thromboplastin time, fibrinogen 
Urinalysis 
Stool for guaiac examination x3' 
24-hour collection of urine for creatinine clearance, total protein 
Chest radiography 
Pulmonary function testing 
Psychological questionnaire (e.g. MMPl) 
Mammography' 
Papanicolaou smear' 
Lung ventilation-perfusion scanning' 
Vertebral bone densitometry* 
Doppler ultra.sound of peripheral arteries' 
Sputum cytology* 
Consultations' 

Nutritional status and diet history 
Psychiatry 
Physical therapy 
Social services 
Dental {+ dental radiography) 
Otorhinolaryngology 

Essential cardiovascular data 
Electrocardiography 
Radionuclide ventriculography" 
Echocardiography' 
Right hean catheterization 
Left heart catheterization' 
Endomyocardial biopsy' 

Essential immunologic data (see also chapter 6) 
Blotxl type and antibody screening 
Human leukocyte antigen (HLA) typing (may be performed at the time of 

transplant) 
Screening of panel of reactive (lymphocytotoxic) antibodies 

Essential infectious diseases data 
Serology for: 

Hepatitis HBsAg (HBsAb, HBcAb), HcAb, HcRNA 
Human immunodeficiency virus (HIV) 
HTLVl and 2 
Cytomegalovirus (CMV) IgM and IgG antibody 
Toxoplasmosis 
EB viral capsid IgG and IgM antibody* 
RPR 
Lyme titers' 

Urine culture and sensitivity' 
Stool for ova and parasites x 3* 
Skin testing for tuberculosis (PPD) and Candida 

' If indicated by history, age. or physical examination. 

In older women (>40 years) mammography should probably be 
performed, if not done within the previous 12-month period. 

Selected patient groups, such as those with cystic fibrosis, may 
require extensive organ system evaluation and testing for resistant 
bacteria (such as Pseudomonas cepacia) and fungi. The presence 
of chronic sinusitis may require consultation with an otorhino-
laryngologi.st in an effort to control sinus infection. 

Psychological evaluation is performed on all patients, with par
ticular attention being paid to: (a) a history of noncompliance 
with medical advice or therapy, (b) substance abuse, or (c) overt 
psychiatric illness. Patients complete a psychological question

naire (e.g. MMPI), and psychiatric evaluation is requested in 
patients where doubt exists regarding their compliance or psychi
atric health. A dietary consultation is necessary in obese or 
cachectic patients, to assess and modify eating behavior. 

Based on the results of these investigations, specific therapy 
may be indicated to improve the treatment of the patient's 
disease, or the patient may be deemed unsuitable for transplanta
tion. If the patient cannot be improved by medical measures and 
no contraindication is detected, then the patient becomes a candi
date for transplantation and awaits a suitable donor. 

WHICH PATIENT WILL BENEFIT FROM HEART OR 
LUNG TRANSPLANTATION? 

The substantial improvement in survival that has occurred follow
ing thoracic organ transplantation in the past decade is principally 
the result of improvement in survival during the first 3 postopera
tive months. This reflects improvement not only in management 
but also in patient selection. Retrospective analysis has aided 
recognition of recipient-related factors that influence survival 
after transplantation (see Chapters 43, 44, 65 and 69). 

The major limiting factor in thoracic organ transplantation 
remains availability of donor organs and, therefore, careful con
sideration should be given to providing this scarce resource to the 
most likely candidates to survive long-term and enjoy a sufficient 
improvement in quality of life. 

Contraindications 

There are a number of 'absolute' and 'relative' contraindications 
to heart or lung transplantation (Table 2). However, what was an 
'absolute' contraindication 10, or even 5, years ago may be only a 
'relative' contraindication today'"*. The weight given to these 
'relative' contraindications will differ between different trans
plant centers, depending on the availability of donor organs, the 
number of recipients waiting, and prior experience. 

Active infection 

Patients with active infection must generally be excluded because 
of the risk of exacerbation by postoperative immunosuppression 
unless the infection is confined solely (or predominantly) to the 
organ(s) being transplanted (for example, bilateral lung transplan
tation for cystic fibrosis). In some cases, however, when the in
fecting organism is known and specific therapy is effecting a 
satisfactory response, it may be acceptable to proceed with trans
plantation if the cardiac or pulmonary status of the patient is 
critical. The high risk of death from the underlying cardiac/ 
pulmonary disorder may outweigh the risk of transplantation 
carried out in the presence of persisting infection. 

The presence of antibiotic-resistant organisms, particularly in 
candidates for lung transplantation, may render the patient per
manently unsuitable for transplantation, or unsuitable until the 
microorganism is replaced by susceptible organisms. For 
example, resistant Pseudomonas cepacia in patients with cystic 
fibrosis has resulted in a high percentage of transplant failures 
(Chapter 61). The policy of many groups is to attempt, by reduced 
and judicious use of antibiotics, to decrease the drug resistance of 
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Table 2 Contraindications to lieart or lung transplantation 

'Absolute' 'Relative' 

Active infection 

Untreated malignancy 

Coexisting systemic illness that may severely limit life expectancy 

Irreversible and severe dysfunction of any other major organ (kidney, liver) 

Advanced age 

Poorly controlled insulin-requiring diabetes mellitus with microvascular disease 

Active peptic ulcer disease 

Significant peripheral vascular or cerebrovascular disease 

Drug addiction, alcoholism, mental illness, or psychosocial instability 

Severe obesity or cachexia 

Non-compliance with medical care 

Unresolved pulmonary infarction (may not be an absolute contraindication to 
lung transplantation if this lung is to be removed and if there is no further 
risk of pulmonary embolism) 

Acute diverticulitis 

Severe osteoporosis 

the organism before transplantation is carried out". The objective 
is to have a candidate with an organism in his/her sputum that is 
sensitive to at least two antibiotics. Under such circumstances, 
many groups feel it is safe to proceed with the organ transplant. 
Fungal colonization of the airways with Aspergillus requires 
eradication prior to transplantation. 

Serologic evidence of HIV or active hepatitis B are also gener
ally accepted as contraindications to thoracic organ transplanta
tion (Chapters 11, 32 and 57). The situation is less clear with 
regard to the hepatitis C-positive candidate, although, if active he
patitis C infection is present, transplantation is almost certainly 
excluded, unless the patient tolerates and responds to a course of 
interferon therapy. 

Pre-existing malignancy 

Pre-existing malignancy may progress rapidly in the immuno
compromised patient (Chapter 12). A history of successfully 
treated malignancy may represent a relative contraindication as 
immunosuppression may impair the body's ability to control 
residual malignant cells. Many centers consider an absence of 
symptoms or signs of malignant disease for 5 years or longer to 
be an adequate period of time to permit transplantation, but more 
specific evaluation related to the malignancy (e.g. the exclusion of 
'silent' distant metastases) may be warranted before making a 
final decision. 

The disease for which transplantation is being considered may, 
in fact, be related to therapy given for the original malignant con
dition (e.g. chemotherapy-induced cardiomyopathy or radiation-
induced pulmonary fibrosis). If there is no evidence of recurrence 
of the malignancy, transplantation is not contraindicated in these 
cases. 

Coexisting systemic disease 

The decision to reject a transplant candidate under the broad 
general category of coexisting systemic illness is clearly subject
ive. The availability of donor organs and prior experiences may 
determine the ultimate decision regarding the possibility of trans

plantation in patients afflicted with disease in other organ 
systems. For example, many transplant physicians may exclude 
patients with collagen vascular disease. As a general rule, pre
existing conditions that will significantly reduce early post-
transplant survival, or that will adversely affect the long-term 
ability of the patient to withstand the side effects or infections 
secondary to immune suppression, should be considered contra
indications to transplantation. 

Dysfunction of other major organ systems 

Dysfunction of a major organ system (e.g. renal or hepatic) may 
be secondary to the end-stage cardiopulmonary disease present in 
the thoracic transplant candidate. It is frequently difficult to deter
mine whether this dysfunction will be partially or completely re
versible once myocardial or pulmonary function has returned to 
normal after transplantation. Correction or improvement of the 
underlying circulatory state by heart transplantation will result in 
variable recovery of function of such organs as the kidneys or 
liver. Therefore, pretransplant evaluation must include every 
effort to determine the reversibility of the impaired organ's func
tion. For example, pulmonary diseases such as emphysema and 
chronic bronchitis may be extremely difficult to evaluate in the 
presence of left ventricular failure, but if significant lung disease 
is present, heart transplantation may be contraindicated. 
Furthermore, cyclosporin and azathioprine may adversely affect 
kidney and liver function, respectively, so great care must be 
taken to ensure that significant irreversible renal and/or hepatic 
function are not already present. Accurate assessment of re
versibility is not always possible, but diligent evaluation may dis
cover disease which precludes transplantation. 

In patients being considered as candidates for lung transplanta
tion, a full cardiac evaluation is usually indicated in those patients 
over 40 years of age, or in those felt to be at risk for coronary 
artery disease at a younger age. Most emphysema patients will 
have a long smoking history, which will increase the risk of car
diovascular disease. Left and right heart catheterization with visu
alization of the coronaries and left ventricle, as well as pressure 
measurements, is warranted. Significant coronary artery disease 
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or left ventricular dysfunction will almost certainly exclude the 
patient from further consideration. A considerable degree of right 
ventricular failure, however, has clearly been demonstrated lo be 
reversible after lung transplantation, particularly when the primary 
pulmonary disease was associated with pulmonary hypertension. 

However, if right ventricular failure or pulmonary hypertension 
has been severe and long-standing, permanent injury to the liver 
may have occurred (leading to cirrhosis), which is a contraindica
tion to thoracic organ transplantation because of the risk of devel
oping coagulopathy, encephalopathy and/or liver failure in the 
post-transplant period"'-. 

Advanced age 

The first heart transplants performed were in older patients. Using 
conventional immunosuppressive therapy with azathioprine and 
methylprednisolone, the early experience revealed that mortality 
rose in patients over the age of 40 years. More recently, even 
before cyclosporin became available, improved survival was 
achieved in carefully selected patients over the age of 50 years". 
There are now many reports of successful transplants in older pa
tients, even into the late 60s'"''^. Indeed, there is decreased fre
quency of rejection episodes in this group"*, which is attributed to 
an age-associated decline in immune function. Obviously this 
[night well represent a survival advantage to this group. Most 
physicians now believe that absolute age limits are no longer ap
plicable. Attention must be paid to the general condition of the 
patient, and physiologic age considered in preference to chrono
logic age of the patient. One early study suggested that the 
likelihood that a patient over age 55 is a suitable recipient de
creases us age increa.ses, and reaches zero at age 67'". With im
proved selection and post-transplant management this is probably 
no longer true, but it does draw attention to the fact that older 
patients have to be assessed particularly carefully. 

In the selection of lung transplant candidates (where overall 
survival is currently less than after heart transplantation) most 
groups are still relatively conservative with regard to age criteria. 
Patients with emphysema and interstitial pulmonary fibrosis are 
generally considered up to the age of 60-65 years, but rarely later. 
Patients with cystic fibrosis are in any case generally much 
younger when they present with the need for lung transplantation. 
Transplant candidates with primary pulmonary hypertension are 
also usually younger, and a higher risk of early post-transplant 
complications may make patients >50 years of age less suitable 
for lung transplantation. The operation that is to be undertaken 
may also influence the decision. Many groups will offer single 
lung transplantation to suitable patients with a physiologic age 
<65 years, double lung transplantation to those <60 years, and 
heart-lung transplantation to those <50 years of age". 

Once again, however, the medical team must keep in mind the 
shortage of donor organs, and carefully consider the allocation of 
an organ to an 'elderly' patient when there are many young pa
tients on the waiting list who, hopefully, may gain many more 
years of benefit from the transplanted organ. 

Unresolved pulmonary infarction 

A heart transplant candidate with recent unresolved pulmonary 
infarction should probably be excluded because of the risks of; 

(a) cavitation and secondary infection, (b) increased pulmonary 
vascular resistance, and (c) further embolic disease. This is a tem
porary condition and, when resolution and scarring have oc
curred, the patient once again becomes eligible, ff the patient is to 
be given the best chance of survival, most centers would wish to 
delay transplantation for 2-6 weeks whenever possible. 
Anticoagulation should be provided during this period, to mini
mize the risk of further emboli from venous thrombosis. 

A major pulmonary embolus may dramatically raise pulmonary 
artery pressure and pulmonary vascular resistance from incom
plete clot lysis, and it is wise to re-evaluate the pulmonary circu
lation again when the infarction has resolved before proceeding to 
heart transplantation. 

Recent pulmonary infarction is a less significant contraindica
tion in potential lung transplant candidates if it has occurred in the 
lung to be replaced. However, transplantation should again be 
delayed until it is certain that no deep vein thrombosis remains 
that could prove a post-transplant source of further emboli. 

Insulin-requiring diabetes mellitus 

A generally accepted contraindication to heart transplantation in 
the pre-cyclosporin era was insulin-requiring diabetes mellitus, 
because of the post-transplant exacerbation of diabetes by high-
dose corticosteroids. Therapy with cyclosporin and azathioprine 
alone (or with added low-dose corticosteroids) has been success
ful, thus allowing heart or lung transplants in patients with dia
betes mellitus. Although insulin-requiring diabetics without 
evidence of end-organ disease have shown heart transplant 
survival comparable to non-diabetics, transplant outcome has not 
been carefully studied in patients with limited diabetic complica
tions. Some programs exclude diabetics with any significant dia
betic complications, including microvascular disease (e.g. 
retinopathy, nephropathy, neuropathy) in view of the likelihood 
of post-transplant impaired renal function complicating cy
closporin or tacrolimus therapy. Other centers, including our own, 
assess such patients on a case-by-case basis. Unstable brittle dia
betes should probably exclude transplantation. Those with type II 
diabetes and impaired glucose tolerance are warned that they may 
require insulin therapy when taking corticosteroids, especially 
during the early post-transplant period. 

Active peptic ulcer disease 

Active peptic ulcer disease is a contraindication because of the 
risk of bleeding, perforation, and infection in the immunosup-
pressed patient. This, too, is temporary, and healed ulceration is 
not a contraindication. With the plethora of currently available 
agents to suppress gastric acid secretion, and to treat H. pylori in
fection, active peptic ulcer disease rarely precludes heart or lung 
transplantation today. Healing of ulceration should ideally be 
confinned by endoscopy before proceeding to transplantation. 

Peripheral or cerebrovascular disease 

The presence of significant peripheral or cerebrovascular disease 
will prevent the transplant patient from obtaining maximum 
benefit from the procedure, and increase the short-term risk of 
complications. 
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We believe that carotid ultrasound, followed by arteriography 
in selected cases, is important to assess the risk of cerebrovascular 
events at the time of transplantation. We have had a policy of per
forming carotid endarterectomy as an elective procedure pre-
transplantation in a number of patients. Similarly, particularly in 
patients with previous cardiac surgery, in whom the need to can-
nulate the femoral artery and vein to initiate cardiopulmonary 
bypass is a possibility, we believe it is essential to have elimi
nated the presence of significant atheromatous disease in the 
aorta-iliofemoral systems. 

Apart from these above considerations, it has been our experi
ence that patients with widespread peripheral atheromatous 
disease, even if only moderate, do not do well long-term after 
heart transplantation. Complications such as gastrointestinal is
chemia and renal dysfunction have not been common. It is 
perhaps too early to come to a conclusion with regard to the 
influence of peripheral vascular disease on long-term survival 
after lung transplantation, but it is likely that its presence will lead 
to increased morbidity and decreased quality of life. 

Obesity/cachexia 

The overweight heart or lung transplant candidate creates a 
difficult selection problem for which there is no clear-cut solu
tion. When obesity is gross (e.g. >25% above ideal weight), we 
believe transplantation should not be offered until a considerable 
amount of weight has been lost. The patient's name may be 
placed on the waiting list, but with the clear understanding that 
transplantation will not proceed unless significant weight reduc
tion (to within 10-15% of ideal body weight) is achieved. 

This policy can be justified by the considerations that: (a) the 
patient in cardiac or respiratory failure may improve symptomati-
cally with weight loss, possibly even to the point of being able to 
postpone (or, in rare cases, avoid) transplantation; (b) post-trans
plant mobilization and rehabilitation will likely be much more 
rapid in the non-obese patient; (c) obesity may make the technical 
aspects of the transplant surgery more difficult; (d) obese patients 
have greater problems with postoperative pneumonia, atelectasis, 
hypoventilation, thrombophlebitis, and physical rehabilitation"-^"; 
(e) the corticosteroids, that form part of the immunosuppressive 
regimen at most centers, tend to increase the patient's appetite 
and thus are likely to increase weight further post-transplantation; 
and (f) in the large, obese patient, e.g. patients >6 ft (1.83 m) in 
height and >250 lb (113 kg), it may be exceedingly difficult to 
obtain a donor heart large enough to support the patient ade
quately in the immediate post-transplant period. Varying results 
have been reported of the influence of obesity on transplant and 
post-transplant mortality and morbidity, but extreme obesity 
clearly complicates many aspects of patient care, and is generally 
considered to increase morbidity and possibly mortality. 

This nutritional policy can be followed and is generally well 
understood by the transplant candidate, unless the patient's clini
cal condition rapidly deteriorates to the point that intensive care 
unit support is required and organ transplantation becomes an 
emergency. It is extremely difficult to deny a patient (particularly 
a young patient) heart or lung transplantation purely on the basis 
of obesity but, if gross (e.g. >50% in excess of ideal body 
weight), refusal to transplant may be necessary. Furthermore, 

when such an urgent situation arises, a suitably large donor may 
not become available. 

When obesity is less extreme, we still believe that every effort 
should be made towards a voluntary reduction in weight. This 
will require excellent nutritional advice, frequent outpatient 
follow-up, and a modest program of exercise if the cardiac or res
piratory status allows this. The most important factor in the 
success of such a weight-reducing program, however, is patients' 
self-discipline and compliance. 

Cachexia (e.g. <80% of ideal body weight) related to the poor 
cardiac status of the patient is today relatively rare, and therefore 
an unusual reason for not progressing with heart transplantation. 
If present to any degree, however, every effort should be made to 
improve the patient's nutritional status before transplantation 
(Chapter 16). Malnourished patients are at a greater risk for such 
po,stoperative complications as poor wound healing, infections, 
and greater difficulty in physical rehabilitation. 

Obesity is a less common finding in patients presenting for 
lung transplantation due to emphysema, whereas cachexia may be 
a major problem. Extreme weight loss and malnutrition may oc
casionally prove a contraindication to lung transplantation, but 
usually can be reversed to some extent by food supplements, 
nasogastric tube feeding, or intravenous hyperalimentation 
(Chapter 16). 

Prolonged mechanical ventilation of a lung transplant candidate 
is a contraindication to proceed to transplantation becau.se of its 
effect on the state of the patient's (a) general nutrition, (b) muscle 
strength, and (c) propensity to infection. After transplantation 
these patients have great difficulty in developing the strength to 
breathe spontaneously and cough effectively'*. The recovery of 
lung recipients who were ventilator-dependent for <2 weeks, 
however, has been reported to be similar to that of non-ventilator-
dependent recipients-'. 

Psychological instability/substance abuse/non-
compliance 

The psychosocial criteria regarding patient selection, including 
substance abuse and non-compliance, are, by their very nature, 
difficult to define, and are to some extent subjective. Inevitably 
they arouse more controversy than the relatively straightforward 
medical criteria--"'''. 

Patients currently addicted to drugs (including narcotics, tran
quilizers, and stimulants), who consume excessive amounts of 
alcohol, or continue to smoke, are not suitable candidates for 
heart or lung transplantation. Patients with psychiatric illnesses 
that are predicted to preclude a reasonable expectation of desir
able outcome after transplantation are also considered to be poor 
candidates, and require very careful assessment and considera
tion. The drug-addicted or alcoholic patient is unlikely to comply 
during the postoperative period with a complex drug regimen and 
regular attendance for follow-up visits. This noncompliance in
creases the risk of transplant rejection, side-effects of drugs, and 
likelihood of infections. 

The policies of thoracic transplant centers towards these prob
lems vary considerably. Most centers insist on a period of absti
nence from addictive substances, including alcohol, before 
transplantation can be performed. However, the length of absti
nence required, and the degree to which it is confirmed by the 
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performance of blood or urine testing, vary considerably between 
transplant centers. 

Our own policy has been not to offer transplantation to patients 
with a long history of addiction, who are unlikely to remain absti
nent and compliant post-transplantation. With selected patients, 
in whom the history of addiction has been less clear or prolonged, 
we will accept them if compliance with a 6-month period of absti
nence can be documented. In nearly all cases we have insisted on 
careful monitoring and screening of the patient's compliance by 
the transplant social worker or psychiatrist. Frequently, patients 
with problems relating to alcohol have been referred to organiza
tions such as Alcoholics Anonymous for help at this stage (and in 
the post-transplant period). 

Compliance with a non-smoking policy may be difficult to 
assess and monitor. Random testing for cotinine, a breakdown 
product of nicotine, can be carried ou t" - ' to assist in monitoring 
compliance. Although we always impress upon all patients the 
need to refrain from smoking, it may prove difficult to absolutely 
deny an otherwise acceptable cardiac patient a lifesaving proce
dure such as transplantation solely on the grounds that he or she 
continues to smoke an occasional cigarette, or even two or three 
cigarettes, each day. Ideally, the medical team should probably 
be as strict with regard to smoking as with regard to alcohol or 
substance abuse, particularly in patients in whom smoking has 
contributed to the disease process. In reality, however, we have 
found it difficult to be quite so rigid, and undoubtedly have 
allowed some patients to undergo heart transplantation when we 
were aware, or suspected, that they continued to smoke 
intermittently. Other centers may well feel differently, and would 
be justified in denying this scarce resource of a donor organ to a 
patient who persisted with this destructive behaviour. 

Lung transplant candidates, however, are absolutely excluded 
from consideration if they continue to smoke, primarily because it 
makes assessment of the allograft post-transplant infinitely more 
difficult". In the non-smoker long-term allograft dysfunction can 
be caused only by infection, rejection, or complications at the 
airway anastomosis. In the smoker, allograft dysfunction can also 
be caused by bronchospasm, airway irritation, infectious bronchi
tis, and/or respiratory bronchiolitis. In single lung recipients these 
effects can occur in the allograft and in the native lung. 

Perhaps more than most major surgical procedures, the success 
of heart or lung transplantation depends on the patient's ability to 
understand fully the lifelong treatment and follow-up program 
that is an essential part of his or her management. A strong sup
portive family may be of great value in seeing the patient through 
the perioperative and early post-transplant periods, but the patient 
must ultimately take responsibility for his or her own well-being. 

In particular, the patient's will and ability to comply with 
medical therapy, and to undergo possibly repeated admissions and 
unpleasant procedures (biopsies and bronchoscopies) after trans
plantation, are difficult to assess. These are best evaluated by a 
team consisting of the physician responsible for the care of the 
patient, a psychiatrist, and a social worker experienced in the 
problems associated with heart or lung transplantation. Not infre
quently, an initial evaluation that a patient is unsuitable for trans
plantation because of inadequate family support or emotional 
instability is shown to be incorrect (and vice-versa). Observation 
and evaluation over a period of time may show that some such 
patients, initially judged to be unsuitable, are indeed capable of 

adhering to complex medical regimens involving multiple diag
nostic tests, clinical visits, and medications. 

This is, in fact, one of the few advantages of the current delay 
in obtaining a suitable donor organ for an individual patient. This 
period of time (frequently several months) allows a continuing as
sessment of the patient's compliance with medical advice and 
family support. A patient who proves noncompliant during this 
period (e.g. by not taking medication regularly, by failing to 
attend outpatient appointments, or by failing to make any effort to 
lose weight, etc.) is likely to prove noncompliant post
transplantation. 

Noncompliance of this nature in the post-transplant period has 
proved to be a major factor in morbidity and mortality in patients 
at some centers^^'^*. Our impression is that it is perhaps particu
larly seen in younger patients (those <30-40 years of age) who 
may be less mature or have less experience in managing a chronic 
medical condition than do older patients. In addition, our selec
tion of younger patients is possibly not so rigorous, and for com
passionate reasons we are more inclined to offer transplantation 
despite the presence of modest noncompliance concerns. 

Financial considerations 

In countries where there is no universal health-care insurance, 
such as the USA, an important practical matter is to ensure that 
the patient has sufficient financial resources to pay for the costs of 
organ transplantation. In all countries, however, it is important to 
ascertain that the patient will be able to find resources for 
expenses not covered by the state, private health insurance, or 
some other medical aid agency. While the state or health insur
ance organization, or the success of fundraising, may bear the 
cost of the operation and postoperative care, there may be many 
additional and 'hidden' costs, such as chronic drug therapy and 
the cost of travel to and from the transplant center. 

In the USA, for example, the Federal medical healthcare 
system (Medicare), which is available to only a relatively small 
section of the population, does not currently cover the cost of 
medications after the first 2-3 years post-transplantation. This 
may well leave the patient in a difficult or nearly impossible 
financial situation. Some relief can be obtained by arranging for 
drugs to be provided free of charge (if a case can be made) 
through relevant pharmaceutical companies' indigent patient pro
grams (e.g. NORD - the National Organization for Rare 
Diseases). 

COMMENT 

Organ transplantation has provided physicians with a successful 
form of therapy for end-stage heart or lung failure. At the same 
time, however, it has posed difficult questions related to alloca
tion of scarce resources (both organs and economic resources), 
selection of patients for such therapy, and maintenance of the 
dying patient. In view of the inadequacy of the availability of 
donor thoracic organs, great care has to be taken to ensure that pa
tients selected for these procedures are those most likely to 
benefit long-term. Patients with significant medical or psychoso
cial contraindications, or who have proven themselves to be non-
compliant, should, in general, be excluded. 
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In summary, the ideal thoracic organ transplant recipient 
should have severe cardiac or pulmonary failure untreatable by 
conventional surgery or medical therapy. He (or she) should be 
free of any condition likely to predispose to the complications of 
immunosuppression, be psychologically stable and compliant, 
and have sufficient resources to support self and family through 
the perioperative period prior to full rehabilitation. 
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Pretransplant Immunological Considerations 
E.D. DU TOIZ M. OUDSHOORN AND DM. SMITH 

INTRODUCTION 

Consideration of a patient's state of prior sensitization and the 
effects of histocompatibility antigen matching are critical to avoid 
antibody-mediated rejection and improve the long-term outcome 
of transplantation. Since there are many reviews of transplanta
tion immunology in the literature and the mechanism of allograft 
destruction is outlined in Chapter 7, this chapter will concentrate 
only on those immunological considerations that affect pretrans
plant histocompatibility testing and recipient selection for tho
racic organ transplantation. When applicable, prospects for 
developing new procedures to circumvent antibodies in the recipi
ent will be discussed, as will new technologies in histocompatibil
ity testing. The discussion will be divided into four topics: (a) the 
importance of donor-recipient ABO and Rh blood group com
patibility, (b) human leukocyte antigen (HLA) typing and the role 
of HLA matching, (c) evaluation of recipients for prior sensi
tization and the importance of the lymphocytotoxic crossmatch, 
and (d) the effect of pretransplant blood transfusion in recipients 
of cardiac allografts. 

As there is considerably more information in all of these fields 
relating to kidney and, to a lesser extent, heart transplantation, 
rather than lung transplantation, emphasis will inevitably be 
placed on renal and cardiac, rather than pulmonary, transplanta
tion. Increasingly, what has been demonstrated to influence renal 
allograft survival has subsequently been found to be of import
ance with regard to cardiac allograft survival. There is no reason 
to believe that, when sufficient data have been accumulated, the 
same will not be the case for lung allografts. 

RED BLOOD CELL GROUPS 

ABO groups 

ABO blood group antigens are carbohydrate structures that are 
components of glycoproteins and glycolipids found on cell sur
faces throughout the blood and tissues of the body. Antibodies to 
these antigens are consistently found in the serum of individuals 
that lack one or more of these antigens. These antibodies appear 

before the age of 6 months and persist throughout life. 
Sensitization occurs due to the presence of these antigens on bac
terial flora. (Indeed, animals that are maintained germ-free from 
birth do not develop similar antibodies.) Each person's antibody 
titer is highly variable and may diminish with age or chronic 
illness. 

ABO blood group compatibility between donor and recipient 
has traditionally been regarded as a prerequisite in patients un
dergoing organ transplantation. ABO incompatibility frequently 
leads to rapid destruction of the allograft'-. A or B antigens 
present on the vascular endothelium of the allograft are targets 
for antibodies and complement in the recipient's serum' and re
jection may be immediate''. A number of factors contribute 
towards renewed attempts to break the ABO barrier, such as 
(a) the shortage of cadaver organs, (b) the over-representation 
of patients with O blood group on transplant waiting lists, 
(c) difficulties in finding ABO-compatible grafts for presensitized 
patients, and (d) the importance of maximal utilization of poten
tial living-related donors in kidney, liver, and, to a small extent, 
lung transplantation. 

Doubt about the importance of ABO compatibility arose fol
lowing the observation that a proportion of ABO-incompatible 
liver transplants continue to function'' (and raise the hope that the 
ABO barrier may be overcome). In a recent retrospective study of 
30 patients receiving einergency liver transplants it was con
cluded that the use of ABO-incompatible grafts is justified in 
emergency cases when no other donor is available, but should 
only be used in patients with O blood group''. Farges and co
workers showed that the 5-year patient and graft survival rates 
were 50% and 20%, respectively, in 43 ABO-incompatible liver 
transplants'. Various immunomodulatory management techniques 
have been used in ABO-incompatible liver transplantation and 
have included the use of prophylactic antilymphocyte globulin or 
OKT3 therapy, pretransplant splenectomy, pre- and post-
transplant plasmapheresis, and immunosuppressive therapy with 
FK506*''. Using these techniques for the management of liver 
transplants from ABO-incompatible living-related maternal and 
paternal donors resulted in a I-year patient survival rate of 
77%8. 
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Opelz, in 59 cases, verified that ABO-incompatible cadaver 
kidney transplants showed poor results'" and a similar poor graft 
survival was observed in a subset of these patients treated with 
cyclosporin. However, there have been occasional reports of suc
cessful renal transplants involving major ABO incompatibility''. 
Most of these have been achieved by immunological 
modification of recipients, including immunoadsorption, plasma
pheresis and splenectomy"'-. In a recent study, 10 ABO-incom
patible live-related renal transplants were performed after 
immunoad.sorption to reduce anti-A and anti-B IgM titers in the 
recipients. The graft survival rate at 6 months to 2 years was 
8 3 % " '^. The few successful renal transplants performed across 
the ABO barrier without modification of the recipients have been 
explained by low initial titers of isoagglutinins in the recipient", 
or the weak expression of A antigens, as seen particularly in the 
case of blood group A, donors into O recipients'*. Although 
ABO-incompatible kidney transplantation must still be consid
ered experimental, its relative success to date, combined with the 
desperate need for more organs, warrants its continuation, espe
cially if done under the close scrutiny of the transplant 
community". 

In a survey by Cooper, the incidence of irreversible hyperacute 
or accelerated acute rejection in patients receiving incompatible 
ABO hearts was approximately 60%"*, The results of a study on 
the expression of blood group antigens on the mesothelial cells on 
the surface of the epicardium and the cardiovascular endothelium 
indicated that there is some variation in the antigen expression 
between individuals. This may explain why approximately one-
third of organ transplants are successful even when breaching the 
ABO blood group barrier''*. 

Experimental techniques continue to be explored. In hyperim-
munized baboons. Cooper and co-workers^'^ showed that the con
tinuous intravenous infusion of specific A or B trisaccharides 
(pre- and post-transplant for several days) inhibited rejection of 
ABO-incompatible cardiac allografts, and that this protection 
continued in some cases even after the infusions were discontin
ued. This form of therapy may permit cadaveric organ allo
transplantation across the ABO blood group barrier in the 
human. 

Data collected from the Collaborative Heart Transplant Study 
by Opelz show no influence of recipient-donor ABO blood type 
on graft survival'. However, several individual transplant centers 
have shown that group O recipients survive longer after renaP-^ 
and cardiac-'* transplantation than non-O recipients, particularly 
in the presence of HLA-DR mismatching. Early in the series of 
cardiac transplants at Groote Schuur Hospital in Cape Town (with 
patients immunosuppressed with azathioprine, corticosteroids, 
and antithymocyte globulin), poor survival of recipients with the 
B antigen (blood groups B and AB) was observed^''. It was pre
sumed that those with blood group B might elicit a greater 
immune response. This presumption, however, remains contro
versial-''-^ There is some evidence that patients receiving ABO-
identical hearts (e.g. A to A) have significantly improved survival 
and less fatal rejection episodes than those receiving ABO-non-
idenlical hearts (e.g. O to A)- ' - ' ' . Similar results have been 
clearly documented in large studies of renal transplants-*". Opelz's 
multicenter data, however, showed no evidence that ABO-com-
patible (as opposed to ABO-identical) cardiac transplants have an 
inferior success rate-'. 

Rh group 

Rh antigens in transfused blood are strong immunogens but they 
are not significant tissue antigens and are therefore not generally 
considered important for heart allograft rejection-", although a 
few studies have found improved renal allograft survival in Rh-
positive recipients when compared with Rh-negative recipients'^. 
Furthermore, there appears to be a low rate of Rh immunization 
in patients receiving cyclosporin immunosuppression^', but 
caution is still advised in young Rh-negative women who may 
still wish to bear children, and in patients who may have been 
previously sensitized to Rh antigens by transfusion or by 
pregnancy- '̂*. 

THE HUMAN LEUKOCYTE ANTIGEN (HLA) SYSTEM 

The most important antigens involved in tissue rejection are 
named the major histocompatibility antigens. The genes encod
ing these antigens constitute the major histocompatibility 
complex (MHC), known in humans as the human leukocyte 
antigen (HLA) system. The MHC has been identified in all verte
brates and consists of a number of closely linked genetic loci that 
are usually inherited as a unit (haplotypes). 

The HLA system is the human homologue of an evolutionarily 
ancient system of major histocompatibility complex (MHC) pro-
teins'-\ They serve to hold and display peptides on the surface of 
cells so that receptors on T lymphocytes may recognize them as 
being derived from self or foreign antigens"'-". They are essential 
to the immune system's ability to recognize intracellular infec
tions such as viruses and in providing T-lymphocyte 'help' for 
the primary antibody response to foreign proteins. The central 
role of these MHC proteins in the immune response and their 
widespread tissue expression make their effect on graft survival 
as important as all other polymorphic protein antigens (minor his
tocompatibility antigens) combined. 

The major histocompatibility antigens can be divided into two 
groups; (a) the MHC class I antigens composed of an MHC 
encoded a-chain associated with ySi-microglobulin and (b) the 
MHC class II antigens composed of two molecules, the a-chain 
and the j3-chain, both of which are encoded in the MHC 
region-^'. 

Genes of the major histocompatibility complex 

The MHC genes are located on the short arm of chromosome 6 
(Figure 1) with the HLA class 1 genes located telomeric to the 
HLA class II genes'". The distance between the HLA-A locus and 
the HLA-B locus, and the distance between the HLA-B locus and 
the first HLA class II locus (HLA-DR), is about 1 centimorgan. 
This means that there is only a 1% chance that any child will 
inherit a haplotype having a crossover between the A and B loci, 
or between the B and DR loci of their maternal or paternal chro
mosomes. It is therefore sometimes helpful to type other family 
members in difficult cases. 

To date, 37 closely linked HLA genes have been described and 
are designated HLA-A, B, C, E, F, G, H, J, K, L, DRA, DRBl, 
DRB2, DRB3, DRB4, DRB5, DRB6, DRB7, DRB8, DRB9, 
DQAI, DQBl, DQA2, DQB2, DQB3, DOB, DMA, DMB. DNA, 
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Figure 1 A partial map of the major histocompatibility complex on chromosome 6 (scale = kilobases). HLA-A-H = class I heavy chain genes, DRA-DPA = 
class II a-chain genes, DRB-DPB = class II )3-chains, TNF = tumor necrosis factor a and /3 genes, Hsp 70 = heat shock proteins, Cyp 21=21 hydroxyla.se genes, 
C2-C4 = complement components. (Adapted from ref. 38) 

DPAl, DPBl, DPA2, DPB2, TAP], TAP2, LMP2 and LMP7" 
Some of these gene.s are pseudogene.s and some of them are not 
known to be expressed, thus not all of the.se genes are involved in 
immune functions or transplant rejection'"'. 

The A, B, and C antigens are composed of an a-chain and jSj-
microglobulin. Only the a-chain gene is located within the MHC. 
The HLA-A, B and C a-chains are highly polymorphic and ex-
pres.sed on most nucleated cells of the body. They are therefore 
known as the classical HLA class I antigens. There are three other 
expressed non-classical class I genes: the E, F, and G loci. These 
genes show limited polymorphism and tissue distribution and 
have not been shown to have any role in transplantation'". The 
HLA-G antigen has only been found on trophoblast cells of the 
placenta and may have a role in maternal-fetal tolerance''^'". 
There are also many HLA class I pseudogenes. These are partial 
copies of HLA class I genes that have arisen during evolution by 
gene duplication but which have defects (deletions, frame-shift 
mutations, premature stop codons, etc.) which prevent the tran
scription of messenger RNA, or translation into functional 
protein. 

The HLA-DR antigens are coded for by a family of very tightly 
linked genes. The first gene codes for the HLA-DR a-chain. The 
HLA-DR a-chain forms a dimer with a HLA-DR ^-chain. The 
highly polymorphic HLA-DRBl gene codes for the j3-chain of 
HLA-DRl-18 antigens. The HLA-DRB5, DRB3, and DRB4 
genes code for the HLA-DR51, DR52, and DR53 antigens, re
spectively. The HLA-DR genes are so tightly linked that one can 
rely on certain associations, such as the association of HLA-DR3 

with HLA-DR52. These associations can be helpful clues in de
termining an individual's HLA type. 

The HLA-DQ antigens are coded for by two genes for the 
HLA-DQ a-chain and two genes for the HLA-DQ j3-chain. The 
HLA-DQ and HLA-DR loci are also tightly linked to one another. 
This linkage can make it difficult to distinguish the effects of 
HLA-DR matching from those of HLA-DQ matching on graft 
survival. At least one study has suggested that HLA-DQ mis
matches may have an adverse impact on cardiac graft survival. 

Within the MHC are also many other genes that have important 
functions in the immune system, including antigen processing. 
These include the TAP genes which encode a transport protein 
that moves peptides from the cytoplasm to the endocytoplasmic 
reticulum, where they can form complexes with HLA proteins"". 
The LMP genes code for a protease which cuts cytoplasmic pro
teins into peptides of the right size to complex with HLA pro
teins^'. Additional genes, of which the function is uncertain, are 
also included in the class II region (DMA, DNA, DMB. and 
DOB), as well as several pseudogenes. 

HLA-A, B and C antigens {MHC class I) 

HLA-A, B and C antigens are expressed on the surface of virtu
ally all nucleated cells. To determine an individual's HLA-A, B 
and C phenotype, the lymphocytes (T lymphocytes or whole 
blood lymphocytes) are incubated with a large panel of antisera 
with known HLA specificities, and then with rabbit complement. 
These antisera are derived mostly from the serum of multiparous 
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women, and interpretation may be complicated by cross-reactivity 
or unrecognized specificities in these antisera. The lymphocytes 
are lysed if they bear the antigen recognized by the antisera. For 
example, if the antiserum known to contain antibodies against 
HLA-Al lyses the lymphocytes, then those lymphocytes are 
coded as HLA-Al. Some monoclonal antibodies are now avail
able and, when enough specificities are developed, these may 
replace antisera. 

It has recently become possible to type the HLA-A, B and C 
genes using molecular techniques""^-*", but to date HLA-A, B and 
C antigens are not routinely typed by molecular methods. In the 
research setting these methods have already shown that existing 
HLA serologic types may be broken down into many additional 
subtypes. DNA typing methods are currently being used in the 
clinical laboratory, primarily for HLA class II antigen typing (and 

therefore DNA typing methods will be discussed further under 
the section on MHC class II antigens). As DNA testing methodol
ogy improves, HLA class I antigens will probably also be deter
mined by DNA typing methods. 

At the HLA-A locus there are 57 known alleles (different genes 
that may occupy the same position or locus on a specific chromo
some), at the HLA-B 118 alleles, and at the HLA-C 35. Each 
allele produces a gene product which is expressed on the cell 
surface as an antigen. Table 1 shows only those specificities 
which can be detected using serological methods"'. Each individ
ual has two chromosomes 6, one inherited from each parent, and 
therefore has two of the 57 HLA-A antigens (for example, Al and 
A2), two of the 118 HLA-B antigens, and two of the 35 HLA-C 
antigens. If the recipient and donor are not HLA-identical, the 
immune response of the recipient following organ transplantation 

Table I Complete listing of recognized HLA serological specificities (1995)" 

HLA-A HLA-B HLA-C HLA-DR HLA-DQ 

A l 
A2 
A2().̂  
A2I() 
A} 
A l l 
.•\2.̂ (')) 
A24(yi 
A24().1 
A2.'i(l(l) 
A26(l()) 
A29(19) 
A3()(m) 
.^31(19) 
A.I 2(19) 
A3.^(iy) 
.•\-14(l()) 

A43 
MMU)) 
.•\68(28) 
Afiy(2S) 
A74(14) 

B7 

B8 
Bl.^ 
864(14) 
Bf)5(l4) 
862(15) 
86.3(15) 
875(15) 
B76(15) 
B77(I5) 
871(70) 
B72(70) 
818 
827 
B.V5 
B.37 
8.38(16) 
83901 
B3902 
8,39(16) 
860(40) 
861(40) 
84005 
841 
842 
844(12) 
845(12) 
846 
847 
848 
849(21) 
850(21) 
B51(5) 
85102 
85103 
352(5) 
853 
854(22) 
B.55(22) 
B56(22) 
857(17) 
858(17) 
859 
B67 
373 
87801 

Cwl 
Cw2 
Cw9(3) 
Cwl 0(3) 
Cw4 
Cw5 
Cw6 
Cw7 
Cw8 

DRl 
DR103 
DRl 5(2) 
DR16(2) 
DR17(3) 
DR18(3) 
DR4 
DRl! (5) 
DR12(5) 
DR13(6) 
DR14(6) 
DRl 403 
DRl 404 
DR7 
DR8 
DR9 
DRIO 

DR51 
DR52 
DR53 

DQ5( I) 
DQ6( 1) 
DQ2 
DQ7(3) 
DQX(3) 
DQ9(3) 
DQ4 

46 



PRETRANSPLANT IMMUNOLOGICAL CONSIDERATIONS 

is directed primarily against those antigens on the surface of the 
donor organ that are not shared by the two individuals. 

The exact role of HLA-A, B and C matching between recipient 
and donor in allograft survival remains controversial, but analyzes 
from large regional and national centers in Europe and North 
America have found a consistent correlation between HLA-A 
and/or B matching and improved renal graft survival*''''' (Chapter 
44). The survival rate of recipients of well-matched renal allo
grafts is approximately 10-20% higher than that of recipients of 
poorly matched allografts. According to some, matching for 
'splits" (subgroups) of HLA-A, B antigens resulted in better long-
term graft survival than when transplants were matched for a 
'broad" antigen''-^-'''. It should be noted that matching for HLA-B, 
DR or DR alone (see MHC class II) seems to be most beneficial 
in improving graft survival. Several reports have demonstrated no 
evidence for an improved outcome of cardiac allograft survival 
with HLA-A and B matching-*'''*"'''*. However, in a study of 164 
consecutive cyclosporin-treated cardiac transplant patients, the 
Stanford group found that the degree of matching for HLA anti
gens at the A and B loci correlated with long-term survival in 
their patients''''. The group at Houston also found that a better 
donor/recipient HLA matching was associated with improved 
graft and patient survival*"". In addition they, like several others, 
showed that the incidence and severity of graft rejection episodes 
were diminished in the well-matched patient group"*''"''-. 
Preliminary studies have shown that death from allograft vascu-
lopathy after a heart transplant is associated with a higher degree 
of HLA mismatches'"'. The clinical relevance of HLA matching in 
heart transplantation is (as is the case in kidney transplantation) 
most noticeable when matched for HLA-B and DR or DR alone 
(see MHC class li)S2.sf..62,M 6̂(,_ 

Analysis of the effect of HLA-C matching on renal allograft 
did not show any significant difference in transplant outcome 
between well-matched and poorly matched donor-recipient 
groups''''"^. This may be due to the fact that there is a high fre
quency of undefined HLA-C 'blank' phenotype when using sero
logical methods, presumably due to the lower expression of 
HLA-C antigens on the cell surface compared to that of HLA-A 
and B antigens. Recently. HLA-C typing by molecular techniques 
has become a reality '̂*, and may throw a different light on the role 
of HLA-C antigens as transplantation determinants. In a renal 
transplant recipient, mismatched for a subtype of HLA-B22 as 
well as the HLA-C locus, Baan et al. demonstrated that the 
in vitro response by the kidney-derived lymphocytes was stronger 
against the HLA-C locus than the HLA-B locus product'''*. This 
confirmed the immunological competence of the HLA-C antigens 
in a clinical setting. 

HLA-DR, DQ and DP antigens (MHC class II) 

The MHC class II region contains all the genes encoding the 
known HLA class II molecules: HLA-DR, DQ and DP. The HLA 
class II antigens have a more limited tissue distribution than do 
the class I antigens. HLA class II antigens are expressed on the 
surface of B lymphocytes and on antigen-presenting cells (e.g. 
macrophages, dendritic cells, etc.) and thymic epithelium, all of 
which are involved in interaction with helper T lymphocytes 
during normal immune responses. They are also expressed on 

other cell types, including vascular endothelial cells, thymic epi
thelium, and Langerhans cells. Many other cells which do not 
express class II antigens under normal conditions may be induced 
to express them. One example would be T lymphocytes which 
express class II antigens when activated''''. Also, cytokines, such 
as 7-interferon, are known to induce HLA class II antigen expres
sion on epithelial or endothelial cells. Thus, increased expression 
of class II antigens has been seen on renal epithelial cells which 
are involved in a rejection episode^". 

The expression of HLA class II antigens on antigen-presenting 
cells reflects their importance in the process of presenting anti
gens to CD4-I- helper T cells. Class II antigens are thought to pref
erentially present peptides that are derived from proteins that are 
phagocytosed by antigen-presenting cells". In contrast, class I 
antigens preferentially present peptides derived from cytoplasmic 
proteins (e.g. self and viral peptides) to CD8+ cytotoxic T cells. 

Serologic typing of HLA-DR and DQ antigens is performed in 
the same manner as HLA class 1 typing, except that purified B 
cells are used instead of whole blood lymphocytes, which are 
about 80% T cells (which do not bear class II antigens). HLA-DP 
typing is rarely used for patient selection in clinical laboratories 
because there is little evidence that DP matching affects graft 
outcome, and because until recently typing had to be determined 
by complicated cell culture assays. More recently, monoclonal 
antibodies for HLA-DP typing have become available, as have 
DNA techniques. 

Many laboratories are using DNA testing to determine the class 
II antigen types for some or all of their patients. Some of the ad
vantages of DNA-based typing are: 

(1) It does not depend on antigen expression, purified B cells, or 
cell viability, which makes it more reliable with fewer blank 
alleles and less repeat testing. 

(2) It is more precise. Many of the amino acid differences 
between alleles occur in areas of the protein that are not 
accessible to antibodies, and are therefore not recognized by 
antisera. Although subtle, these differences can be recognized 
by the T cells responsible for cell-mediated rejection. Many 
such subtypes of serologic types have been identified. 

(3) Unlike antisera, which are in short supply and expensive, 
DNA typing reagents can be synthesized in unlimited quanti
ties. However, not all information gained from DNA typing 
may be clinically useful. 

The most common DNA-based typing methods used in clinical 
laboratories are polymerase chain reaction-sequence specific 
oligonucleotide probe (PCR-SSOP), PCR restriction fragment 
length polymorphisms (PCR-RFLP)''', and PCR-sequence 
specific primers (PCR-SSP) '- ' \ The main disadvantage of DNA-
based typing is that polymerase chain reaction-based tests are 
very sensitive to contamination by DNA from previous speci
mens. Thus, great care must be taken in designing the facilities 
and procedures to prevent such contamination. Fewer laborato
ries are performing class I typing by DNA-based methods 
because it is more coinplicated. There are more HLA class I 
alleles that must be distinguished and the polymorphic areas of 
the HLA class I alleles are spread across multiple exons. 
However, DNA testing technologies are evolving rapidly and 
many more laboratories will be using DNA-based typing even for 
HLA-A, B, C typing within a few years. 
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Matching for HLA-DR was first shown to influence the 
outcome of cadaveric renal transplantation by Ting and Morns'* 
and Persijn et alP in 1978. It has been said by Ting that HLA-DR 
incompatibility between donor and recipient may well be the 
major stimulus for the generation of the immune response against 
a transplanted kidney-"*. The positive effect of matching for HLA-
DR has been confirmed by numerous single and multicenter 
studies'"-* I. 

Data from the Collaborative Transplant Study showed that 
many of the serological HLA-DR typings were incorrect when 
compared to the DNA-RFLP method, and graft survival was 
significantly improved (p <0.02) in the HLA-A, B, DR DNA-
matched grafts (87%) compared to the mismatched grafts 
(69%)*-'*'. Even centers which had previously found no associa
tion, or only a weak association (presumably due to incorrect 
HLA-DR typing), now find an association between the results of 
matching and kidney graft survival when using molecular 
methods to type for HLA-DR****'. 

The question whether matching by genomic DRBl typing (i.e. 
typing for alleles which cannot be determined by serology) may 
lead to further improvement of graft survival in HLA-DR 
matched combinations were studied by Leivestad et al. and 
Ichikawa et a/.*''*'. They found that genomic DRB1 matching did 
indeed further improve the clinical course of serologically 
(DRI-10) matched renal grafts. This is in contrast to the findings 
of Opelz et al., who found no such effect*-\ The importance of 
HLA-DRBl amino acid residue matching between recipient and 
donor cadaveric renal transplantation was investigated by the 
group of Tsuji from Japan**. They found that rejection correlated 
with the incompatibility of the DRBl amino acid residue on the 
/8-pleated sheet rather than on the a-helix. Especially the fre
quency of mismatches in the second variable region on the /3-
pleated sheet was significantly higher in the rejection-positive 
group as compared with the rejection-negative group. 

There are many studies indicating that matching for HLA-DR im
proves cardiac allograft survivaP***-^*'-*. HLA-DR matching also 
appears to reduce the incidence and severity of rejection episodes in 
cardiac transplant recipients'* '^ '*"''''. The role of matching for HLA-
DRBl in heart transplantation has hardly been evaluated. Poli et 
al.''^ found no HLA-DRBI matching effect on heart transplantation 
outcome. However. HLA class II matching also appeared to 
influence survival after combined heart-lung transplantation*. 

Few data are available on the relevance of matching for HLA-
DQ antigens in organ transplantation, due partly to the fact that 
not all centers type for HLA-DQ and partly to the strong linkage 
disequilibrium of HLA-DQ with DR. There are studies which 
have shown a beneficial effect of HLA-DQ compatibility on the 
survival of cadaveric renal allografts'""'™'. However, the study of 
Bushell et al. showed no significant effect on renal graft function 
or outcome in a small group of patients with HLA-DQ mis
matches in the presence of compatibility for HLA-DR"". That the 
effect of HLA-DQ compatibility in organ transplantation still has 
to be elucidated is most markedly demonstrated by the fact that 
one group even found a negative effect of HLA-DQ compatibility 
on the survival of haplo-identical living-related kidney grafts'"^. 
A study conducted by the Pittsburg group on 349 cardiac trans
plant patients demonstrated an increase in the risk of earlier-onset 
cellular rejection and lower rejection-free survival when recipient/ 
donor pairs were incompatible for HLA-DQ*"'. 

The role of HLA-DP in the outcome of heart and kidney trans
plantation has hardly been investigated. In a single-center report 
on renal graft survival no effect of HLA-DP matching was 
found"*^. This group also investigated the effect of HLA-DPBl 
mismatches in a group of zero-mismatched HLA-A, B and DR 
renal transplants, and again found no effect of HLA-DP matching 
on graft survival"". However, in a study on HLA-DP matching in 
HLA-haplo-identical living-related kidney transplants it was 
demonstrated that DPB compatibility increased the long-term 
graft survival rate"". 

Is it time to allocate hearts on the basis of HLA 
matching? 

A report from the Collaborative Transplant Study analyzing 
8331 patients who underwent primary cardiac transplantation in 
104 centers shows an impressive correlation between matching 
for HLA-A, B and DR and graft survival after 3 years'"* (Chapter 
44). Matching for HLA-DR alone was also associated with a 
beneficial effect, but not as marked as that of matching for HLA-
A, B and DR. The time constraints surrounding donor heart 
preservation have made prospective HLA matching impossible. 
Opelz and Wujciak""', however, suggested that the time has come 
to begin transplanting hearts on the basis of prospective HLA 
matching. This could be done by typing all potential recipients in 
advance and typing the potential donor (before the heart is 
removed) with the newly developed rapid DNA typing tech
niques. They estimated that the creation of a pool of 1000 re
cipients would allow approximately one-third of patients to 
receive a heart with no or only one HLA-A, B or DR mismatch. 
In a comment on this study, Morris supported the view of Opelz 
and Wujciak in saying that evidence is slowly accumulating to 
support prospective HLA matching, including crossmatching in 
sensitized recipients, in order to select well-matched recipients 
for cardiac transplantation'"'. 

Do we have to look at matching for HLA antigens 
differently? 

An interesting new view on HLA matching in renal transplantation 
has been proposed by Terasaki's group'"*. They were able to iden
tify permissible mismatches based on an extensive analysis of the 
UCLA renal transplantation data. Permissible antigens were 
defined as those mismatches that led to immunologic failure in less 
than 15% of cases. They found that cadaver donor kidney trans
plants, judged to have received a permissible mismatch of the A, B 
or DR loci, had graft survival rates equivalent to grafts where there 
were no A, B, DR mismatches. These data were supported by the 
Eurotransplant data'"*. The data are preliminary but, if confirmed, 
could greatly increase the number of well-matched grafts. 

SEROLOGIC HISTOCOMPATIBILITY TESTING 

Patients who require a transplant may have preformed (allo
geneic) antibodies due to their previous exposure to sensitization 
sources: (a) blood transfusion, (b) organ transplantation and/or (c) 
pregnancy. Since the original discovery of hyperacute rejection 
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of kidney allografts in patients with preformed HLA antibodies, 
lymphocytotoxic crossmatches have been performed before all 
kidney transplantations"". Currently, hyperacute rejections are 
exceedingly rare. Thus, conventional crossmatching techniques 
are adequate to nearly eliminate the risk for such 
complications'". 

It has long been established in kidney transplantation that anti
body-mediated graft rejection is most often caused by preformed 
antibodies to HLA antigens"". These antibodies, identified by 
testing for reactivity with a panel of T and/or B lymphocytes 
which have been previously HLA typed, are known as panel-
reactive antibodies (PRA). A lymphocytotoxic crossmatch 
identifies antibodies reactive with the donor's lymphocytes. 

However, it is not generally accepted that crossmatches have to 
be performed before allogeneic liver, heart or lung transplants, 
since it has not been unequivocally shown that these organs can 
succumb to hyperacute rejection*'"•^. The debate arises, in part, 
due to a lack of standardization in assay techniques and an 
incomplete description of the antibodies responsible for the posi
tive crossmatch"'. More recent data indicate that the presence of 
donor-specific HLA antibodies is associated with an increased 
risk of immunological complications following both liver"'' and 
heart transplantation"\ The absence of HLA-specific antibodies 
does not guarantee that hyperacute rejection will not occur. 
Hyperacute rejection has been reported in patients without evi
dence of a positive PRA and in patients with a positive PRA but 
who had a negative donor lymphocyte crossmatch"-. Also, not 
all patients who have had a positive crossmatch will have hypera
cute rejection"*". However, the presence of donor HLA class I-
specific IgG antibodies should be considered a high risk factor for 
early graft failure. In a study by Smith et al."^ the actuarial I -year 
survival of 258 recipients with negative T lymphocyte cross
matches was 73% compared to 28% for seven recipients with a 
positive crossmatch. Ratkovec el al. also analyzed 328 cardiac al
lografts and showed that rejection occurred earlier, and survival 
was poorer, in recipients with a positive crossmatch"\ 

Data from the International Society for Heart and Lung 
Transplantation Registry showed that in retransplantation the inci
dence of a positive PRA rises to 20% from 2% in primary trans
plants, and the incidence of a positive T lymphocyte crossmatch 
rises to 17%"'*. Patients retransplanted with a positive crossmatch 
had an actuarial I-year survival of 33% compared to 72% for re
cipients with negative crossmatches"*. Reports of uneventful 
transplantation of patients who were found retrospectively to have 
positive crossmatches have generally stated that the crossmatches 
were weak or doubtfully positive, were IgM, or had no specificity 
for the donor's HLA antigens. The interpretation of crossmatch 
results at the time of transplant is made much easier and more re
liable if pre-existing antibodies have been well characterized prior 
to transplant. 

Panel-reactive antibodies 

The panel-reactive antibody (PRA) screen is used to determine 
the degree of humoral sensitization of a patient awaiting trans
plantation. When a patient becomes a candidate for thoracic organ 
transplantation, a fresh serum sample should be screened against 
a panel of at least 30 HLA typed T lymphocytes. If the screen is 

positive, the serum should be tested against a larger panel in order 
to identify the HLA specificity of the antibodies (i.e. to detect pre
formed HLA antibodies in the recipient). These antibodies are 
often multispecific, but often these specificities fall into one of 
several well-characterized crossreactive groups"'. A history of 
the patient's prior transfusions, pregnancies, miscarriages, or 
transplants should be obtained, and this information given to the 
laboratory. A positive PRA in a patient with no history of a 
sensitizing event should be carefully scrutinized. 

Patients who show reactivity with a high percentage of the 
panel, without a well-defined specificity, should also be tested for 
the presence of an autoantibody. The characteristics of an auto
antibody are that it: (a) reacts with the patient's own cells, (b) 
reacts with many of the panel cells without a clear specificity, and 
(c) is entirely of the IgM class. A crossmatch with the patient's 
own cells will determine if the antibody is autoreactive, and treat
ment of the serum with a reducing agent such as dithiothreotol 
(DTT) will remove any IgM antibodies'-^". If the serum is auto
reactive and DTT treatment removes that reactivity, then the PRA 
should be repeated with DTT-treated serum to determine if there 
is also a true alloantibody previously hidden by the autoantibody. 
If an autoantibody is present, then at the time of transplant the 
crossmatch should be performed using DTT-treated serum. 

Patients who have high PRA results and who are transplanted 
with a crossmatch-negative donor may still have an increased risk 
of rejection. The influence of preformed non-donor-specific T cell 
lymphocytotoxic antibodies (that is, antibodies that have been 
demonstrated against a panel of T lymphocytes only, but not 
specifically against donor T cells) on the subsequent survival of 
an allograft remains uncertain. There is some evidence that pa
tients with broadly reactive antibodies (antibodies with a high fre
quency of lymphocytotoxicity against a random panel) have 
impaired renal'^' '-'', heart-lung'*, and cardiac"* graft survival 
rates. In a histological analysis of 2564 endomyocardial biopsies 
in 349 cardiac transplant patients, Zerbe and co-workers showed 
that sensitized patients with panel-reactive lymphocytotoxic anti
bodies >10% experienced more histological rejection than non-
sensitized patients*'. 

Should the recipient be shown to have preformed lymphocyto
toxic antibodies again.st T cells, difficulty may be met in finding a 
compatible donor for that patient. If there are no preformed anti
bodies, selection of a suitable donor should in all likelihood be 
easy. Most cardiac transplant centers require a negative prospec
tive donor-specific lymphocyte crossmatch in 'sensitized" recipi
ents with elevated PRA va lues "^" ' - "* ' " . We believe that a 
donor-specific lymphocytotoxic crossmatch should be performed 
whenever preformed lymphocytotoxic antibodies (HLA class I 
IgG) have been identified, and that it is preferable in cases where 
no antibodies have been detected. 

The difficulty in obtaining donor blood or lymph nodes prior to 
organ harvesting from distant donors, and the very limited accept
able cold ischemia times, may make this impractical. In that case 
the patient may be limited to the use of organs from local donors, 
which may make it very difficult to find a suitable donor organ. 
Many centers for this reason set thresholds of PRA of >10% or 
15% for requiring a prospective crossmatch. 

If the patient receives a blood transfusion after his/her initial 
antibody screen, it is extremely important that the patient be 
tested again approximately 1 month after the transfusion. If this 
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screen is positive, the patient should be followed monthly for 3-6 
months because the specificity often becomes narrower, or some
times disappears. Retesting patients after transfusion is probably 
the most often overlooked procedure, but if not done may have 
catastrophic consequences, since those patients with a negative 
PRA are usually transplanted before the results of lymphocyto-
toxic crossmatching become known. 

Lymphocyte crossmatching 

Lymphocyte crossmatching is performed to detect donor-specific 
anti-HLA antibodies in the serum of the transplant recipient. Most 
cardiac transplant centers require a negative prospective donor-
specific lymphocyte crossmatch in 'sensitized' recipients with el
evated PRA values"- '" '" ' ' -" ' . HLA class I antigens are found on 
most nucleated cells in the body, including the graft endothelial 
cells, which are the principal target of hyperacute rejection. HLA 
class II antigens arc not normally exprcs.sed on endothelial cells 
so the presence of antibodies to these antigens is probably rarely 
associated with hyperacute rejection. 

The crossmatch method that has been widely used is the cyto
toxicity method, using either donor splenic or whole blood lym
phocytes (>80'/( T cells which do not express HLA class II 
antigens), or purified populations of T and B lymphocytes. This 
method only detects complement-fixing antibodies, i.e. of the IgM 
class and of some IgG subclasses (IgGI, IgG3). New and more 
sensitive methods have recently been introduced for crossmatch
ing (see below) which, in addition to being more sensitive, are 
not dependent on complement binding and therefore can be used 
to detect non-complement-fixing lgG2, lgG4 and IgA antibodies. 
The augmented antiglobulin test or the flow cytometric assays are 
much more sensitive than the conventional cytotoxicity tests. 
Antibodies demonstrable only by these more sensitive crossmatch 
methods have been found in patients with early non-functioning 
kidney allografts, as well as patients with early acute rejection. 
Recent reports have also shown that certain non-HLA antibodies 
may be harmful to the transplanted allogenic kidney graft'". 
Endothelial cell-specific antibodies have been identified in pa
tients with early iinmunological complications. These antibodies 
can be identified using lUiorescenl activated cell sorter analysis. 
The importance of a low-level allosensitization only demon
strated using the more sensitive crossinatch methods is still 
uncertain'". 

Several modifications of the standard complement-mediated 
lymphocytotoxicity assay have been developed, and different lab
oratories may use one or more of these techniques. The final 
crossmatch should be done using a technique that has increased 
sensitivity over the standard NIH method'-\ 

Standard NIH method 

Donor lymphocytes are isolated from the donor's blood, lymph 
nodes or spleen and incubated for 30 minutes with the donor's 
serum, undiluted and diluted. Baby rabbit complement is then 
added and incubated for 60 minutes. The reaction is stopped by 
the addition of EDTA and a vital dye (eosin or trypan blue), and 
the reactions are scored from 1 to 8-t- based on the percentage of 
cells killed. 

Extended incubation method 

The standard method is u.sed except that the incubation times are 
extended up to 60 min with the patient's serum and 2 hours with 
complement. This increases the sensitivity of the crossmatch but 
may also increase the incidence of non-specific cytotoxicity. 

Amos modified method 

The standard method is used except that the cells are washed once 
after incubation with the patient's serum, before adding comple
ment. This removes any 'anti-complementary activity" that may 
be present in the serum, prior to incubation with complement, and 
thus increases the sensitivity of the assay. 

Anti-human globulin method 

The standard method is used except that an antiglobulin reagent 
(usually a polyclonal anti-human kappa light chain antiserum) is 
added after incubation with the patient's serum. This modification 
increases the sensitivity of the crossmatch for antibodies that bind 
complement poorly. 

Flow cytometric crossmatch 

This method uses fluorescently tagged secondary antibodies (anti-
IgG or anti-lgM) and a flow cytometer to analyze reactivity with 
individual cell types. This can be useful in determining the 
specificity of recipient antibodies and in enhancing the sensitivity 
of the crossmatch. 

The patient'.s initial serum and a current specimen collected 
within 48 hours prior to transplant should be tested, along with 
any sera collected following a sensitizing event or showing a peak 
in PRA activity. If a positive crossmatch is seen, then the im
munoglobulin class should be determined by incubating the 
serum with a reducing agent such as DTT. An IgG antibody in a 
current serum should be considered a contraindication to trans
plantation. However, in cases of extreme urgency some patients 
have been transplanted using plasmapheresis and immunosup
pression to remove inost of the serum antibody'-''. 

The significance of an IgM antibody in a current scrum is more 
controversial. In some studies of primary transplants a positive 
crossmatch has not been predictive of hyperacute rejection"'*''''"-. 
In most cases these have been described as weak or doubtfully pos
itive due to IgM, In those patients who also had a positive PRA, the 
specificity of the antibodies was not to the donor's HLA type. This 
is consistent with the experience in renal transplantation where the 
presence of IgM antibodies only was not predictive of hyperacute 
rejection'-". If the patient has recently been transfused, then the 
presence of IgM antibody alone may be indicative of a primary an
tibody response, and thus may be of more significance. Patients re
ceiving .secondary grafts are at increa.sed risk of graft rejection. 
Although there are no data on the significance of IgM antibcxlies in 
this group, one might be more reluctant to discount such an anti
body in a patient about to undergo a second transplant. 

A positive crossmatch with a past serum, when the current 
serum is negative, may not be predictive of graft survival in 
primary transplants. Cardella and co-workers claimed, and rc-
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cently affirmed, that kidney transplantation in recipients who had 
a positive historic-serum donor-specific reaction, but negative 
current-serum crossmatch, could safely be transplanted'-'. 
However, others reported a reduced survival in patients trans
planted where the same conditions pertained'". Similar data are 
not available for recipients of cardiac or pulmonary transplants. 

Although the importance of T cell lymphocytotoxic antibodies 
in the subsequent destruction of an allograft is accepted, that of B 
cell lymphocytotoxic antibodies remains uncertain'-'*. As a result 
of the uncertain clinical significance, the B cell crossmatch is not 
universally performed before renal transplantation. It should be 
noted that reactivity with B lymphocytes can be caused by au
toreactive antibodies, by other non-HLA specific antibodies, or 
by low concentration of class-I-specific antibodies, rather 
than the commonly assumed presence of HLA class-ll-specific 
antibodies'". 

The role of B cell antibodies in clinical transplantation has 
received much attention following the first reports of a success
ful graft outcome in the presence of a positive B cell lympho
cytotoxic crossmatch'-"-^". Donor-specific B lymphocytotoxic 
antibodies, when present in a potential recipient before trans
plantation, have been variously reported to: (a) lead to early 
graft rejection'-" '•", (b) bear no relationship to subsequent 
outcome"''•'-^-\ and (c) correlate with improved graft survival'^''. It 
has been established, however, that preformed donor-specific B 
cell antibodies do not lead to immediate or early allograft failure 
from hyperacute or accelerated graft rejection, which may occur 
when preformed donor-specific T cell lymphocytotoxic antibodies 
are present in the serum'"'"*. Isolated cases have been re
ported"'*, and recently Bunke et a/.'""' investigated the effect of a 
positive B cell crossmatch in 69 patients receiving orthotopic 
cardiac transplants. Six patients in this group who had a positive 
B cell crossmatch and a negative T cell crossmatch demonstrated 
an increased incidence and increased severity of rejection 
episodes in the first 6 months post-transplant. 

The evidence that antibody formation following rejection of a 
renal allograft confers a less favorable prognosis on subsequent 
graft survival is supported by our own observations in one patient 
following cardiac retransplantation''". This patient developed 
strong multispecific antibodies against T lymphocytes after rejec
tion at 5 weeks of an HLA non-identical heterotopic cardiac 
transplant. The heterotopic allograft was excised, and the patient 
remained alive supported by his own heart. After some months 
the antibodies could not be detected, although they recurred fol
lowing a test transfusion of 500 ml of HLA non-identical blood. 
When another donor heart became available, the donor-specific T 
cell lymphocytotoxic crossmatch test using both stored and fresh 
recipient sera was negative. A second heterotopic heart transplant 
was performed, but the donor heart failed within 5 days, follow
ing the onset of a severe irreversible acute rejection episode. At 
that time, a 32-fold increase in lymphocytotoxic antibodies 
against donor T cells was demonstrated in the patient's blood. 

The following suggestions were made at the recent workshop"' 
on the clinical relevance of new crossmatching techniques: 

(1) As no consensus could be reached at the workshop, many 
speakers advocated future controlled trials to clearly establish 
the clinical importance of the new crossmatch techniques. 

(2) It was suggested that panel-reactive antibodies should be 
characterized in all patients who are to undergo kidney trans
plantation in terms of the presence of autoreactive antibodies, 
non-HLA antibodies, and Ig complexes, and that the HLA 
specificity of the PRA should be defined. 

(3) It was proposed that, if sera from alloimmunized patients 
contain panel-reactive cytotoxic HLA class 1-specific antibod
ies, crossmatches should be performed using a sensitive assay 
for reactivity against donor cells. 

(4) Crossmatches should be performed with donor T lymphocytes 
using current serum as well as historic serum with the highest 
reactivity. 

The workshop report also stated that crossmatches are not per
formed before liver and heart transplantations, in most centers. 
However, inferior survival of grafts performed against a positive 
crossmatch caused by HLA antibodies was reported in both cate
gories of patients. The importance of HLA-specific alloantibodies 
in recipients of liver and heart allografts has to be further 
studied. 

PRETRANSPLANT BLOOD TRANSFUSIONS 

Prior to 1973, blood transfusions were avoided whenever possible 
in potential transplant recipients in order to minimize the risk of 
presensitization to HLA antigens. It was thought that the develop
ment of cytotoxic antibodies to HLA alloantigens would reduce 
the number of potential donors compatible with the particular 
patient''*-'''^ In 1973, however, it was demonstrated in a large 
renal transplant series that transplant recipients who had never re
ceived blood transfusions before transplantation had a 
significantly lower allograft survival rate than their counterparts 
who had been transfused'''^. These results have been confirmed 
by most renal transplant centers'^-'' '•"*, though the magnitude of 
the effect varies markedly from center to center. Clinical data on 
pretransplant transfusions in cardiac allograft recipients also indi
cate a beneficial effect'"'''-'''". 

The beneficial effect of pretransplantation blood transfusion in 
cyclosporin-treated patients is controversial. Several studies have 
reported that, in patients transplanted without prior transfusion, 
graft survival is no longer substantially lower than that in trans
fused patients''^'-''' '-^\ while others still report a beneficial 
effect'"'''. As mentioned by Cecka et al.'^''. these controversial 
reports (coupled with the public awareness that recipients of 
blood transfusions may be at higher risk for acquired immuno
deficiency syndrome (AIDS) and other viral infections) present a 
serious impediment to the physician who must justify recom
mending blood transfusions to a potential transplant recipient. 

The impact of HLA sensitization on a patient needing a cardiac 
transplant is also much greater than the impact on a patient 
needing a renal transplant. The renal transplant candidate may 
have to remain on dialysis for a longer period of time, but in a 
cardiac transplant patient this may greatly limit the pool of poten
tial donors, and therefore greatly decrease the chance of finding a 
suitable donor. 

Although one major center has reported that favourable renal 
allograft outcome is directly related to the number of pretrans
plant transfusions received'-''-\ other groups have not confirmed 
this. On the contrary, they reported that a single transfusion is as 
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effective as several transfusions, and lessens the risk of the poten
tial recipient developing antibodies against HLA antigens''*'^'. 
The number of transfusions needed for optimal effect might also 
depend on the specificity of the recipient's HLA antigens"". 
Virtually every study indicated that the transfusion effect must 
contain leukocytes to induce the graft-protecting effect. 

The influence of HLA compatibility on the blood transfusion 
effect has also been studied to determine whether the sharing of 
one genotypically identical HLA haplotype between the recipient 
and the donor-specific transfusion might have something to do 
with these excellent results. Little is known about the effect of 
HLA class 1 matching between unrelated blood transfusion donor 
and recipient. Nube et al}^'' observed a beneficial effect of such a 
matched pretransplant blood transfusion on graft survival, 
whereas Albert et al."^ were unable to confirm these findings. A 
study by Lagaaij et al. has shown a significant positive effect of 
one HLA-DR antigen-matched blood transfusion compared to 
completely HLA-DR mismatched blood transfusions on the sur
vival of heart and kidney allografts'*'. TTie beneficial effect was 
said to be due to the absence of increased CTLp reactivity in the 
one HLA-DR antigen-matched group'*^. Middleton and col
leagues demonstrated that the incidence of rejection episodes was 
significantly reduced in patients who received blood matched for 
one HLA-DR antigen compared with patients who received 
random blood'*\ Similar results were seen by Bayle et al. in a 
group of naive patients (no previous pregnancies or blood transfu
sions) who received haplo- or semi-identical transfusions'^. This 
group of patients did not develop anti-HLA antibodies, and had 
significantly less acute rejection episodes when compared to a 
group of naive patients who received three random transfusions. 
Data of Van Twuyver and colleagues suggest that the beneficial 
effect of donor-specific blood transfusions before transplantation 
may be explained by the induction of specific transplantation tol
erance which may be due to the presence of mixed chimerism'*^ 

In general, there are three mechanisms that might explain the 
induction of specific transplantation tolerance"*: (a) clonal dele
tion, which implies the elimination of all T cells bearing receptors 
that are reactive with the specific transplantation antigens of the 
donor; (b) clonal anergy, which is defined as the inactivation but 
not elimination of alloreactive cells; and (c) active immunologic 
suppression, which implies the existence of a specific suppressor 
cell population capable of inhibiting alloreactive cells. 

COMMENT 

In summary, although ABO-incompatible transplantation is still 
considered experimental, the shortage of donors possibly warrants 
cautious continuation of such trials, despite the limited success 
rate. This should be combined with immunological modification 
of the recipient and should be continued only under the close 
scrutiny of the transplant community. There is evidence to show 
that HLA compatibility and, in particular, matching for HLA-B, 
DR or DR alone, seem to be beneficial in improving graft sur
vival. With the advent of HLA class I typing by molecular tech
niques, new light may be thrown on the role of the HLA-C 
antigens as transplantation antigens. Investigations into permis
sible zTiismatches should be pursued, since this is likely to provide 
a greater number of successful transplants. Patients with high 

levels of circulating T-lymphocytotoxic antibodies are at higher 
risk of losing graft function from acute rejection, despite a nega
tive donor-specific crossmatch at the time of transplantation. 
However, the importance of B cell lymphocytotoxic antibodies 
remains uncertain. 

The policies and procedures of each thoracic organ transplant 
center may vary according to the program director's assessment 
of the available studies. The following recommendations are 
based upon the authors' assessment of the studies reviewed 
above. 

(1) ABO compatibility between recipient and donor should 
be confirmed (unless a formal clinical trial has been 
approved). 

(2) All patients to be listed for thoracic organ transplantation 
should be screened for anti-HLA class I antibodies against a 
panel of at least 30 HLA-typed T lymphocytes (PRA). 
(a) If the PRA is negative, it is extremely important to have 

policies and procedures that will assure notification of the 
transplant team and laboratory if the patient is transfused, 
or has another potentially sensitizing event (e.g. preg
nancy or transplant). If a patient is transfused, he/she 
should be followed for at least 1 month post-transfusion, 
to determine whether new antibodies have developed. If 
new antibodies develop, the patient should be followed 
monthly until the specificities have been stable for several 
months (if the patient's clinical status makes this 
possible). 

(b) If the PRA is positive: (i) the patient's history of trans
fusions, pregnancies or prior transplantation should be 
obtained or reviewed; (ii) the serum should be tested 
against a larger panel of cells (e.g. 60) in order to identify 
the HLA specificity of the antibody; (iii) the immuno
globulin class of the antibody should be identified by 
treating the serum with DTT (IgM vs IgG); (iv) if the 
PRA is high (>50%), has no identifiable HLA specificity, 
or is entirely IgM, then a crossmatch against autologous 
lymphocytes should be performed to identify any auto
antibody. 

(3) All patients who have evidence of prior sensitization to HLA 
class I antigens should have a T lymphocyte crossmatch per
formed prior to transplantation, whenever possible. It is ac
ceptable to have a policy that sets a threshold PRA value 
(usually <10-15%) below which a transplant will be per
formed before a crossmatch is completed, if prior cross
matching is not feasible (e.g. distant donor). 
(a) A positive crossmatch on a current specimen should be 

considered a relatively strong contraindication to trans
plantation. If medical necessity requires immediate tran.s-
plantation, then some form of antibody reduction 
treatment should be performed. 

(b) Autoantibodies alone are not a contraindication to 
transplant. 

(c) There is insufficient evidence in cardiac or pulmonary 
tran.splantation to recommend whether a patient with a 
currently negative but historically positive crossmatch 
should be transplanted. Evidence from renal trans
plantation may support transplantation in patients who 
have not previously been transplanted. 
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(4) If logistics allow, one should strive to match HLA antigens of 
the donor and recipient, with preference given to good DR or 
B/DR matches. There is increasing evidence of improved 
long-term survival of well-matched grafts, but often medical 
necessity outweighs HLA matching considerations. 

(5) Avoid transfusion of potential transplant candidates whenever 
possible, and use leukocyte-depleted blood products when 
transfusion is necessary. The risk of HLA sensitization out
weighs any effect of transfusions on graft survival when using 
modem immunosuppression. 
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Immunobiology of Allograft Destruction 
M.H. SAYEGHAND D.R. SALOMON 

INTRODUCTION 

The past decade has been marked by a veritable explosion in our 
understanding of the immune response to alloantigens and the 
mechanisms of graft rejection. We can now consider both cellular and 
molecular events that directly impact on the function and survival of 
transplanted organs. The immune response that once may have 
seemed a relatively simple set of cell-cell interactions has now been 
expanded into such marvelous detail that the resulting complexity is a 
major and daunting challenge for both clinicians and scientists. 

For example, we can start with one cell and describe transcrip
tion of multiple specific cytokine genes whose secreted products 
connect with cytokine receptors, resulting in transmembrane sig
nalling connecting these events to a complex cytoplasmic 
network of enzymes. These in turn signal across the nuclear mem
brane via DNA binding proteins to regulate the transcription of 
another set of genes determining cellular behavior. As a result the 
universe in which we view the immune response now extends 
from our original vantage point at the cell-cell level to encompass 
events taking place in the cell cytoplasm and nucleus. 

A major theme of this chapter is that we cannot escape the im
plications of biological complexity of the immune response for the 
practice of clinical transplantation. On the contrary, we must 
create an organization for this new material that is relevant to the 
decisions we make affecting patient care, including the choice of 
new therapies, and that will survive as a framework for our under
standing of new information in this rapidly expanding field. We 
will consider three questions in this chapter: 

1. What is the molecular basis of the immune response? 
(a) the major histocompatibility complex (MHC) 
(b) mechanisms of allorecognition 
(c) mechanisms of T cell activation 

2. What are the mechanisms of graft rejection? 
(a) acute and chronic rejection 
(b) cell-mediated and humoral-mediated injury mechanisms 
(c) the adhesion paradigm in rejection 

3. Will tolerance ever be a clinical reality? 
(a) definition and mechanisms of tolerance 
(b) strategies to induce tolerance 

WHAT IS THE MOLECULAR BASIS OF THE IMMUNE 
RESPONSE? 

The major histocompatibility complex 

The MHC molecules are the principal targets of the immune re
sponse to allografts', although minor or tissue-specific antigens 
may be other targets. In humans the MHC is located on the short 
arm of chromosome number 6; it encodes for class I and class II 
MHC molecules which are expressed on the surface of cells. 
Class I molecules are on all nucleated T cells and consist of two 
non-covalently bound polypeptide chains. The heavy (44 kDa) 
chain is inserted into the plasma membrane, and consists of three 
domains: a^ is the closest to the cell membrane and has homology 
to immunoglobulins, while a, and 02 contain the antigenic por
tions. The light (12 kDa) chain is called ^2'rnicroglobulin, 
encoded by a gene on chromosome 15. 

There are three class I heavy chain loci: HLA-A, B, and C. The 
first MHC molecule to be crystallized was HLA-A2^. X-ray dif
fraction studies show that the two membrane distal domains, a, 
and Uj, form a groove along the top surface of the molecule 
facing away from the cell membrane. The margins of the groove 
are formed by «-helices, and the base is floored by a series of 
eight parallel j8-strands. The groove, approximately 25 A long 
and 10 A wide, contains a peptide fragment, which is eight or 
nine amino acids long'. The origin of the peptides is the intracel
lular pool of polypeptides derived from metabolic turnover of 
housekeeping proteins or intracellular infections, such as viruses. 
Interestingly, the genes controlling this process are located in the 
same region as the class II MHC''. 

Class II molecules are expressed on B lymphocytes, mono
cytes/macrophages, dendritic cells, and some activated T lympho
cytes. Endothelial and epithelial cells can express class II MHC 
upon activation. Class II molecules consist of two non-covalently 
associated glycosylated polypeptides, both of which are inserted 
into the cell membrane: a (34 kDa) and /3 (28 kDa). Each of these 
chains has two domains with the polymorphic (antigenic) regions 
on the outer, N-terminal, domains. There are three class II loci: 
HLA-DP, DQ, and DR. The crystal structure of class 11 HLA-
DRI ' shows a remarkable similarity to class I, the main 
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difference being the longer size of the peptides (13-26 
residues)*'-^. Peptides bound to class II molecules are derived from 
proteolysis in acidic endosomal compartments and represent en-
docytosed exogenous proteins or micro-organisms. 

Mechanisms of a l lorecoini t ion 

T cell recogfutioii of" allo-MHC h ihe primary and central event 
which initiates allograft rejectioir •*•''. The two fundanienlal ques
tions in ailorecognition are: first, wliy is the frequency of alioreac-
tive 1 cells so high? second, how can positively selected self 
MHC-restrielcd T eelis recognize foreign antigens as well as allo-
MHC? 

Lechler and Batchelor, in the early 1980s'"'", proposed that 
there are two 'routes* of alloimmunization: one stimulated by 
MHC antigens on graft passenger cells, and the other by donor 
MHC antigens after processing and presentation by host antigen-
presenting cells (APC). Recent work confirms at least two dis
tinct pathways of ailorecognition*-*. lo the 'direct' pathway T 
cells recognize intact allo-MHC molecules on the surface of 
donor or stimulator cells. This recognition is probably by 'mo
lecular mimicry' where T cells recognize allo-MHC because it re
sembles self-MHC at the molecular level of three-dimensional 
structure'^. Peptides, derived from endogenous proteins, including 
MHC molecules, bound into the groove of the MlIC appetir to 
pJay an important role in direct ailorecognition. In the 'indirect' 
pathway T cells recognize alloantigen which has been processed 
and presented as allopeptides in the groove of host MHC by self-
APC. Mounting evidence indicates that this indirect pathway may 
also play an important role in mediating the rejection process. 

Direct and indirect ailorecognition are not mutually exclusive 
pathways. Each is mediated by different sets of T cell clones and 
may both be involved simultaneously (Figure 1), Direct ailorecog
nition clearly accounts for the cj'totoxic T cell function targeted 
against graft cells, while both direct and indirect ailorecognition 
synergize to initiate and amplify T helper cell function. Activated 
CD4* T helper cells secrete cytokines and provide the necessary 
signals for the growth and maturation of effector mechanisms of 
allograft rejection including CD4+ lymphocytes mediating 
delayed-type hypersensitivity (DTII), cytotoxic CDŜ ^ T lympho
cytes, and antibody-producing B lymphocytes (see below). 

It has been suggested that early acnte allograft rejection is pre
dominantly mediated by the direct pathway, since the graft con
tains a significant number of donor-derived passenger APC which 
are capable of providing the necessary co-stimulaton,' signals for 
full T cell activation (see below). The indirect pathway of ai
lorecognition, on the other hand, may play the dominant role in 
chronic allograft rejection. However, the relative contributions of 
direct versus indirect ailorecognition to acute and chronic rejec
tion remain unclear, and studies to elucidate these mechanisms 
are necessary for the development of better strategies to prevent 
chronic rejection. Finally, in xenotransplantation there is evidence 
for both direct as well as indirect presentation of xeno-MHC, al
though the contribution of these pathways to xenograft rejection 
is currently unknown. 

T cell activation, co-stimylation and adhesion 

The first step in T cell activation is the binding of the TCR to the 
MHC molecule. The TCR is a two-chain protein complex (a 
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heterodimer) which is anchored in the T cell's membrane at one 
end (C-terminal) while forming a complex antigen-binding site 
with its outermost portion. The amino acid sequences of the two 
TCR chains, a and )3, determine the antigen specificity of the 
two-chain complex. In turn the TCR is connected to the CD3 
complex, which consists of at least five molecules all of which 
are required for signal transduction after the TCR successfully 
engages its specific antigen. Because the TCR cannot be ex
pressed on the T cell surface without the CD3 complex, we refer 
to the whole group as the TCR/CD3 complex. 

Concept 1: The repertoire of antigens capable of 
triggering T cell activation is determined during 
T cell development in the thymus 

The earliest steps in T cell development occur in the thymus and 
involve the random rearrangement of specific variable regions on 
the TCR a and f3 chain genes to produce millions of different 
TCR, each of which is expressed on a given T cell clone. In the 
next stage the thymus selects those TCR rearrangements that are 
capable of recognizing self-MHC molecules with good affinity 
and eliminates the remaining inefficient T cell clones. This is 
called positive selection. In the third step the thymus destroys all 
the T cell clones that recognize self peptide antigens presented by 
self-MHC. Otherwise, if these autoreactive T cell clones escaped 
the thymus they could attack the patient's own tissue and cause 
autoimmune disease. This is called negative selection. The end-
result of both positive and negative selection is that less than 5% 
of the T cell progenitors originally produced in the thymus com
plete the full cycle of development and leave the thymus to func
tion in the peripheral immune system. The rest die through a 
process of programmed cell death called apoptosis. 

As discussed above, the implication of this active thymic selec
tion process for transplantation is that circulating mature T cells 
are very capable of efficiently binding and responding to 
antigenic peptides presented by self-MHC molecules (indirect 
allorecognition) and allo-MHC molecules (direct allorecog-
nition)**'. Whether direct and indirect T cell recognition of allo-
antigen differ in activation signals is not presently known. 

Concept 2: Adhesion and co-stimulation are necessary 
and regulate T cell activation 

A fundamental feature of the immune response is that the actual 
affinity of TCR binding to the antigenic peptide/MHC complex of 
APC is too low to create stable adhesion and T cell activation. 
Thus, by design, successful TCR engagement requires the simul
taneous engagement of one or more secondary adhesion or co-
stimulatory molecules to stabilize the cell-cell interaction and 
provide the necessary signal for full T cell activation. 

We have known for quite some time that the CD4 and CDS 
molecules define the T helper and cytotoxic T cell subsets, re
spectively. Two relatively recent advances help explain the 
significance of this differential expression. 

First, it was discovered that the CD4 molecule binds selectively 
to the MHC class II molecule while CDS binds to the MHC class 
I molecule. Thus, these CD4 and CDS accessory molecules are 
adhesion molecules. In fact, they are members of the im
munoglobulin gene superfamily which includes adhesion mole

cules such as ICAM-1 and VCAM-1. This CD4/CD8-mediated 
adhesion to either MHC class 11 or I molecules means that CD4+ 
helper cells must be restricted by antigens presented in the 
context of class II molecules, and CDS* cytotoxic T cells must be 
restricted to antigens presented by MHC class I. 

Second, it turns out that endogenous antigens, including self 
peptides and viral proteins produced within the cell by ongoing 
replication of virus, are preferentially presented in the context of 
MHC class I. In contrast, exogenous antigens engulfed and 
processed by macrophages, such as viral proteins obtained from 
dying or injured cells or transplant antigens from the organ donor, 
are preferentially presented by MHC class II molecules. 
Therefore, the differential expression of CD4 and CDS has an 
enormous regulatory significance for the generation of immune 
responses. This molecular view of helper and cytotoxic T cell ac
tivation is also being used to design some novel immunosuppres
sive strategies based on creating peptide analogs that selectively 
inhibit either CD4 or CDS binding to the MHC molecules"'^ ''̂ . 

A perfect example of how complex our understanding of the 
immune system has become is the evolution of the initially simple 
concept of accessory molecules described above for CD4 and 
CDS molecules. The first level of increased complexity is that the 
T cell expresses multiple molecules besides CD4 and CDS which 
can act a receptors for ligands which are capable of stabilizing its 
interaction with antigen-presenting or target cells. A partial list of 
T cell surface molecules and their ligands is given in Table 1. 
Each molecule is capable of mediating a physical adhesion of two 
cells by binding the respective ligand on the opposite cell surface. 
This adhesion is the first step in stabilizing the recognition of 
antigen by the TCR/CD3 complex. The second level of complex
ity is that most of these molecules are constitutively expressed on 
all T cell surfaces and can bind their ligands without any further 
cell activation. Thus, T cell activation mediated by TCR/CD3 
complex engagement of antigen can simultaneously involve mul
tiple molecules, not just CD4 or CDS. The third level of com
plexity is that there may be a difference between molecules 
primarily responsible for adhesion and those mediating co-stimu
lation. In its strictest definition, co-stimulation may be viewed as 
signals which prevent anergy. Anergy is a state in which the T 
cell can recognize the antigen via the TCR/CD3 complex yet not 
initiate its activation cascade. For example, the CD28/CDS0 (or 
B7) pathway is a co-stimulatory pathway. In fact, strategies tar
geted at blocking CD2S-B7 co-stimulation have been effective in 
suppressing T-cell-mediated immune responses in autoimmune as 

Table 1 Adhesion molecules and ligands 

Receptor Ligand 

LFA-1 (CD 11a) 
LFA-1 (GDI la) 
CD2 
CD28 
CD28 
VLA4(a4;31) 
L-selectin (CD62) 
a4j37 
PECAM(CD31) 
CD31 
CD45 

lCAM-1 (CD54) 
1CAM-2(CD102) 
LFA-,3 (CD58) 
B7-1 (CD80) 
B7-2 (CD86) 
VCAM-1 (CD106) 
MadCam-1 
MadCam-1 
CD3I 
av^.3 (VNR) 
Glycolipid.s 
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well as transplantation models (see below). In addition, inhibiting 
LFAIACAMI or CD2/CD58 interactions can also result in potent 
suppression of the immune response. 

These complexities give rise to several questions. If all these 
molecules are involved in adhesion/co-stimulation, how can we 
block the immune response by inhibiting one pair? Are there 
primary and secondary interactions? Do these molecules share 
signals so that some form of synergy is created? Are there differ
ences in signals for different T cell subsets? Do different immune 
mechanisms engage different molecules so that blockade of these 
signal might have one effect on transplant rejection and another 
on antiviral cytotoxicity or autoimmunity? Are the signals 
delivered in some specific order so that we could design a strategy 
to block only the last step in the cascade? Clearly, these questions 
are directly relevant to the potential future use of these blocking 
reagents in transplantation therapy. 

Concept 3: Cell-cell adhesion/co-stimulation and 
TCR/CD3 complex engagement triggers a cascade of 
cytoplasmic enzymes leading to T cell activation 

Once the T cell has successfully recognized the target antigen 
presented by the appropriate MHC molecule the next steps in T 
cell activation occur in the cytoplasm. In fact, our current view of 
cytoplasmic signalling is now as complex as the network of T cell 
subsets, cytokines, and surface receptors determining the course 
of the immune response on the cell's exterior. Table 2 is a list of 

Table 2 Intracytoplasmic signalling molecules associated with cell 
membrane receptors and cell activation pathways 

Kinases 

FAK 
Src 
Fgr 
Csk 
PKC 
MAP kinase 

SH2-SH3 
signalling 

Crk 
Grb2 
PI 3K 
PLC 

GTPases 

Ras 
Rho 
mSOSl 
C3G 
RasGAP 

Phospholipid 
mediators 

P1P-5K 
cPLA2 
Arachidonic acid 
5-lipoxygenase 

From ref. 47 

currently known cytoplasmic signalling intermediates adapted 
from a recent review''^. 

As shown in Figure 2, the cytoplasmic tails of the different co-
stimulatory adhesion molecules, including CD4 and CDS, serve 
as connecting points for a very complex array of intracytoplas
mic enzymes. Our current thinking is that the engagement of the 
adhesion molecule with its ligand on another cell surface results 
in a conformational change that i.s transmitted through the protein 
to the cytoplasmic tail of the molecule. This conformational 
change reveals a binding site for the first of several cytoplasmic 
signalling molecules which triggers a signal cascade much the 
way we think of cytokines or clotting factor cascades in the extra
cellular space. This process of molecular activation can also 
connect the adhesion molecule to the cell's cytoskeletal frame-

Antigen/MHC Complex 
Growth Factor 

Receptors 
ECM/Cell ligands 

Figure 2 Intracellular cytoplasmic signals 
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work, a process that is necessary for cell migration and that also 
determines cell shape. 

The TCR/CD3 complex is also directly involved in the genera
tion of cytoplasmic signals; in fact it is the CD3 molecule 
complex that is responsible for this signalling. A number of cyto
plasmic tyrosine kinases such as src, Ick and fyn can bind to the 
CD3 complex, and are activated when the TCR engages its 
antigen on the cell's exterior surface. Moreover, the close physi
cal location of the co-stimulatory CD4 or CDS molecule, which is 
binding to the same MHC molecule as the TCR binding its 
antigen, may serve to create a bridge between kinases bound to 
the cytoplasmic tails of the CD3 complex and kinases such as Ick 
bound to the CD4 or CDS molecules. 

Concept 4: Cytoplasmic signalling leads to activation 
of nuclear transcription factors 

The final stage in the molecular events of T cell activation is gene 
transcription. For example, we know that when a CD4+ helper T 
cell recognizes an alloantigen during transplant rejection it re
leases a number of inflammatory cytokines, .such as IL-2 and 
INF-y. Similarly, when a CDS"̂  cytotoxic T cell is activated it in
creases the cell content of an enzyme called granzyme and the 
molecular complex called perforin, both of which are necessary 
for killing a target cell. These events in both CD4 and CDS T cell 
activation require gene transcription. 

Gene transcription is regulated by the cell through the cytoplas
mic activation of a number of DNA-binding proteins called tran
scription factors. When a transcription factor is activated in the 
cytoplasm it can cross the nuclear membrane where it binds to 
specific regions of the genes usually located upstream of the 
coding regions and called promoter sites. These promoter sites 
are the control boxes for gene transcription. 

While at first glance the idea of transcription factors and pro
moter regions may seem very esoteric for transplant clinicians, 
they actually directly determine the function of our most effective 
immunosuppressive drugs, cyclosporin and FK506 (tacrolimus). 
When either of these drugs binds to the two cytoplasmic carrier 
proteins, cyclophilin or FK-binding protein, the resulting complex 
inhibits another set of cytoplasmic enzymes which prevent the ac
tivation of transcription factors, including NFkB and NF-AT. In 
turn, the lack of the activated transcription factors in the nucleus 
blocks transcription of the IL-2 and INF-y genes. The immuno
suppressive efficacy of both cyclosporin and FK506 depends on 
the effective suppression of cytokine gene transcription. 

Concept 5: New immunosuppressive strategies will 
evolve from our knowledge of the molecular basis of 
T cell activation 

We stated in the introduction that a major purpose of this chapter 
was to create an organization for understanding the immune re-
spyonse at the molecular level that would be useful for following 
the new developments in immunology. 

First, as noted in Concept 4, the mechanisms of action of our 
two key immunosuppressive drugs are directly explained by alter
ations in cytoplasmic signalling altering transcription factor func
tion at the gene level. 

Second, our discussion of co-stimulation and adhesion mole
cules explains the immunosuppressive mechanism of a number of 
new reagents under development for clinical transplantation. For 
example, a number of monoclonal antibodies to block adhesion 
molecules are currently in clinical trials, such as anti-ICAM-l, 
anti-FA-1, and anti-CD45 antibodies. Another generation of new 
reagents is just being developed, including soluble, molecular-
engineered recombinant fusion proteins such as CTLA4-lg and 
CD2-Ig which block the CD2S/CD80 and CD2/CD5S pathways 
of activation, respectively (Table 1). We have mentioned that 
peptide analogs designed to selectively block CD4 or CDS adhe
sion are being developed, and anti-CD4 and anti-CD3 monoclonal 
antibodies are already well tested. 

Third, the high complexity of the intracytoplasmic signal 
cascade has also created numerous possibilities for new drug 
design. For example, the new immunosuppressive, rapamycin 
(sirolimus), appears to work by interfering with cytoplasmic signals 
generated by cytokine receptors and required for cell activation and 
proliferation. One possible mechanism of immunosuppression with 
mycophenolate mofetil may be alterations in the synthesis of GTP, 
a high-energy phosphate intermediate implicated in a number of 
cytoplasmic and cell membrane kinase activities. 

Finally, whole new possibilities for direct immunosuppression 
will be created as we extend our understanding of the molecular 
structure and regulated function of nuclear transcription factors 
and their ability to bind the specific promoter regions of the cy
tokine genes in the nucleus. 

WHAT ARE THE MECHANISMS OF GRAFT REJECTION? 

Acute and chronic rejection defined 

It is important to understand that acute and chronic rejection can 
be defined in clinical terms, pathological terms, or immunological 
terms. However, once defined by one set of terms it is critical to 
keep all subsequent observations and conclusions in the correct 
context. The danger is when discussions move back and forth 
across this field without recognizing the fundamental differences 
in these definitions. 

Clinical rejection is defined by the post-transplant timing of di
agnosis, the rate of progression, and by specific disturbances in 
graft function. Typically, an acute cardiac rejection episode occurs 
in the first 6 months after transplantation and may be associated 
with increased pulmonary artery pressure, increased ventricular 
wall thickness or decreased compliance measured by ultrasound. 
Fortunately, cardiac dysfunction, such as a significantly decreased 
ejection fraction, or clinical evidence of congestive cardiac failure 
is rarely seen. In fact, the majority of acute rejection episodes after 
heart transplantation are based on pathological terms and are just 
correlated with the clinical situation. In contrast, acute rejection 
after lung transplantation may present with clinical dysfunction and 
signs, including dyspnea, and radiographic changes of interstitial 
inflammation. The clinical aspects of acute rejection in both heart 
and lung transplantation will be described in great detail in subse
quent chapters. A defining feature of clinical acute rejection is the 
sense of urgency that a failure to treat aggressively and success
fully can result in the rapid progression to a fulminant rejection and 
acute deterioration in heart or lung function. 
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Chronic rejection after heart transplantation typically occurs 
after 1 year, is often associated with discrete coronary artery lesions 
identified by angiography, and may also present with significant 
cardiac dysfunction or electrocardiographic signs of ischemia. The 
rate of progression is typically slow, measured in months or even 
years. However, if organ function is diminished at the time of pre
sentation clinically, or if significant myocardial ischemia is present, 
the patients clinical situation can deteriorate very rapidly. The pro
gression of chronic lung transplant rejection is often marked by 
more clinical symptoms and a more rapid downhill course. 

Palholoi-ical rejection is defined with biopsy material typically 
viewed by standard light histology, though the use of 
immunofiuorescent staining has also been described. Clearly, the 
use and interpretation of the routine endomyocardial biopsy in 
heart transplantation have been one of the major advances in the 
field. Subsequent chapters will describe the pathological criteria 
for acute and chronic rejection. The key point to make in the 
present discussion is that finding pathological changes consistent 
with organ injury does not predict clinical presentation, and is 
only roughly correlated with subsequent clinical course. 

A second point is that the endomyocardial biopsy provides ma
terial from the muscular portion of the right ventricular wall, but 
provides very little in the way of larger va.scular structures for 
analysis. Thus, the biopsy is a good window into the interstitial 
cellular infiltrates and injury typically as.sociated with acute re
jection. However, it provides little or no information on the larger 
arterial structures, such as the coronary arteries, which are the 
focus of the vascular injury defining chronic rejection. These dif
ferences are also true for the transbronchial biopsy done in lung 
transplantation, where there is little sampling of larger vascular 
structures. Ironically, as a result of these biopsy limitations, our 
understanding of the progression of chronic rejection at the tissue 
level is very limited despite the fact that chronic rejection is prob
ably the single greatest challenge to long-term successful trans
plantation that we face today. 

Immunological rejection is the most likely rejection definition 
to cause confusion. The complexity described above for T cell ac
tivation creates multiple immunological mechanisms to test in re
jection. For example, the expression of cell proliferative activity 
in culture with donor-specific APC, the presence of killer cell ac
tivity, elevations of cell activation markers such as the IL-2 recep
tor and adhesion molecules, the release of specific T cell 
cytokines such as lL-2 or IFN-y or inflammatory cytokines such 
as IL-6 and TNF-a, and/or the transcription of the genes for these 
cytokines or their receptors can all be measured in the laboratory 
and interpreted as evidence of acute or chronic rejection. 
Unfortunately, a large number of these immunological parame
ters will be positive in every patient post-transplantation, and 
those that are negative may simply reflect the effect of the im
munosuppressive drug therapy being routinely administered. 

Little is known to correlate the immunological mechanisms di
rectly with the clinical and pathological definitions of rejection. 
This has resulted in a controversy over whether there is a unique 
immunological mechanism responsible for chronic rejection, or 
whether it is merely the progression of low-grade or episodic 
acute rejection. Thus, despite little or no evidence for a unique 
immunological mechanism in chronic rejection, the distinct clini
cal and pathological features have led many to conclude that there 
must be a separate process. We are skeptical that this is the case. 

and rather believe that chronic rejection is merely the expression 
of a lower-grade and ongoing immune response to the trans
planted organ. There is no problem if these arguments are used to 
generate scientific studies to test various theories. However, there 
is a problem when clinicians determine immunosuppressive thera
pies and test new drugs based on a conviction that acute and 
chronic rejection mechanisms are fundamentally separate events. 

The summary point is that we must be careful to determine 
how rejection is defined in any given study or theory, whether it 
be a laboratory culture, an animal model or a clinical study. While 
all these approaches are exciting and valuable to our growing un
derstanding of rejection mechanisms, we must remain critical and 
keep the differences in context. Our ultimate achievement will be 
when we understand the mechanisms of rejection well enough to 
successfully integrate the separate clinical, pathological and im
munological manifestations into a single working definition di
rectly relevant to patient care, prognosis, and the development 
and testing of new immunosuppressive strategies. 

Cell-mediated and humoral-mediated injury 
mechanisms 

Rejection, acute or chronic, involves tissue injury directed to the 
transplanted organ and caused by several mechanisms of 
immune-mediated cell damage. This injury can be cell mediated 
or humoral mediated. 

Cell-mediated Injury 

The classic acute cellular rejection seen in the cardiac or lung in-
terstitium is cell mediated. This cell-mediated immune response is 
initiated by CD4* T cell recognition of donor antigens. The pre
dominant effector cells are €04"^ T cells and macrophages medi
ating DTH responses and CDS"̂  cytotoxic T cells. Stabilization of 
target binding of T cells is accomplished by adhesion molecules, 
such as LFA-1 and CD2, on the T cell surface to lCAM-1 and 
CD58 on the target cell surface. In the case of CDS* T cells, suc
cessful adhesion to the donor target cell results in T cell activation 
and the insertion of the perforin molecular complex into the donor 
cell's membrane. Cytolytic enzymes such as granzyme are re
leased by the activated killer cell. The end-result is cell injury 
leading to death, which is seen on the biopsy as T cells in proxim
ity to injured or dying myocytes or bronchial epithelium. This dis
tinction is important for pathologists, since the mere presence of 
T lymphocytes in the organ interstitium without evidence of cell 
injury or inflammation does not constitute evidence of rejection. 

For the immunologist the presence of T cells without injury has 
always been an interesting challenge to explain. Some think that it 
represents the success of baseline immunosuppression to prevent 
tissue injury while not being able to prevent activated T cells from 
entering the transplanted organ. However, others interpret these 
local T cell infiltrates as specific modulator or suppressor cells 
which are capable of inhibiting the immune response and injury 
mediated by the killer T cells. This theory has been given a lot of 
attention recently, based on the discovery that CD4+ T helper cells 
can be divided into two opposing subsets based on the pattern of 
cytokines that they produce. One subset, called Th 1, produce pri
marily IL-2 and INF--y, while the second subset, called Th2, 
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produce primarily IL-4, IL-10 and IL-i3. There is evidence from 
animal studies that rejection is a Thl-mediated phenomenon, while 
Th2 cytokines are relatively suppressive and have been associated 
with a state of tolerance to allografts (see below). Thus, the balance 
of Th I and Th2 cytokines in a transplanted organ may be one deter
minant of whether rejection occurs or not. Human studies to 
confirm these observations in animals are required, since they may 
impact on decisions regarding optimal therapy based on under
standing immunological mechanisms of rejection. 

The word 'humoral' is defined in the dictionary as pertaining to 
the body's "humors'. Immunologists are referring to antibodies 
and inflammatory cytokines. Transplantation clinicians usually 
refer to humoral mechanisms in the context of chronic rejection 
and vascular injury. However, it must be remembered that anti
body-mediated rejection can destroy a vascularized transplant in 
minutes, by causing such profound vascular injury that the vessel 
thromboses and the organ is acutely ischemic. This hyperacute re
jection process is a critical issue in xenotransplantation where 
natural antibodies recognizing species-specific vascular surface 
antigens are present. 

Antibodies are produced by B cells and plasma cells which 
receive help from activated CD4+ T cells. The binding site of an 
antibody is determined by gene rearrangements similar to the re
arrangements which produce the TCR specificities in the thymus. 
A naive B cell may become sensitized to a new antigen when it is 
presented by the same antigen-presenting cells involved in CD4+ 
T cell activation. Alternatively, mature B cells can use the anti
bodies expressed on their cell surface to present antigen to naive 
B cells and even T cells. The B cells' ability to bind antigen via 
antibody is very high, so that adhesion molecules are not required 
to stabilize the binding complex the way they are required for T 
cell activation. On the other hand, it is important to emphasize 
that the regulation of B cell immunity does require co-stimulatory 
signals, and so a rapidly growing number of unique B cell 
molecules have been identified recently, such as CD23, CD21 and 
CD40. Therefore, the potential of developing new strategies to 
manipulate the B cell immune response in transplantation is as 
great as for the new T cell reagents described above. 

Another fascinating problem is to understand the molecular 
basis of controlling B cell function in the cytoplasm and nucleus. 
While we have potent T cell immunosuppression with cyclo
sporin and FK506, we do not have similar agents for suppressing 
B cell activation. Nonetheless, our current understanding of B cell 
biology clearly includes the roles of various cytoplasmic kinases 
and nuclear transcription factors in complex networks very 
similar to the T cell. It will be a major advance in immuno
suppression when the problem of B cell activation is solved by 
development of a new drug or reagent. 

When antibodies engage their antigen target, typically on vas
cular surfaces but also on the surfaces of epithelial cells in the 
transplant, they bind and activate complement components. The 
complement cascade ends with the insertion of a molecular 
complex into the target cell membrane that is the equivalent of the 
killer T cell's perforin complex. Complement activation also 
results in the recruitment of inflammatory cells like neutrophils 
and macrophages, which secrete various inflammatory cytokines 
such as IL-1, IL-6 and TNF-a. These cytokines can cause direct 
cell injury. For example, TNF (tumor necrosis factor) can cause 
epithelial cell death, and IL-I can cause myocardial cell dysfunc

tion as well as fever and peripheral vasodilatation. It is likely that 
such cytokine-mediated injury is a major determinant of fulmi
nant heart transplant failure in some patients with severe acute re
jection in which the degree of myocyte necrosis seen in the 
biopsy cannot explain the profound clinical state. The cytokines 
can also recruit other inflammatory cells, including T cells, into 
the site. Finally, the activation of complement, antibody-mediated 
endothelial injury, and inflammatory cytokine production can all 
result in local activation of the clotting cascade. 

The adhesion paradigm in rejection 

We have already described the role of cell-cell adhesion mol
ecules in T cell binding to antigen-presenting and target cells. The 
adhesion molecules serve to stabilize the TCR/CD3 complex 
binding to MHC/peptide antigen complexes and may provide co-
stimulatory signals involved in T cell activation. However, the 
role of adhesion molecules in transplantation is even more 
complex. While antigen recognition and T cell activation are the 
critical first step in the rejection cascade, the next major challenge 
is to regulate the traffic of activated T cells from the peripheral 
lymphoid organs (lymph nodes and spleen) via the peripheral 
blood to the transplanted organ where rejection must occur. We 
now understand that this process is also adhesion molecule 
dependent. 

First, we must emphasize that the primary barrier between the 
transplanted organ and the host immune system is the vascular 
endothelium. In a vascularized transplant such as the heart or 
lung, the endothelium is basically from the donor. We have 
known for a long time that the donor endothelium expresses 
MHC class I molecules and will increase the expression level and 
express MHC class II antigens if activated by inflammatory cy
tokines. The significance of this cytokine-dependent up-regula-
tion of donor alloantigens on the endothelial surfaces of the graft 
was recognized as generating a 'vicious cycle' where early rejec
tion events were amplified. 

The new information is that the donor endothelium will also 
express a number of ligands for the activated adhesion molecules 
on the T cells. As described in Table I, there are multiple adhe
sion molecule and ligand pairs that could participate in T cell ad
hesion to the vascular surface of the graft. Moreover, the same 
inflammatory cytokines that up-regulate MHC molecule expres
sion can also up-regulate adhesion ligand expression. Thus, the 
role of these inflammatory cytokines in amplifying the rejection 
process also involves the adhesion molecule paradigm. Three of 
the best-studied endothelial ligands are intercellular adhesion 
molecule-1 (lCAM-1), vascular cell adhesion molecule-1 
(VCAM-I), and a group of glyco-sialylated mucins (also called 
addressins) which bind the T cell adhesion molecules, LFA-1, 
VLA4, and L-selectin, respectively. These three endothelial 
ligands cooperate in a physical process that initially slows down 
and then stops the activated T cells and leukocytes as they flow 
through the vascular bed of the graft. 

The adhesion molecule paradigm explains that a T cell acti
vated by the recognition of alloantigen in a lymph node or the 
spleen will express the adhesion molecules on its surface in an 
activated state. T cells that do not recognize the transplant as 
foreign are left out of the process. The activated T cells circulate 

63 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

D 
Basement 
Membrane 

Endothelium 

I Vitronectin 

KM 

•onectin 
imlnin 

Myocyte 
i 

Figure 3 T lymphocyte crosses the ¥ascular barrier and follows ECM fihriis to attack the myocyte: classic cell-mediated rejection 

through the peripheral blood to the transplant where they come in 
contact with endothelial ligands, as described above, aod this 
results in the adherence of these activated T cells to the graft ee-
dotheliuni. The activated T cells then use the conibination of al-
loantigcn recognition on the donor endothelium and adhesion 
moleculc/ligand binding to further activate and migrate physically 
across the endothelial barrier and into the interstitium of the trans
plant, where rejection occurs. Figure 3 is a picture of such a 
process in which an activated lymphocyte is shown binding to the 
endothelial surface of the graft while a second lymphocyte, which 
has already bound and migrated into the interstitium, is shown at
tacking a myocyte (i.e. acute rejection). 

The pharmaceutical and biotechnology companies have already 
discovered the potential significance of the adhesion molecule 
paradigm in the design of new agents to prevent and treat rejec
tion. Clinical trials with a monoclonal anti-ICAM-i antibody for 
induction therapy are now under way in kidney transplant pa
tients. An anti-LFAl antibody has been developed and some pre
liminary clinical trials started. Anti-VCAM-1 antibodies and 
anti-VLA4 antibodies have been showo to prolong cardiac allo
graft sorvival in animal transplant models. Finally, a whole new 
generation of novel peptide analog inhibitors of adhesion mol
ecules are now being developed for clinical testing in the next 
few years. 

WILL TOLERANCE EVER BE A CLINICAL REALITY? 

Mechanisms of tolerance 

The availability of TCR transgenic as well as specific knockout 
animals has made it possible to study the cellular and molecular 
mechanisms of self tolerance. The thymus plays the major role in 
development of self tolerance"-'*. Precursor T lymphocytes reach 
the thymus early in fetal life, although there is a continuous input 
of prothym0cytes throughout life. Immature T cells reside in the 

cortex, and lack the TCE, CD4, and CDS molecules. These cells 
undergo population growth, rearrangement of TCR genes, and 
surface eipression of CD4 and CDS molecules ('double-positive' 
thymocytes). TCR+CD4+CD8+ T cells interact with thymic APC 
(epithelial cells and bone-marrow-derived macrophagcs/dendritic 
cells) which express self-MHC molecules, and undergo selection 
processes which ultimately shape the T cell repertoire toward 
self-MHC restriction and self tolerance. Self tolerance is medi
ated by 'negative selection' by deletion of autoreactive T cell 
clones. 

Surviving TCR+ T cells move into the medulla, increase the 
density of TCR expression to that of peripheral T cells, and 
before leaving the thymus lose one of the co-stimulatory acces
sory molecules, thus becoming single-positive (CD4+CD8" T cells 
or CD4-CD8+ T cells) T cells. At the same time 'positively se
lected' medullary thymocytes acquire MHC-class-II-restricted 
helper (CD4+) or MlHC-class-l-rcstrictcd cytotoxic (CD8+) func
tions, and migrate to the periphery as immunocompetent T cells 
(see above). There are two types of thymic APC, bone-manrow-
derived macrophages/dendritic cells and epithelial cells, and there 
is evidence that each type of thymic APC has a different function 
in the induction of self tolerance, and in T cell repertoire selec
tion. Positive selection is thought to be mediated by thymic 
epithelial cells, and negative selection is mediated by the bone-
marrow-derived cells. 

Transplantation tolerance is defined as a state of immunologic 
unresponsiveness to the antigens of the graft without immuno
suppression'^'-"'. Operatively, tolerance is defined as a reduction in 
the immunocompetence of lymphocytes responding to the specific 
antigen. Transplantation tolerance involves several mechanisms 
(Table 3), and it is perhaps best to classify these mechanisms as 
'central' or 'peripheral'. Central tolerance involves thymic dele-
tional mechanisms analogous to self tolerance. 

Central tolerance can be induced in experimental animals by 
creating mixed bone marrow chimeras'*. This can be achieved by 
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Table 3 Mechanisms of tolerance 

L Clonal deletion 
2. Clonal anergy 
3. Regulatory or suppressor cells (infectious tolerance) 
4. Immune deviation (Thl/Th2): ? Role of suppressive cytokines (IL-4, IL-

10, TGF-^) 
5. Veto cells: phenotypically distinct cells which inactivate/delete 

alloreactive T cells 
6. Microchimerism: persistent donor cells in the recipient 

infusing a mixture of donor plus syngeneic bone marrow coupled 
with some kind of a myeloablative regimen. The resultant animals 
become specifically tolerant to donor alloantigen, presumably by 
deletion of alloreactive T cells in the thymus. This can also be 
achieved by using bone marrow infusion with immunosuppressive 
drugs, although the mechanisms involved with such strategies may 
not be deletional. Other mechanisms which have been described 
with such strategies include 'microchimerism' or 'veto cells'. 
Microchimerism is the persistence of small numbers of donor-
derived cells in the recipient". Microchimerism has been reported 
to be associated with long-term acceptance of allografts in experi
mental animals as well as in humans, although it has not been estab
lished whether the persistence of donor cells is in fact responsible 
for induction or maintenance of tolerance. It is possible that the per
sistence of donor cells in the recipient is the result rather than the 
cause of the tolerant state. Finally, veto cells are cells with a unique 
phenotype which have been demonstrated to inactivate/delete al
loreactive T cells'*". Veto cells have been described in some trans
plantation models involving donor bone marrow infusion, although 
the mechanisms of how T cells recognize the veto cell leading to T 
cell inactivation/deletion remain unknown. Furthermore, whether 
veto cells mediate the observed association between graft accept
ance and microchimerism has not been established. 

Mechanisms of peripheral tolerance, on the other hand, involve 
'anergy' and/or 'regulatory or suppressor cells'. Anergy is a state 
of functional inactivation in which antigen-specific T lympho
cytes are present, but are unable to respond. Two types of anergy-
related mechanisms have been described: T cell anergy which can 
be reversed by exogenous cytokines, such as IL-2, or 'dense' 
anergy which is not reversed by cytokines. Biochemical analysis 
indicates that increased intracellular calcium is associated with T 
cell anergy. Anergic T cells remain viable but are unresponsive 
for a minimum of several weeks both in vitro and in vivo. The 
fate and function of anergic T cells in vivo remain undetermined; 
however, evidence from experimental models suggests that 
anergic T cells can be reactivated by infections, presumably cy-
tokine-mediated. Recent evidence also indicates that anergy can 
be accompanied by variable degrees of deletion, and that anergic 
T cells may become apoptotic. These observations suggest that 
anergy may be a reversible state, and that the therapeutic use of 
tolerance strategies involving mechanisms of T cell anergy alone, 
although potentially useful, may not lead to permanent tolerance. 
Strategies which promote peripheral deletion of anergic T cells 
may be more desirable. 

The second major mechanism to explain peripheral tolerance is 
the identification of 'regulatory' cells which exert antigen-specific 
suppression of the immune response. The presence of 'regulatory' 
cells has been demonstrated in vitro by suppressor assays as well 

as in vivo by adoptive transfer experiments leading to a state of 
'infectious' tolerance, whereby T cells from a tolerant animal can 
actively transfer tolerance to a naive animal^". Although suppres
sor phenomena have been clearly demonstrated, the suppressor 
cells themselves have proven difficult to grow and hence to char
acterize. In addition, the mechanism of action of suppressor cells 
is still poorly understood, although recent data suggest that, at 
least in some cases, the tolerogenic effects may be mediated by 
suppressive cytokines such as TGF-;S, for example-'. 

A related area which may explain the role of 'regulatory' cells 
in tolerance is the Thl/Th2 paradigm (see above)-^'\ Studies of 
T cell clones show that CD4* T helper cells are not homogeneous; 
for example CD4"̂  T helper cells can be subdivided by their 
pattern of cytokine production^'' into Thl cells, which produce 
mainly IFN-y and IL-2, and Th2 cells, which produce IL-4, IL-
10, and IL-13. Allograft rejection is a predominantly Thl-medi
ated process, as suggested by up-regulation of mostly Thl 
cytokines in rejecting allografts. Thl/Th2 helper T cell subsets 
have mutually antagonistic activities. IL-4 blocks up-regulation 
of IL-2 receptor expression and IL-2-dependent proliferation of T 
cells, suppresses production of IFN-y by human mononuclear 
cells, and inhibits up-regulation of endothelial cell expression of 
ICAM-1 and other adhesion molecules in response to inflamma
tory stimuli. IL-10 inhibits the production of IFN-y and lL-2 by 
Thl clones. In some experimental transplantation models, intra-
graft analysis demonstrates that tolerant grafts have decreased ex
pression of Thl and up-regulation of Th2 cytokines^'. 

Such a state of 'immune deviation' toward a predominantly 
Th2-cell function has also been described to be associated with 
tolerance in experimental models of autoimmunity^'. The exact 
mechanisms responsible for steering the immune response toward 
Th2, and whether the tolerant state is actually mediated by Th2 
cytokines, remain to be determined. The use of cytokine knockout 
animals, cytokine fusion proteins, and cells transfected to secrete 
a particular cytokine will help better understanding of these 
mechanisms, and may give rise to novel strategies for suppressing 
the immune response to allografts. 

Clinically relevant tolerance strategies 

Although the induction of transplantation tolerance has been 
readily achieved in experimental animal models, only few cases of 
tolerance have been described in humans-*-''. The use of immuno
suppressive drugs or monoclonal antibodies directed at specific T 
cell surface receptors to induce transplantation tolerance has been 
extensively studied in animal models of organ transplantation. It is 
obvious, however, that such strategies alone have not been success
ful in humans. The use of donor antigens with or without initial im
munosuppression, on the other hand, may provide better strategies 
that can be clinically relevant. In addition, some recent advances in 
our understanding of mechanisms of lymphocyte activation and tol
erance may lead to development of potentially clinically applicable 
strategies to induce specific tolerance in humans. 

Donor antigens 

Early experiments on the induction of neonatal tolerance proved 
that introduction of allogeneic cells or tissue at a 'critical period' 
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early in development would produce tolerance'". Studies have 
shown that neonatal tolerance is largely due to 'clonal deletion'. 
Thus, T cells reactive with alloantigen are deleted during 
their selection in the thymus, presumably by the same 
mechanisms that delete self-reactive T cells. In adults, adminis
tration of donor alloantigen with or without some form of 
transient immunosuppression has been shown to be effective in 
inducing tolerance to allografts in several experimental animal 
models. 

Several factors have been found to play a role in the induction 
and maintenance of the tolerant state. These include the type of 
donor cells, the dose of alloantigen, the timing of administration 
of alloantigen, the route of administration, and the immuno
suppressive protocol. In regard to the route of administration the 
intravenous, intraportal. oral, and intrathymic routes have been 
generally tolerogenic, while the subcutaneous route is typically 
immunogenic. Intrathymic injection of donor cells, soluble MHC, 
or MHC allopeptides has been recently shown to induce specific 
tolerance in several experimental transplantation models, 
although the mechanisms have not been fully elucidated-'''*'. The 
applicability of such a strategy in large animals is currently being 
tested. 

Finally, recent data indicate that in certain models it is possible 
to induce tolerance by administering recipient cells transfected 
with donor MHC" '-. thus obviating the need for administration 
of donor cells. Strategies utilizing donor alloantigen adminis
tration which have been investigated (or are currently under 
investigation in multicenter studies) in humans include donor-
specific blood transfusions (from living or cadaver donors), one 
HLA-haplotype or DR-matched blood transfusion'""*, and donor 
bone marrow infusion (Table 4). Initial studies in human renal 
transplant recipients using donor bone marrow infusion are 
encouraging*^, and a multicenter study is currently under 
way. 

A related area is the use of MHC-derived peptides to im-
munomodulate the alloimmune response to allografts; synthetic 
class 1 and class II MHC peptides derived from highly conserved 
regions have potent immunomodulatory properties, although they 
appear to act by different mechanisms''' ". For class 1 MHC pep
tides, T cell unresponsiveness is precisely associated with induc
tion of a calcium flux and binding of peptide to members of the 
hsp70 group of molecules. There are in vivo data in murine trans
plantation models that such peptides can prolong allograft sur
vival or even induce tolerance'*, and initial clinical pilot trials in 
humans are under way. The mechanisms of action of class II 
MHC peptides remain unclear, although they may prove to be 
useful immunotherapeutic agents and warrant further investiga
tion in experimental transplantation as well as in autoimmune 
models'''. 

Table 4 Clinically relevant strategies for induction of transplantation 
tolerance 

1. Doiuir-specitic blood transfusion 
2. One HLA-haplotype/DR-malched blood transfusion 
.V Donor bone marrow infusion 
4. Co-stimnlalory blockade 
?, MHC-derived peptides 

Blocking co-stimulation 

As discussed above, recent evidence also confirms that T cells 
require two distinct signals for activation. The first signal is pro
vided by the engagement of the TCR with the MHC plus peptide 
complex on APC, and the second co-stimulatory signal is pro
vided by engagement of one or more T cell surface receptors with 
their ligands on APC. Signalling through the TCR alone, without 
a co-stimulatory signal, leads to a prolonged state of T cell 
anergy. Increasing evidence suggests that interaction of CD28 on 
T cells with its ligands, B7-I or B7-2, on APC appears to be the 
most important co-stimulatory pathway for the response to al-
loantigens*'-*-. Recently, strategies targeted at blocking CD28-B7 
co-stimulatory T cell activation have been shown to be very ef
fective in inducing tolerance in experimental transplantation 
models, and there are plans to try such strategies in humans"". 

CTLA4Ig, developed by Linsley ei al.^*, is a recombinant 
fusion protein which contains the extracellular domain of human 
CTLA-4 (a gene highly homologous to CD28) fused to a human 
IgG, heavy chain. CTLA4Ig has a 20-100-fold higher affinity for 
B7 than does CD28. and acts as a competitive inhibitor of CD28 
binding to B7-1 or B7-2. Human CTLA4Ig efficiently binds to 
human, mouse, and rat 87 molecules, and inhibits the immune re
sponse in vitro and in vivo, including induction of tolerance to al
lografts and suppression of autoimmune disease in experimental 
animal models. Plans are also under way to test the safely and 
efficacy of this molecule in humans. 
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Maintenance Immunosuppressive Drug Therapy and 
Potential Major Complications 
K.L TYNDALL AND D.K.C. COOPER 

INTRODUCTION 

The various pharmacological immunosuppressive agents avail
able to those involved in organ transplantation have been dis
cussed by a number of authors, and detailed accounts of their 
structure and mode of action can be found elsewhere. A compre
hensive review of the newer agents presently in early clinical use, 
or in clinical or experimental development, is presented elsewhere 
in this volume (Chapter 70). The vast majority of centers today, 
however, utilize triple-drug maintenance therapy with cyclosporin 
(CsA), azathioprine (AZA), and corticosteroids. CsA-Neoral is 
beginning to take the place of CsA, and will eventually supersede 
it. Tacrolimus (FK506) has been introduced in place of CsA in a 
few centers (Chapters 10 and 70). (It is important to note that CsA 
and tacrolimus should not be given in combination, due to their 
severe nephrotoxic effect.) Cyclophosphamide is sometimes used 
to replace AZA, and mycophenolate mofetil is beginning to 
replace AZA in a small number of centers (Chapter 70). In addi
tion, some centers include induction cytolytic therapy with an 
anti-T-cell polyclonal (an antithymocyte (ATG)/antilymphocyte 
(ALG) globulin) or monoclonal (0KT3) antibody. 

Several areas of controversy currently persist and need to be 
addressed. These include: (a) Is induction therapy with cytolytic 
agents necessary or beneficial? If so, is ALG/ATG or OKT3 to be 
preferred? (b) Can corticosteroid therapy be withdrawn com
pletely and, if so, at what stage of the po.st-transplant progress of 
the patient? (c) Are any of the newer agents, e.g. tacrolimus or 
mycophenolate mofetil, preferable to drugs such as CsA and 
AZA, respectively? 

None of these areas will be discussed in any detail in this 
chapter. The first two of the above topics are discussed in Chapter 
9 and the third topic in Chapters 10 and 70. There are increasing 
data with regard to subjects (a) and (b), but not yet sufficient evi
dence to know the conclusive answer to the question raised in 
topic (c). Few heart or lung transplant groups have as yet any 
significant experience with any of the newer agents. 

As a preliminary to the discussion of these matters, however, 
some basic data on the use of the standard maintenance and in
duction immunosuppressive agents that are available today, and 

with which significant experience has been accumulated, will be 
provided in this chapter. 

CYCLOSPORIN (CsA) 

CsA was initially isolated from the fermentation broth of a soil 
fungus, Trichoderma polysporum Rifai^. The cyclosporins have a 
narrow spectrum of antibiotic activity-, reducing the growth rate 
of a few yeasts and fungi. Full reviews of the immunosuppres
sive properties of this drug, which were first documented by Borel 
(Figure 12, Chapter 18), have been published previously'\ The 
drug is lipid-soluble, metabolized in the liver and excreted mainly 
in the bile as metabolites. The immunosuppressive effect of CsA 
is much more specific than that of corticosteroids, AZA, or cy
clophosphamide. The critical phase in the maturation of T-helper 
cells is the synthesis of lymphokines; CsA blocks this synthesis\ 
primarily by inhibition of interleukin-2, a growth factor for T 
lymphocytes (Chapter 7). This action effectively prevents the de
velopment of mature cytotoxic T cells, and also prevents release 
of both gamma-interferon (macrophage-activating factor) and B 
cell activating factors. 

CsA has little or no effect on antigen-presenting cells, and does 
not result in bone marrow suppression. Its prime value is in the 
prevention of rejection by shutting down the effector limb. CsA 
decreases T-helper cell activity, though T-suppressor cell activity 
remains at a normal level. The drug has no direct effect on 
macrophage function''. 

Administration and dosage 

Ideally, CsA should be begun before operation (i.e. before expo
sure of the antigens to the T cells). The initial dose, administered 
orally, is modified depending on the physical state of the patient. 
A patient in good condition (no overt signs of cardiac failure, 
good renal and hepatic function) may receive 4-6 mg/kg body 
weight. A patient in extremely poor condition (severe cardiac 
failure with secondary renal and/or hepatic failure) should 
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receive no or very little CsA before operation. Rather, 
immunosuppression should be induced with the other available 
drugs until postoperative progress has been assessed. A periopera
tive period of hypotension or severe liver dysfunction in a patient 
receiving CsA may result in increased nephrotoxicity, which may 
greatly complicate management. 

Whenever in doubt, it has been our experience that it is wiser to 
administer less rather than more CsA in the pre- or early post-
transplant period. The drug level in the blood or serum should be 
monitored daily (or more frequently) and the dose gradually in
creased (by perhaps 1 or 2 mg/kg per day) until a safe therapeutic 
range has been reached. Immunosuppression can be obtained ad
equately for the first few post-transplant days without CsA, by ad
ministering a combination of AZA, corticosteroids, and a 
polyclonal or monoclonal anIi-T-cell antibody while the CsA 
level is being slowly increased. 

In regimens in which induction ATG or OKT3 is not used, the 
dose of CsA must be carefully modified in the light of the renal 
function of the patient. The University of Minnesota group, who 
have obtained excellent results using such a regimen', calculate 
the initial pretransplant dose of CsA on the basis of the serum 
creatinine (Table 1). No further CsA is administered for 24 hours, 
at which time a second dose equal to half of the initial do.se is ad
ministered, again taking into consideration any change in serum 
creatinine. This dose is given twice daily until kidney function is 
normal (or near-normal), at which time the dosage is adjusted to 
obtain a whole blood trough level by high-pressure liquid chro
matography (HPLC) of 200 ng/ml. Our own experience has indi
cated that a rather higher level (250-300 ng/ml) has to be 
maintained in lung transplant recipients if rejection is to be 
prevented. 

Table I University of Minnesota triple-drug immunosuppressive 
protocol for heart transplant patients' 

Cyclospiiriit (oral) 
Pretransplant 

6 mg/kg ifseruni creatinine < L 5 mg/tll (<\^i jumol/1) 
4 mg/kg if serum creatinine I .S-2.0 mg/dl (133-177 /xmol/1) 
2 mg/kg il' serum creatinine >2 mg/dl (>177 fimol/l) 

Karly post-transplant: 3 mg/kg. 2 nig/kg, or I mg/kg twice daily, depending 
cin serum creatinine level 

When renal I'unctiiin satisfactory: dosage adjusted to maintain whole blood 
CsA level (by HPLC) at 2(H) ng/ml* 

6 months post-transplant: reduce bloixJ level to 150 ng/ml' 
12 months post-transplant: reduce blood level to I(X)-I25 ng/ml" 

Azalhioprinc (i. i: or oral) 
Pretransplant: 2..S mg/kg 
Post-transplant: 2.5 mg/kg per day (maintain WBC >4(HX) cells/mm') 

Ciiilicii.slcroiils 
Methylprednisolone 

500 mg i.v. during cardiopulmonary bypass 
125 mg i.v. every 8 hours for 24 hours 

Prednisone: I mg/kg per day (divided into four doses/day) for 3 days, 
reducing at 3-day intervals to approximately 0.4 mg/kg per day at 
12 days. Thereafter monthly reductions (giving the drug in two divided 
doses/day) until a dosage of 0.125-0.15 mg/kg per day is reached after 
6 months. This do.se is maintained indefinitely. 

'Levels approximately 25-.'̂ ()^r higher are required in lung transplant recipients. 
Biiscil on rets 7 and K, 

For oral administration the drug comes in liquid or gelatin 
capsule form. If the patient is unable to take oral drugs, then CsA 
can be given by continuous intravenous (i.v.) infusion, but in 
much reduced dosage 1 mg hourly [nol 1 mg/kg hourly). For this 
purpose the drug is diluted in normal saline or 5% dextrose (250 
mg CsA in 250 ml) and administered continuously to reduce its 
renal toxic effect. Both the oral and i.v. forms can induce oliguria 
from toxicity on the proximal renal tubules. Though absorption of 
the drug when given orally is usual (though erratic) in patients re
covering from cardiac transplantation, achievement of a stable 
therapeutic blood level may be difficult. Combined i.v. and oral 
administration of the drug for the first few days is preferable until 
the patient is eating and drinking normally, at which time oral 
therapy alone is continued. Using this regimen we have had ex
cellent results with a low incidence of acute rejection, and yet 
little serious nephrotoxicity*'''. Intramuscular administration is not 
recommended, since the drug is poorly absorbed. 

Monitoring of drug levels 

Whether CsA is given orally or i.v., it is essential to tneasure the 
blood levels frequently (at least daily) until the dosage has been 
adjusted to achieve the correct therapeutic blood level. Blood 
levels are then estimated at intervals of a few days for one further 
month and on a less frequent basis thereafter. When CsA is being 
given orally, blood should be drawn immediately before adminis
tration of the drug to give a 'trough' level. If being given continu
ously only by the i.v. route, the blood level will clearly vary little 
throughout the 24-hour period. 

CsA levels can be measured by radioimmunoassay (RIA)'"", 
fluorescent polarization iirimunoassay (TDx)'-, or by a HPLC 
technique". As several metabolites of CsA are measured by RIA 
and TDx, but not by HPLC, the therapeutic range differs depend
ing on the technique used, and is generally 50-75% lower when 
measured by HPLC. The therapeutic activity and significance of 
some of the metabolites are uncertain, and, therefore, the method 
of choice remains in doubt. The most commonly used method 
today is possibly TDx, which offers rapid sample turn-around 
times without putting great demands on the laboratory'^ Some 
groups believe, however, that only the parent CsA should be mea
sured, without the metabolites, and therefore the HPLC technique 
should be the method of choice. 

Immunoassay methodology involves labeling an antibody with 
either a radioactive or a fluorescent molecule; the antibody, which 
can be monoclonal or polyclonal, is then bound to the CsA. The 
monoclonal form shows little or no cross-reactivity with metabo
lites of CsA''', and the results correlate well with those obtained 
by HPLC. Monoclonal techniques therefore offer a simpler alter
native to HPLC. 

A number of other drugs affect the blood level of CsA (Table 
2)" , in particular ketoconazole and erythromycin, which increase 
its concentration, and phenytoin, phenobarbitone, and rifampicin, 
which decrease its concentration. Major changes in CsA dosage 
may be required if these other drugs are being administered simul
taneously. Diltiazem, which increases CsA levels, is of particular 
interest as it may be useful in the treatment of CsA-induccd sys
temic hypertension"". There is also some evidence that it may be 
associated with a reduced incidence of graft vasculopathy'^. 
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Table 2 Selected drugs which influence blood levels and toxicity of 
cyclosporin* 

Increase hlood levels 
Potentiate nei>hroto.\icity 

Decrease hlood levels 

Diltiazem Phenobarbilone 
Aminoglycosides (gentamicin) 

Erythromyi;in Phenytoin 

Amphotericin B 

Ketoconazole Rifampicin 

Melphalan 

Corticosteroids 
Sulfonamidcs/cotrimoxa/.ole Sulphadimidine + trimethoprim (i.v. only) 
Metoclopramide 
Trimethoprim 

'Only well-substanlialed drugs have been included. Data provided by Sando/ 
Pharmaceuticals, USA. An extensive survey has been conducted by Lake'\ 

The level of CsA that is considered therapeutic varies consider
ably from center to center, depending on the other therapy being 
given. For example, if large daily doses of ALG are being admin
istered during the early post-transplant period, the patient may 
remain very adequately immunosuppressed whilst receiving only 
small doses of CsA. If no ALG or AZA are being administered, 
then the patient may require a high CsA level if acute rejection is 
to be prevented. Each center should ascertain for itself its own 
therapeutic and toxic ranges of CsA. The whole blood level is ap
proximately 3-5 times that of the plasma. When HPLC is used to 
measure CsA level, whole blood trough levels of 200 ng/ml are 
generally considered adequate in the early post-transplant period, 
reducing to 150 ng/ml at 6 months and 100-125 ng/ml at 
I year'~^. 

Maintenance oral CsA therapy should consist of twice-daily 
doses (rarely it may be necessary to give three doses per day) 
sufficient to maintain the desired therapeutic level in the blood or 
plasma. When triple therapy (CsA, AZA and corticosteroids) is 
being administered, initial CsA dosage is generally between 4 and 
10 mg/kg per day. 

Major side-effects and complications 

The major complication of immunosuppressive therapy, no matter 
what drugs are used, remains infection. However, other side-
effects/complications are commonly seen with the use of these 
agents. The potential complications of the use of CsA are outlined 
briefly below and also discussed in Chapter 13. Some of these 
side-effects may not result solely from CsA therapy; for example, 
corticosteroids play a role in the systemic hypertension and 
hypercholesterolemia seen in the immunosuppressed patient. 

Nephrotoxicity 

Like many fungal antibiotics, CsA is nephrotoxic. The initial 
loading dose should be judged after considering the patient's 
general condition. In patients with already diminished renal func
tion secondary to poor renal blood flow resulting from a low 
cardiac output, the initial dose of CsA should be withheld until 

the patient's renal function is clearly recovering after operation^** 
(Table 1). A short period of hypotension during induction of anes
thesia or during the operative procedure or early postoperative 
period, in the presence of a high blood level of CsA, can result in 
oliguria or anuria. Renal function usually recovers spontaneously 
as the CsA blood level falls, but even teinporary dysfunction can 
be a major complicating factor in the early post-transplant period. 

In view of the toxic effect of CsA on the proxiinal tubules, 
careful monitoring of the blood urea, serum creatinine, urine elec
trolytes, and creatinine clearance is essential. The most sensitive 
test would appear to be the creatinine clearance, which falls when 
toxicity occurs, though this does not differentiate CsA toxicity 
from acute tubular necrosis. For practical purposes, however, the 
serum creatinine provides an approximate but valuable guide to 
CsA nephrotoxicity. Certain other drugs, if given concomitantly, 
increase the risk of nephrotoxicity (Table 2). 

Renal function usually improves following reduction of CsA 
dosage or, when impairment of function is severe, with complete 
discontinuation of the drug for a short period. Furosemide is also 
helpful in reversing the accoinpanying oliguria. Short-term 
hemodialysis may be required on rare occasions'*. 

Systemic hypertension 

Persistent hypertension has been noted as a major side-effect of 
CsA administration. Within the first year a majority of patients 
may be expected to have significant hypertension requiring treat
ment. Its onset may be gradual over days, weeks, or months, or at 
times precipitous. There appears to be no direct association 
between post-transplant hypertension and nephrotoxicity. 

When rapid reduction in blood pressure is required, sublingual 
nifedipine (10 mg) is generally effective. Long-terin therapy of 
hypertension in transplant patients is similar to standard anti
hypertensive treatment. Attention needs to be paid to such con
tributing factors as obesity and lack of exercise. Diuretics are 
used if needed for control of volume. We have found calcium 
channel antagonists (e.g. diltiazem. verapamil), central alpha-
receptor stimulators (e.g. guanfacine, clonidine), and peripheral 
alpha-receptor-blocking drugs (e.g. prazocin. terazocin) to be 
useful, alone or in any combination. Angiotensin-converting-
enzyme (ACE)-inhibiting medications (e.g. captopril. enalapril, 
lisinopril) may prove helpful additions to the antihypertensive 
regimen, though in some patients they have little effect. Beta-
receptor blockers are less desirable, because of their depressive 
effect on myocardial function. In some cases hypertension is 
severe and requires the combination of two or more medications 
in full doses. As corticosteroids may play a role in the develop
ment of hypertension, gradual withdrawal of steroids should be 
considered if possible (Chapter 9). 

Occasionally, supine hypertension and orthostatic hypotension 
are encountered, particularly in older patients. Treatment is em
pirical. In our hands diltiazem. starting with small (30 mg) doses, 
has been effective, perhaps because of the mild increase in circu
lating volume which accompanies this therapy. Treatment of the 
sitting/supine hypertension is not always possible without severe 
exacerbation of the orthostatic hypotension. Fortunately, the 
problem of orthostatic hypotension appears to diminish sponta
neously with time. 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

Neuromuscular effects and neurotoxicity 

Tremors, muscular weakness, and muscle cramps, particularly in 
the legs, are not uncommon'*'"2', and appear to occur more fre
quently in association with a low serum magnesium-'^^'. 
Hypomagnesemia is common in transplant patients, possibly due to 
the renal effects of CsA, and may lead to increased cardiac irritabil
ity. We routinely monitor serum magnesium and prescribe oral re
placement therapy at a rate of 500-1500 mg magnesium daily {in 
the form of magnesium oxide). The goal is to maintain the serum 
magnesium at 0.8 mmol/1 (1.5 mEq/1, 1.8 mg/dl) or greater. Tremor 
also improves when corticosteroid dosage is reduced, and muscle 
cramps improve when diuretic doses are reduced. 

A neurotoxic effect of CsA, which occurs in patients with abnor
mally low serum levels of cholesterol, was first described following 
liver transplantation^'*. Clinical features consist of seizures, confu
sion, cortical blindness, quadriplegia, and coma. Computerized to
mographic scanning and magnetic resonance imaging studies 
disclose a severe diffuse disorder of the white matter. All central 
nervous system effects and radiographic findings may be reversed 
by discontinuation or reduction of the do.se of CsA. 

We have seen severe neurological damage occur following 
transplantation of the heart and both lungs in a patient who had a 
persistently low serum total cholesterol leveP'. It has since 
become our policy to reduce the dosage of CsA in patients with 
abnormally low serum levels of cholesterol, which is usually seen 
in debilitated patients during the early weeks after transplantation. 
A substantial portion of the whole blood or serum content of CsA 
is carried in the low-density lipoprotein (LDL) fraction of blood. 
It may be that when the LDL cholesterol is low, there is a higher 
proportion of CsA free in the serum. 

Hyperlipidemia 

In many patients, irrespective of their underlying pathologic con
dition for which transplantation was undertaken, there is a 
significant post-transplant increase in serum cholesterol and 
triglycerides-''-^; this is believed to be related to CsA and/or corti
costeroid therapy. The hyperlipidemia can develop at any time 
during the first year, or even later, after transplantation. 

These patients should initially be encouraged to adhere strictly 
to a diet which is low in cholesterol. Weight loss and an exercise 
program are encouraged. Gradual withdrawal of corticosteroids 
should be considered. If these measures fail to reduce cholesterol 
and triglyceride levels to within normal limits within 3 months, 
we prescribe a single cholesterol-lowering drug. We were initially 
reluctant to use lovastatin because of the reported risk of 
rhabdomyolysis when this drug is administered to patients 
receiving CsA-"-'^. Further experience from many centers, 
however, suggests that this drug can be safely prescribed in low 
doses (20-40 mg/day) and is effective in reducing total and LDL 
cholesterol levels in transplant patients. An excellent response has 
also been documented to another HNG-CoA reductase inhibitor, 
pravastatin, which has also been demonstrated to have some 
correlation with a reduced incidence of severe rejection'". 

Other side-effects 

A large number of other side-effects of CsA have been described 
(Table 3). In particular, the role of CsA in the development 

of osteoporosis post-transplantation is receiving increasing 
attention". This topic is discussed under the late complications 
of immunosuppressive therapy (Chapter 13). 

Table 3 Major potential complications from immunosuppressive drug 
therapy 

L Cyclosporin (CsA) 
Nephrotoxicity 
Hypertension 
Neurotoxicity 
? Hyperlipidemia 
Others (including hypertrichosis, gingival hyperplasia, tremor, hepaiic 

dysfunction) 

2. Tacrolimus (FK506) 
Nephrotoxicity 
Neurotoxicity 
Hyperlipidemia 
Endocrine disorders (including glucose intolerance/diabetes mellitus) 
Gastrointestinal disorders 
Hair loss 

3. Aiaihioprine (AZA) 
Hematopoietic disorders (including leukopenia, thrombocytopenia, and 

anemia) 
Gastrointestinal disorders (including nausea and vomiting, hepatitis, and 

biliary stasis) 
Others (including skin rashes, alopecia, fever, arthralgias, diarrhea. 

steatorrhea, and negative nitrogen balance) 

4. Cyclophosphamide (CfP) 
Hematopoietic disorders (including leukopenia, thrombocytopenia, and 

anemia) 
Gastrointestinal disorders (including anorexia, nausea, and vomiting) 
Genito-urinary disorders (including sterile hemorrhagic cystitis) 
Gonadal suppression 
Pulmonary disorders (including interstitial pulmonary Hbrosis) 

5. Methotrexate (MTx) 
Hematopoietic disorders (including leukopenia, thrombocytopenia, and 

anemia) 
Gastrointestinal di.sorders (including anorexia, nau.sea. and vomiting) 
Hepatic dysfunction (fibrosis and ciirhosis, dose-related) 

6. Corticosteroids 
Gastrointestinal disorders (including peptic ulcer, pancreatitis, and 

ulcerative esophagitis) 
Musculoskeletal disorders (including osteoporosis, vertebral 

compression fractures, pathological bone fractures, aseptic necrosis, 
muscle weakness, steroid myopathy, and loss of muscle mass) 

Endocrine disorders (including development of Cushingoid state. 
suppression of growth in children, menstrual irregularities, decreased 
carbohydrate tolerance, and manifestations of latent diabetes mellitus, 
impotence) 

Metabolic disorders (including fluid and electrolyte disturbance and 
negative nitrogen balance, hyperlipidemia) 

Neurological disorders (including psychiatric complications and 
convulsions) 

Ophthalmic disorders (including cataracts, increa.sed inlraiK'ular 
pressure, glaucoma and exophthalmos) 

Dermatological disorders (including acne, spontaneous hemorrhage, 
striae) 

7. Antithymvcyte globulin (ATG/ALG) 
Anaphylactic shock 
Others (including musculoskeletal pains, rash, fever, chills, and 

bronchospasm) 

8. OKT3 
Fevers, chills 
Aseptic meningitis 
Meningoencephalitis 
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CYCLOSPORIN-NEORAL (CsA-NEORAL) 

CsA-Neoral is a microemulsion preconcentrate comprising the 
drug, CsA, together with a surfactant, a lipophihc solvent, a hy-
drophilic solvent, and a hydrophilic cosolvent. The active form 
of the drug has not been altered. CsA-Neoral has been developed 
in order to reduce or eliminate problems associated with the 
erratic absorption characteristics of CsA^^. Due to the high 
lipophilicity of CsA, its absorption is influenced by the rate of 
bile flow, gastrointestinal motility, and concomitant food 
intake^^ •". There is also a wide inter- and intra-individual vari
ation in CsA absorption. With CsA-Neoral there is a more con
sistent absorption profile, with less influence by concomitant food 
intake and diurnal rhythm^^'*, and also less influence by bile flow 
and pancreatin^'. Improved oral absorption of CsA in the 
microemulsion formulation has resulted in reduced inter- and 
intra-individual variation of CsA pharmacokinetics, with a more 
consistent and predictable concentration-time profile'*'*'''*'. 

When CsA is administered in its original form (Sandimmune 
R), an oil-in-water emulsion forms in aqueous gastrointestinal 
fluids, with CsA mainly distributed in lipid droplets, which must 
be dispersed by pancreatin and bile to form micelles for drug ab
sorption. Upon contact with aqueous fluids, CsA-Neoral forms a 
microemulsion, without the actions of bile, enzymes, or small in
testinal secretions, and becomes rapidly available for absorption. 
It is this property which effectively increases the rate and extent 
of absorption^'-" and also decreases the inter- and intra-individual 
variability of CsA absorption'*'. 

Clinical trials have been performed to study pharmacokinetics, 
absorption, bioavailability, safety, toxicity, and tolerability of 
Neoral in normal healthy volunteers'*-. Pharmacokinetic studies 
and clinical trials have also been conducted in stable renal trans
plant patients, and in de novo renal, liver and heart transplant re
cipients. Oral absorption of CsA is improved with the Neoral 
formulation in healthy volunteers and in established transplant pa
tients'*"'*^^''. In normal volunteers a one-to-one conversion from 
CsA to CsA-Neoral resulted in an increased bioavailability of 
30%, an increase in maximum concentration (C^^,) of an average 
of 60%, and a significant reduction in the time to reach C^^^ 
(TrnmY'^- In patient studies, the extent of absorption was greater 
for CsA-Neoral when compared to CsA, and the increased 
bioavailability was achieved with less variability'*'^''. The corre
lation between trough concentration and area under the curve 
(AUC) was stronger with CsA-Neoral than with CsA, and there 
was less variability with this parameter'"'. Studies have shown 
Neoral to be well tolerated, with no significant difference in inci
dence or severity of adverse events"'*'''*'. 

Conversion from CsA to CsA-Neoral has been studied in 
healthy volunteers'*- and in stable renal transplant patients'". It 
appears that comparable CsA trough concentrations can be 
achieved by maintaining CsA-Neoral at the same CsA dose (a 
one-to-one conversion). Concomitant with this conversion, there 
was a significant increase in C„^^ and AUC, due to absorption-
related differences between the formulations, but there were no 
associated problems with tolerability, or changes in blood pres
sure or clinical laboratory parameters. 

Use of CsA-Neoral has been studied in cardiac transplant pa
tients, with similar improvement in pharmacokinetic profiles. In 
this patient population, CsA-Neoral proved to be superior to that 

of CsA alone with less variability in AUC, T̂ ax and C„a/'~*\ as 
well as a noted improvement with respect to the correlation 
between AUC and corresponding trough levels in some patients. 
In patients with pre-existing malabsorption the absorption of 
CsA-Neoral appeared to be independent of bile flow and food 
intake, with an improved tolerance'*'*. In all of these studies, 
overall tolerability was reported as good, with no significant 
adverse events attributed to CsA-Neoral, in spite of the increase 
in AUC and Cn,̂ ,, and no deterioration in renal function, or wors
ening of other pre-existing abnormalities. 

Neoral is available as an oral solution and as a soft gelatin 
capsule. Although it appears that a one-to-one conversion for 
changing from CsA to CsA-Neoral will be a reasonable approach, 
ongoing trials should be referred to when making dose conver
sion determinations. Furthermore, it is recommended that fre
quent trough level monitoring and dose adjustment be done 
during the first few weeks of the conversion, due to the possibility 
of enhanced systemic exposure. Patients may benefit from the 
possibility for dose reduction with CsA-Neoral and improved 
drug safety due to fewer variations in drug exposure. The im
proved intra-individual reproducibility of CsA trough concentra
tions with CsA-Neoral should facilitate dosage optimization, with 
more reliable CsA dose prediction and safer CsA therapy. 

TACROLIMUS (FK506) 

Tacrolimus (FK506) was isolated in 1984, from the fermentation 
broth of a strain of Streptomyces, from a soil sample obtained 
from Tsukuba, Ibaraki Prefecture, Japan'**. The strain is desig
nated Streptomyces tsukubaensis, referring to the soil from which 
the organism was isolated. Tacrolimus is a novel 23-member 
macrolide with a chemical structure entirely different from that of 
CsA'* .̂ The immunosuppressive effects of this drug were discov
ered by Kino and colleagues in 1984, and full reviews have been 
published elsewhere^""''^. 

Tacrolimus is absorbed from the gastrointestinal tract after oral 
administration with a mean bioavailability of about 20%, 
although variability in transplant patients is considerable. 
Tacrolimus is highly lipophilic and is distributed disproportion
ately between red blood cells and plasma. Its distribution in 
plasma is significantly different from that of CsA, as the drug 
binds mainly to serum albumin and a|-acid glycoprotein. It 
undergoes hepatic metabolism with biliary excretion of most of 
the metabolites^''-''''. Like CsA, tacrolimus exhibits a narrow 
therapeutic index. 

Tacrolimus affects the immune response through inhibition of 
interleukin (IL)-2 synthesis, thereby suppressing T cell-mediated 
immunity''**^'. It exerts inhibitory effects on T cells similarly to 
CsA, as both agents inhibit the proliferation and generation of cy
totoxic T lymphocytes in mixed lymphocyte culture (MLC)''-. At 
the transcriptional level, tacrolimus inhibits the synthesis of inter
leukin (IL)-2 mRNA as well as mRNA of IL-3 and IL-4 and other 
factors up-regulated during T cell activation, including colony-
stimulating factors, tumor necrosis factor-alpha, and interferons 
-gamma and -alpha*"'-^. It has also been shown to inhibit some 
B cell functions''^. While tacrolimus inhibits T-cell-dependent 
antibody responses, its inhibition occurs in the early phase of 
T cell activation; it is therefore unable to inhibit the activity 
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of mature cytotoxic T cells'*. The immunosuppressive activity of 
tacrolimus is up to 100 times more potent than that of CsA. A 
further discussion of the immunosuppressive properties of the 
drug is provided in Chapter 70. 

Administration and dosage 

Dosing principles and blood level monitoring have been studied 
in healthy volunteers, and in liver and kidney transplant 
patienls'^-^'*'"'*''''. Studies following cardiac transplantation, 
however, are still limited. The pharmacokinetics of tacrolimus 
can vary greatly between patients and within a patient over 
time'"'. Correlations between blood or plasma concentrations and 
toxicity or rejection episodes exist, but are not well defined; 
therefore, guidelines for target trough levels should be used in 
combination with clinical assessment and other laboratory para
meters. Early clinical trials have targeted a plasma trough con
centration in the range 0.5-2 ng/ml (5-20 jUg/1) in clinically 
stable transplant patients. 

Immunosuppressive therapy with tacrolimus is usually initiated 
within 6-12 hours after transplantation. Although experience in 
thoracic organ transplantation is limited, the University of 
Pittsburgh group has prospectively studied the use of the drug as 
primary immunosuppression in cardiac transplant recipients'"''' 
(Chapter 10). In early trials, tacrolimus immunosuppression was 
initiated as a continuous i.v. infusion, at a dose of 0.05 mg/kg per 
day, for a period of 2 4 ^ 8 hours. As soon as gastrointestinal func
tion returned, an oral dose was begun at 0.3 mg/kg per day, 
divided in twice-daily doses. Dosing adjustments were made 
according to whole blood trough levels, clinical status of the 
patient, renal and hepatic function, and rejection history. 

Administration of i.v. steroids with the tacrolimus immunosup
pressive regimen is begun in the operating room with a methyl-
prednisolone dose of 7-10 mg/kg, with a further three doses (for a 
total of 5 mg/kg) in the first 24 hours post-transplantation'-. 
Thereafter, when the patient is tolerating oral intake, oral pred
nisone is given at 0.15 mg/kg per day. Steroid-tapering, according 
to the University of Pittsburgh protocol, is begun at the twelfth 
post-transplant week and is based on freedom froin rejection. 
Steroid-tapering protocols vary per institution and have been 
discussed in this chapter (with regard to CsA immunosuppressive 
regimen) and are further discussed in Chapter 9. 

In the Pittsburgh immunosuppression protocol the use of AZA 
is reserved as adjuvant immunosuppressive therapy: (a) for eases 
of rejection or (b) to allow for lower tacrolimus dosage in patients 
with impaired renal function. OKT3 is used only in cases of 
severe rejection associated with hemodynamic compromise. 

Experience with tacrolimus after pulmonary transplantation is 
very limited. A prospective randomized trial comparing 
tacrolimus to CsA has been conducted at the University of 
Pittsburgh". In the study protocol, tacrolimus was administered 
as a continuous infusion (when the recipient was hemodynamic-
ally stable) at a dose of 0.025 mg/kg per day. Once tolerating oral 
intake, tacrolimus was given in two divided doses, each of 0.15 
mg/kg per day, and adjusted according to target trough levels. 
There were fewer episodes of acute cellular rejection in the 
tacrolimus group during the early postoperative period; the preva
lence of infection and survival were similar in the two groups. 

Optiinal dosing of tacrolimus has not yet been fully determined 
and clinical trials are still in progress. Management during the im
mediate postoperative period is tending away from the use of i.v. 
tacrolimus, and immunosuppression is being initiated with lower 
oral doses, in the range 0.1-0.15 mg/kg per day. If the i.v. route 
of administration is used, overlap of the i.v. and oral dose is gen
erally not recommended, in order to avoid the possibility of 
reaching toxic blood levels. Adequate levels can usually be 
achieved with the oral route alone. In contrast to CsA. bile flow 
is not required for tacrolimus absorption, nor is absorption 
decreased in patients with liver dysfunction'^''. The drug 
plasma/blood level should be monitored daily and the dosage 
adjusted gradually until a safe therapeutic level has been reached. 
Dosage adjustments are also dependent on the clinical status of 
the patient, renal and hepatic function, and rejection history. 

Similar to CsA regimens, patients in extremely poor condition 
(severe cardiac failure with secondary renal and/or hepatic 
failure) may be managed by delaying initial dosing of tacrolimus, 
or by induction with other available agents (e.g. ATG, 0KT3), 
until postoperative progress has been assessed. 

For oral administration, tacrolimus is available as a hard gelatin 
capsule, which can be swallowed whole or pulled apart for sublin
gual administration of the contents. The sublingual route of ad
ministration has resulted in therapeutic levels at dosages 
equivalent to or lower than the oral dose. It is preferable to ad
minister the drug by the oral route, even in the absence of normal 
gastrointestinal function, as nephrotoxicity is more likely with the 
i.v. route of administration. If adequate levels arc not achieved 
with oral or sublingual administration, the drug may be given i.v. 
at a dosage three to four times lower than the oral dosage. The i.v. 
dose must be diluted in normal saline or 5% dextrose and admin
istered as a continuous infusion, to reduce renal toxicity. 

Monitoring of drug levels 

There are several factors which necessitate routine monitoring of 
plasma/blood tacrolimus levels, in order to provide an acceptable 
level of immunosuppression without toxicity. The drug, whether 
administered i.v. or orally, is a very potent compound with a 
significant nephrotoxic potential''''''*'\ Pharmacokinetic studies 
have shown that there is a larger inter- and intra-individual vari
ation of kinetic characteristics in transplant patients''\ 

Dosage adjustments are made according to graft function, 
drug tolerance, adverse effects of immunosuppression, and 
plasma/blood levels of the drug. During the initial adjustment 
period, levels are checked daily in order to rapidly achieve a ther
apeutic level and avoid toxicity. There is a correlation between 
dose and the resulting trough plasma/blood level", which sug
gests that the trough is a good indicator of systemic exposure and 
may be used for therapeutic drug monitoring. When tacrolimus is 
administered orally, blood samples should be drawn immediately 
before administration of the drug to determine the 'trough' level, 
•When administered as a continuous i.v. infusion, timing of the 
blood level is less relevant, as drug concentration will not vary 
appreciably. 

Several assays are available for measurement of tacrolimus 
concentration in blood and plasma. Because the drug is primarily 
bound to red blood cells in whole blood, the whole-blood assay 
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may be more dependable than the plasma assay™- '̂. The enzyme-
linked immunosorbent assay (ELISA) for measuring tacrolimus 
concentrations was first reported by Tamura et alP*. The drug can 
also be measured in whole blood by; (a) radioreceptor assay 
(RRA)", (b) high-pressure liquid chromatography with mass 
spectrometry (HPLC-MS)*", (c) the Abbott IMx method*', and (d) 
in biological fluids by a combined HPLC-ELISA method*^. 

The ELISA is a manual enzyme immunoassay method based 
on CH2CI2 extraction and has been used for therapeutic drug 
monitoring in clinical trials^**'. This method is highly sensitive, 
but is nonspecific, because the polyclonal antibody employed 
cross-reacts with the drug metabolites. 

The IMx is a semiautomatcd technique based on the principle 
of microparticulate enzyme immunoassay (MEIA), and is used 
for monitoring tacrolimus in whole blood only**'. It uses the same 
antibody as the ELISA method and is therefore nonspecific. The 
method is sensitive, but its limit of quantification is currently 5 
ng/ml, which may not be sufficient for monitoring patients on 
low-dose maintenance therapy, IMx has a rapid turnaround time 
and is currently the most widely used method for quantifying 
levels in transplant patients. 

The most accurate, sensitive, and specific assay for determining 
tacrolimus concentrations in blood is HPLC coupled with mass 
spectrometry (HPLC-MS)'*", which can separately quantify the 
parent compound and its metabolites. However, the usefulness of 
the HPLC-MS method is limited by lack of available instrumenta
tion at most transplant centers, and difficulty in analyzing a large 
volume of samples on a routine basis. 

There are wide variations in the pharmacokinetics of 
tacrolimus, which means that for a given dose there will be a wide 
variation in plasma concentration. In addition, like CsA, 
tacrolimus exhibits a narrow therapeutic index. Currently, the 
most commonly used assay is the Abbott IMx, due to its rapid 
turnaround time, semiautomation, and ease of use by laboratory 
personnel. In addition, the importance of tacrolimus metabolism 
is still poorly understood and the significance of the drug's 
metabolites and their corresponding cross-reactivities should be 
considered when interpreting drug levels. 

There is potential for drug-drug interactions in transplant pa
tients, as a number of drugs affect the blood level of tacrolimus''. 
Because tacrolimus is metabolized by the P450-3A4 enzyme 
system, concomitant use of drugs which inhibit or induce cy
tochrome P450-3A4 will influence its metabolism. The therapeu
tic significance of such drug interactions has not yet been 
demonstrated, and it is advisable to avoid concomitant use of 
drugs which have the potential to interact with tacrolimus metab
olism. If administration of such agents is unavoidable, tacrolimus 
blood levels should be monitored more closely and dosage adjust
ments made as appropriate. 

Major side-effects and complications 

The most significant adverse events associated with tacrolimus 
therapy are nephrotoxicity, systemic hypertension, neurotoxicity, 
and new-onset diabetes mellitus. Nephrotoxicity is worsened in 
the presence of ischemia, use of other nephrotoxic agents (includ
ing CsA), and administration in the early post-transplantation 
period, particularly by the i.v. route. It can be controlled to some 

degree but, along with hypertension, it remains a serious problem 
in the transplantation setting. As both tacrolimus and CsA are 
nephrotoxic, they must not be used together. 

Nephrotoxicity is well documented in all transplant .settings*^ *', 
partly because the optimal dosage range for use of tacrolimus has 
not yet been well defined. The proposed mechanism for transient 
decline in renal function is efferent arteriole vasoconstriction 
leading to diminished glomerular filtration, with subsequent 
tubular dysfunction*'. Hyperkalemia, secondary to renal tubular 
acidosis, is also common in patients receiving tacrolimus, and can 
be controlled with fludrocortisone. The use of i.v. tacrolimus as 
primary and rescue therapy after cardiac transplantation has been 
associated with significant nephrotoxicity requiring dosage reduc
tion. However, an apparent advantage over CsA is the number of 
recipients who become free of antihypertensive agents''"^'. 

Neurotoxicity with tacrolimus ranges from mild symptoms, 
such as tremors, insomnia, and headaches, to more severe symp
toms, including incapacitating headaches, dysarthria, seizures, 
and coma**̂ . It appears to be related to high levels of the drug, and 
symptoms often resolve with dosage reduction. Many of the neu
rological side-effects are observed in the immediate post
transplantation period, and resolve over time. However, in some 
cases patients are intolerant of the neurological symptoms and 
may need to be converted to CsA therapy. 

Glucose intolerance has been associated with tacrolimus-based 
immunosuppression, and new-onset diabetes mellitus has oc
curred in liver transplant recipients"'. Although a number of pa
tients have required long-term insulin therapy, it has been 
suggested that the diabetogenic effects may subside with time. 

Gastrointestinal disturbances, ranging from mild cramps to 
severe diarrhoea, occur frequently with tacrolimus therapy, but 
appear to respond to dose reduction and abate over time. Other 
less significant toxicities include hypercalcemia, hyperphos
phatemia, and hair loss. Hyperlipidemia/hypercholesterolemia is 
similar to that reported with CsA. 

Very recently there have been reports of myocardial hypertro
phy in patients receiving tacrolimus (Lawrence, I.D., personal 
communication). In the majority of cases the observation is a 
thickening of the ventricular walls and/or interventricular septum 
on echocardiography, the pathophysiology of which is unclear. In 
the few instances in which histology is available, no evidence has 
been seen of disorganization of myocyte structure. The condition 
appears to be reversible following dose reduction or discontinu
ation of tacrolimus therapy. Of a total of 42 cases seen in the 
USA, only one occurred in a patient with a heart transplant, and 
none has yet been reported in patients with lung transplants. The 
majority of cases have occurred in patients who have undergone 
liver transplantation. Myocardial hypertrophy has been observed 
as early as 3 days and as late as 25 months from the initiation of 
tacrolimus therapy. Maximum trough concentrations in whole 
blood have ranged from 7.8 to 103 ng/ml. From clinical trials of 
tacrolimus, the incidence of clinically manifested myocardial 
hypertrophy is estimated to be 0.2%. 

AZATHIOPRINE (AZA) 

AZA is one of the large group of antimetabolite compounds that 
compete for and block specific receptors, thus affecting DNA and 
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RNA synthesis, and interfering with protein synthesis*". It 
reduces or prevents the rapid cell division that is an important part 
of the immune system response, thus blunting the ability of the 
host to generate cytotoxic T cells. Though it is active on B cells, 
this activity is much less than on T cells, which accounts for its 
suppression of cell-mediated rejection with less effect on anti
body production, AZA was introduced into experimental and clin
ical practice with regard to renal transplantation by Calne (Figure 
8, Chapter 18) in 1961'*''. Specifically, it is a purine antagonist that 
is similar in structure to 6-mercaptopurine. AZA is useful in the 
prevention of acute rejection rather than the reversal of estab
lished rejection. It is rather ineffective when used as a sole im
munosuppressant following human renal transplantation'"", but 
has not been used alone after cardiac transplantation. 

Administration and dosage 

It is usual policy to begin AZA before operation with a loading 
dose of 2.0-2.5 mg/kg orally or i.v. After transplantation it is 
given initially i.v. and subsequently orally at the same dose (or 
the maximal tolerable levels judged by the absence of bone 
marrow and hepatic toxicity). In our experience the average main
tenance dose for adults ranges between 0.5 and 2.5 mg/kg per 
day; the total white blood count should be monitored at intervals 
and maintained in the range 5000-7000 cells/mm'. 

IVIajor side-effects and complications 

AZA is an easy and generally safe drug to use, and is relatively 
free from serious complication. AZA's main toxic effect is on the 
bone marrow, which results in leukopenia, thrombocytopenia and, 
occasionally, anemia, though leukopenia is rarely severe enough 
to prove a problem. Following withdrawal or reduction of the 
drug, recovery of the bone marrow is usually rapid. Employment 
of agents such as granulocyte colony-stimulating factor (GCSF) is 
rarely necessary. AZA not infrequently results in minor abnor
malities of liver function, but rarely leads to clinical hepatic 
dysfunction''-. Withdrawal of AZA or substitution with cyclo
phosphamide is recommended in such cases. Its role in the 
occurrence of pancreatitis (see below) remains uncertain. 

Spontaneous hemorrhages into the skin (ecchymoses) are com
monly seen when AZA is used either alone or, particularly, in 
combination with a corticosteroid; similar spontaneous bleeding 
can occur with corticosteroids alone. 

CYCLOPHOSPHAIVIIDE (CPP) 

In patients who show refractory or repeated acute rejection 
despite triple or quadruple drug therapy, or in those in whom 
AZA is associated with hepatic dysfunction, we have found 
cyclophosphamide (CPP) to be a useful agent''\ In view of its 
potential to cause severe bone marrow depression, however, it 
must be used cautiously. 

CPP, an alkylating agent, has a more marked effect on B cells 
than does AZA*". The alkyl groups attach to DNA, interfere with 
its integrity, and thereby produce significant cytotoxic effects. 

A low dose (0.5-1.5 mg/kg per day) of this drug is generally 
sufficient to maintain a total white blood count within the desired 
range, 5000-7000 cells/mml Unlike AZA, CPP use may result in 
a precipitous fall in white blood count, resulting in a severe, life-
threatening neutropenia (WBC <1000/mm'), which may persist 
for several days before spontaneous recovery occurs. Neutropenia 
is, however, a less serious problem today than it was even a few 
years ago, in view of the availability of GCSF and GMCSF 
therapy. 

Hemorrhagic aseptic cystitis may be a complication of CPP 
therapy, necessitating its withdrawal. 

METHOTREXATE (MTx) 

Methotrexate (MTx) is the 4-amino, N'^-methyl analog of folic 
acid which competitively inhibits dihydrofolate reductase, and is 
a potent cytostatic agent, which exerts inhibitory effects on cellu
lar and humoral immunity'*'''^'*. It has also been shown to affect 
B cells by decreasing their ability to proliferate and secrete anti
bodies". MTx functions as an antimetabolite and was initially 
used in the treatment of a variety of malignancies, as well as pso
riasis and rheumatoid arthritis. More recently it has been used as 
adjunctive treatment of acute refractory cardiac allograft rejec
tion'""'*", and for the treatment of persistent mild rejection'"^"'^. 
Its role in maintenance immunosuppressive therapy in patients 
with thoracic organ transplants is therefore small. Future 
prospects for MTx include the possibility of prolonging allograft 
survival with combination low-dose CsA/MTx therapy'"^, or the 
use of MTx for donor pretreatment, again in an attempt to prolong 
allograft survival'"'. 

Administration, dosage and monitoring 

Clinical trials have utilized dosing regimens based on a once-
weekly schedule (for 1-9 weeks), with the weekly dose, given 
orally, determined by total white blood cell count'""""'"""' ' '"\ 
but usually in the range of 5-25 mg/week. In these trials cortico
steroid doses were also decreased as tolerated. The white blood 
count needs to be monitored regularly. Transient leukopenia 
occurs in almost all patients, but MTx is otherwise well tolerated. 

In a limited number of cases, MTx successfully resolved mild-
to-moderate rejection where corticosteroid treatment had failed 
(Chapter 30). The drug can also be used successfully as an ad
junctive agent in conventional immunosuppressive regimens: (a) 
for patients in whom AZA has been discontinued or (b) to allow 
reduction in the dose of steroids'"'. 

It takes some time for its effect to develop, and therefore it is 
not valuable in severe acute rejection, where a response is 
required rapidly. In the future its ability to suppress B cell func
tion may prove valuable in xenotransplantation (Chapter 80). 

IVIajor side-effects and complications 

Adverse events associated with MTx therapy include leukopenia, 
hepatic fibrosis and cirrhosis (do.se-related'"'*'"', and an increased 
risk of infection"". Leukopenia is by far the most common and 
potentially serious adverse event, and a clearer understanding of 
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MTx's ability to suppress the bone marrow is needed before it 
gains wider use. Although MTx-induced bone marrow suppres
sion is uniformly reversible, it has resulted in deaths from 
infection. 

CORTICOSTEROIDS 

Steroids were introduced into clinical renal transplant practice 
in 1963'" . It is the glucocorticoids, rather than the mineralo-
corticoids, which possess immunosuppressive activity. 

Prednisone or prednisolone have been most commonly used in 
transplantation. They inhibit a variety of intracellular enzymes 
that depress protein, RNA, and DNA synthesis. There is extensive 
death of small lymphocytes in the blood, thymus, lymph nodes 
and spleen, though the mechanism for this effect is not well 
understood, but is possibly mediated by an increase in cyto
plasmic calcium. Cell-mediated immunity is depressed in most 
species. 

Much of the efficiency of corticosteroid therapy is related to 
nonspecific immunosuppressive and anti-inflammatory effects, 
and to the inhibition of migration of immune cells to the graft. 
There is also evidence they: (a) impair antigen recognition, 
(b) interfere with macrophage function, and (c), at very high 
doses, interfere with some membrane functions of lymphocytes. 

Administration and dosage 

There are many different regimens for administering maintenance 
steroids to transplant patients. Our own regimen consists of 500 
mg methylprednisolone sodium succinate given i.v. during opera
tion before reperfusion of the donor heart, and further i.v. boluses 
of 125 mg 8-hourly for the first postoperative 24 hours. 
Thereafter, if the patient is absorbing oral fluids, an oral pred
nisone dose of 1 mg/kg per day is given, divided into two doses. 
The dosage is slowly reduced according to the University of 
Minnesota protocol (Table 1) .̂ If the patient is not absorbing oral 
fluids, i.v. methylprednisolone is continued (at the equivalent 
dosage) until such time that prednisone can be started. 

For an 80 kg patient, for example, the total daily dosage would 
be 80 mg initially, reducing by 10 mg every 3 days until a dosage 
of 30 mg/day was achieved. This would be maintained for 1 
month. By 6 months the daily dosage would have been reduced to 
10 mg/day, where it would remain for a further 6 months. In 
stable patients we would then reduce dosage to 8 mg/day. 

Most centers u.se prednisone or prednisolone in similar do.sage 
(1 mg prednisone being the equivalent of 0.8 mg methyl
prednisolone). Prednisone is converted to methylprednisolone in 
the liver, and is a much less expensive drug. Unless there are fea
tures of liver dysfunction, the patient should be switched to pred
nisone in the early post-transplant period. Policies regarding 
reduction in dosage or withdrawal vary from center to center and 
are discussed in Chapter 9. When ATG or OKT3 is part of the 
initial immunosuppressive regimen, low doses of corticosteroids 
can be administered in the initial post-transplant period, and some 
groups will give only 0.2-0.3 mg/kg per day. 

There is increasing evidence that steroids can be withdrawn en
tirely in patients with heart transplants, particularly in the patient 
who has shown no signs of rejection within the previous 6 months 

(Chapter 9). Some groups have been more aggressive and have 
demonstrated that in approximately 50% of patients it is possible 
to discontinue the drug completely within the first few weeks or 
months after transplantation. In patients who have been receiving 
more than approximately 5 mg/day for some long period of time, 
it is essential to reduce the drug cautiously (by approximately 
1 mg/month) to ensure that the patient's own corticosteroid 
production can provide the body's basic needs. 

Our own policy until recently was to maintain prednisone 
indefinitely at 0.1 mg/kg per day. However, we have recently 
entered the majority of our patients in a multicenter trial, where 
they are being randomized into: (a) a slow-withdrawal group or 
(b) a no-withdrawal group. The results of this trial are not yet 
available for discussion (Opelz, G., personal communication). 

More caution in withdrawing steroids is required in patients 
with lung transplants, as experience in this field is very much less. 

Major side-effects and complications 

As stated above, it is sometimes difficult to attribute a post-
transplant complication to any specific drug, but corticosteroid 
therapy is believed to contribute to several post-transplant prob
lems (Table 3). These include systemic hypertension, diabetes 
mellitus, osteoporosis and aseptic necrosis of bone, impotence 
and sexual dysfunction, growth retardation and delayed onset of 
puberty in children, gastrointestinal tract complications, and 
lenticular cataracts. Psychiatric complications are also considered 
to be associated with corticosteroid therapy in some patients. 
These complications are discussed in Chapter 13. but brief 
mention will be made of some that can be of concern in the early 
post-transplant period. 

Diabetes mellitus 

We have not considered uncomplicated diabetes to be a con
traindication to heart or lung transplantation, though we have not 
accepted the patient with significant diabetic complications, such 
as microvascular disease or neurotrophic foot ulcers. Some degree 
of impairment of glucose tolerance is seen in virtually all patients 
at some point in the transplantation process. 

In its simplest form, hyperglycemia is seen in the first few days 
following transplantation during high-dose methylprednisolone 
therapy. It is seen again during the treatment of an acute rejection 
episode with methylprednisolone pulse therapy. In these cir
cumstances the hyperglycemia usually lasts only a few 
days. Without treatment, plasma glucose levels greater than 
16.7 mmol/1 (300 mg/dl) are commonly encountered. In the 
unproven belief that it is beneficial to maintain a near-normal 
metabolic milieu, we routinely monitor and treat this hyper
glycemia with the goal of maintaining glucose levels closer to 
5.6 mmol/1 (100 mg/dl), and certainly below 8.3 mmol/l 
(150 mg/dl). Granulocyte chemotaxis may be impaired at higher 
plasma glucose levels. 

Some patients presenting for thoracic organ transplantation will 
have a pre-existing degree of impaired glucose tolerance or even 
frank diabetes. In particular, those with long-standing congestive 
heart failure and its associated cachexia will have impaired toler
ance. Typically, the pretransplant glycosylated hemoglobin 
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ranges from 6.5% to 10% in this group. (Non-diabetics typically 
have a glycosylated hemoglobin of from 4.5% to 5.5%). 
Following transplantation, the improved nutritional .status of the 
patient, with restored vigor and muscular activity, is associated 
with resolution of the impaired glucose tolerance. Usually these 
patients require tapering doses of oral hypoglycemics in the first 
few post-transplant weeks only. Thereafter, they may display no 
sign of impaired tolerance or diabetes. 

Many patients will present for transplantation with familial 
type II diabetes. The degree to which they display this diabetes 
will depend on several factors, which include: (a) relative body 
masses of muscle and adipose, (b) diet, and (c) activity. Their dia
betes can often be controlled with proper diet and activity. These 
persons are profoundly affected by pharmacological doses of cor
ticosteroids. Until the corticosteroid dose is reduced to physio
logical levels, or eliminated entirely, treatment for diabetes will 
be required. In the long-term follow-up of such patients after re
duction of corticosteroid dosage, those who follow the prescribed 
diet and activity instructions rarely require pharmacological treat
ment of their diabetes. Many patients, however, are unable or 
unwilling to follow such instructions, and require prolonged 
treatment, usually with oral agents. 

At our own center we have transplanted very few patients with 
uncomplicated type 1 diabetes. They have done well, but have re
quired large doses of insulin (<3()() units daily) during the periods 
when they were taking corticosteroids in high or moderately high 
doses. 

Gastrointestinal tract complications 

Several gastrointestinal diseases are not uncommon in the trans
plant patient. The severity and risks of these diseases are gener
ally increased by corticosteroid therapy and, after heterotopic 
heart transplantation, by the addition of anticoagulation and 
antiplatelet therapy. 

The first and most formidable of potential gastrointestinal tract 
complications is bleeding from the stomach or duodenum, which 
may result from the stress of surgery and/or prolonged high-dose 
steroid therapy. In general, endoscopic examination reveals the 
bleeding to be due to hemorrhagic gastritis or peptic ulceration. 

Therapy for acute upper gastrointestinal tract bleeding is more 
complicated and hazardous in immunosuppressed patients, 
whether the treatment be by surgery or endoscopic thermal coagu
lation. We believe, therefore, that it is imperative to investigate 
and. where possible, treat all digestive diseases before transplan
tation. Upper or lower gastrointestinal endoscopy is today a 
benign procedure that can be tolerated by all except the most se
verely ill patients, and should not be postponed if indicated. 
When acid peptic disease is found, it is treated aggressively pre-
transplant by a suitable Hi blocker. 

After transplantation all patients receive H, blockers, the ra
tionale for this being that the stress of the post-transplant period 
and steroid therapy may increase the patient's susceptibility to 
develop ulcer disease. Therapy is continued at least until corti
costeroids have been discontinued. The wisdom of treating peptic 
ulcer disease prophylactically is well supported by a review of 
the literature, since the complications of active severe ulceration, 
perforation, and gastrointestinal hemorrhage have been reported 
by a large number of transplant centers"- " \ 

Pancreatitis 

The cause of post-transplant pancreatitis remains uncertain. 
Several etiologies have been implicated; these include drugs (cor
ticosteroids, AZA, furosemide, epinephrine, and alcohol)'"' '-". 
infections (cytomegalovirus, viral hepatitis, mumps, Coxsackie 
and enteroviruses)'-" '-*, autoimmune disorders'-^'-'', ischemia'-^ 
and biliary tract or peptic ulcer disease'-". The University of 
Arizona reported a 6% incidence in cardiac transplant patients 
within the first 3 months"-. Incidences of up to 7% with a mortal
ity rate of more than 50% have been reported from several renal 
transplant centers. Though clinically severe acute pancreatitis is 
relatively uncommon after organ transplantation, a low-grade, 
asymptomatic pancreatitis has been noted in 49% of heart trans
plant patients coming to necropsy'-''. Similarly, at Stanford, evi
dence of pancreatitis was found at necropsy in 70% of cardiac 
transplant patients'-**. 

Psychiatric complications 

The incidence of psychiatric complications in patients receiving 
steroid therapy has been reported to be between 4% and 36%' *" ' " . 
Suicide has been successfully attempted by transplant patients. In 
the early experience of the University of Arizona, 12% of the 
cardiac transplant patients developed major psychiatric com
plications"- (Chapter 14). It is. however, difficult to determine 
whether such disorders arc drug related or occur as a result of the 
stress of the post-transplant period or other factors. It seems likely 
that a combination of factors exists in many cases. 

Symptoms vary in severity from insomnia, nervousness and 
mood changes, to manic or depressive symptoms, or agitation 
with paranoid ideation. Depression may on occasion be related to 
the changes in physical appearance that may follow prolonged 
steroid therapy, e.g. Cushingoid features, hirsutism; fortunately, 
with the low dosages used today, extreme changes in physical 
appearance are rare. 

Other side-effects 

The list of other complications of corticosteroid therapy is long 
(Table 3). Fluid and salt retention can lead to hypertension and 
edema formation. Diuretic therapy can usually control these clini
cal features. Increased appetite and weight gain are common and 
may lead to obesity if not controlled by a strict diet; increased de
posits of fat are seen particularly over the trunk. Changes in men
strual cycle, sexual activity, acne, night sweats, myopathy, joint 
pains, and spontaneous petechial hemorrhages in the skin are also 
common. 

POLYCLONAL OR MONOCLONAL ANTI-T-CELL 
ANTIBODIES 

Antilymphocyte (or antlthymocyte) polyclonal globulin 

The immunosuppressive effect of antilymphocyte globulin 
(ALG) was first demonstrated in the rat skin graft model"-. The 
properties of ALG depend to a large extent on its method of 
preparation. It can be prepared against a wide variety of anti-
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gens, including those on thoracic duct or blood lymphocytes and 
thymocytes. ALG is prepared by immunizing, most commonly, 
horses, rabbits, or goats with human lymphocytes or thymo
cytes. A clear description of the steps involved in its preparation 
is given by Touraine et « / . " \ The dosage varies widely, depend
ing on the preparation used. Several commercial preparations 
are currently available; there are variations in potency between 
them. 

Administration, dosage and monitoring 

ALG was probably first used in cardiac transplantation by several 
groups in 1968. Until 1989 we used ALG routinely as induction 
therapy. ALG was administered initially during operation, once 
the patient was on cardiopulmonary bypass; we adopted this 
policy following rapid circulatory deterioration from an anaphy-
lactic-like reaction in two patients who were receiving ALG im
mediately before induction of anesthesia, even though skin testing 
showed no sensitivity to the drug. The dose is estimated as that 
necessary to reduce the circulating T lymphocytes to the 
therapeutic range of 50-150 cells/mm\ The drug is usually given 
intravenously, with a usual loading dose of approximately 
5-15 mg IgG/kg, depending on the initial T cell count. The drug 
can be given intramuscularly, but repeated injections are painful 
and can cause local inflammation and pain'". 

The T-l I lymphocytes are counted daily by flow cytometry 
using monoclonal antibodies (or by the sheep red cell rosetting 
test), and the dosage of ALG estimated accordingly. (The percent
age lymphocyte count gives an approxiinate value for the T-ll 
lymphocytes as these form approximately 50% of the total lym
phocytes. If the absolute lymphocyte numbers are kept in the 
region of 200-400 cells/mm\ this probably represents an ad
equate reduction in T cell activity). ALG is given in doses as 
necessary (usually 5-10 mg IgG/kg per day) to maintain the T 
lymphocytes at the desired level; the daily dosage may vary 
widely from patient to patient and from day to day. The drug is 
diluted in 100-200 ml normal saline or 5% dextrose, and is 
usually given as a single daily infusion over a period of 4 hours. 
When severe acute rejection is occurring, and the T lyinphocytes 
multiplying rapidly, it is on occasion necessary to count the T 
lymphocytes every 8 or 12 hours and administer ALG 8- or 
12-hourly. 

In several centers ALG is administered prophylactically daily 
until such time that the trough CsA level is considered adequate 
and consistent. This usually takes only a few days, rarely requir
ing more than 1 week of ALG therapy; at this time ALG is dis
continued. It is introduced again only when required in the 
management of an acute rejection episode. 

Major side-effects and complications 

There is a small risk of anaphylactic shock following its adminis
tration, whether this be intravenous or intramuscular. At Stanford, 
approximately 2% of patients exhibited frank anaphylaxis with 
the intramuscular use of ATG'". The risk of anaphylaxis may be 
reduced by administering a test dose subcutaneously and observ
ing for a severe histamine skin reaction, and by administering 
steroids and an antihistamine to the patient before the ATG dose 
is given. 

Patients who experience anaphylactic shock may require urgent 
steroid and epinephrine therapy, vasopressor support, and ine-
chanically assisted respiration. They may, however, cautiously 
receive further ATG on subsequent occasions; in our experience 
this reaction may be related to the batch of ATG used, rather than 
to the ATG per se. Should the complication occur again. ATG 
produced in a second species of animal (e.g. rabbit or goat rather 
than horse) may be found not to provoke the reaction, and inay be 
used safely. 

A small proportion of patients receiving ATG develop a combi
nation of symptoms, which include rash, fever, chills, back and 
joint paint, and, less frequently, bronchospasm. During acute re
jection episodes the chills and fever can be minimised by giving 
intravenous steroid therapy prior to the intravenous administra
tion of ATG. Bronchospasm is treated as for anaphylaxis. Aspirin 
and antihistamines are useful in the treatment of joint pain and 
fever, and rash, respectively. 

We have seen the clinical syndrome of serum sickness (fever, 
hepatomegaly, splenomegaly and lymphadenopathy. associated 
with upper abdominal discomfort and pain) during intravenous 
ATG administration in two patients; it resolved after discontinu
ation of therapy. 

In our experience allergic reactions to ALG have been uncom
mon, but it is general policy to give a prophylactic antihistamine 
such as promethazine hydrochloride (12.5-25 mg) intravenously 
immediately before drug infusion. 

In 1989, concerned by the increasing incidence of cyto
megalovirus (CMV) infection in our patients during the first few 
post-transplant months, we discontinued the initial course of 
ATG, immunosuppressing the patient with the University of 
Minnesota regimen of CsA. AZA, and corticosteroids only (Table 
I). The incidence and severity of CMV disease have been 
significantly reduced'"". We therefore now reserve ALG only for 
those patients in whom it inay be hazardous to administer CsA 
(e.g. in those with greatly impaired renal function) and for those 
undergoing a severe rejection episode unresponsive to intra
venous corticosteroid therapy alone. This topic is discussed 
further in Chapter 9. 

Similar effects arc observed after therapy with antithymocyte 
globulin (ATG) or with antilymphocyte globulin (ALG). though 
the response is theoretically inore specific. Only T cells are sup
posedly affected when ATG is administered, but both T and B 
cells are involved when ALG is administered. This is not always 
so in practice, as ATG often depletes all lymphocytes, not just T 
cells. 

Monoclonal antibody (0KT3) 

Monoclonal anti-T-cell antibodies are directed to, and block, the 
recognition of antigen by the recipient circulating T cells. 
Receptors are found on all circulating human T cells'", and mon
oclonal antibodies can be raised against any T cell subset. The 
modes of action of monoclonal antibodies include removal of T 
cells from the circulation by complement-mediated lysis or by 
the reticuloendothelial system, and coating of cell surface 
antigens'^'*"'*. 

Immunosuppression with monoclonal antibodies is clearly 
more specific than with ATG or ALG. Monoclonal antibodies 
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have the advantages (over ATG and ALG) of better consistency 
in preparation, greater ease in monitoring serum levels, and ad
ministration of less foreign protein. As the immune response is so 
complex, however, there may be advantages of ATG or ALG in 
destroying or inhibiting a wider spectrum of lymphocytes. 

OKT3, a murine monoclonal antibody of the IgG-2a series, is a 
pan-T cell suppressor. It can only be given intravenously. OKT3 
causes an immediate but temporary decline in circulating T cells 
which persists while the antibody is being administered. 0KT3 
blocks all known T cell functions. A rapid and concomitant de
crease in the number of T3 (CD3), T4 (CD4), and T8 (CD8) cells 
occurs within minutes of administration of OKT3. There is some 
recovery in the numbers of T4 and T8 cells within the first week 
of administration, though the T3 cells remain undetectable in the 
peripheral blood. Recovery of T3 cells to pretreatment levels 
occurs within a week once administration is discontinued. 

OKT3 monoclonal antibody directly binds to the cell surface 
antigen, leading to loss of the cell's recognition apparatus'*; 
these T cells can therefore play no further part in the acute rejec
tion process. The initial decline in the number of T cells follow
ing institution of OKT3 therapy is probably brought about by 
opsonization of the cell surface, and removal of the cells by the 
reticuloendothelial system of the host''*'. Many monoclonal anti
bodies (other than OKT3) have been, or are currently being devel
oped (Chapter 71). 

Experience with OKT3 has rapidly accumulated, and several 
programs now use it to treat rejection unresponsive to conven
tional therapy (Chapter 30). A smaller number of centers use it in 
the early postoperative period as a prophylaxis to prevent rejec
tion. The various indications for its use are, therefore: (a) treat
ment of refractory rejection; (b) treatment of life-threatening 
rejection when it is elected not to wait to assess the full response 
of conventional corticosteroid therapy; (c) rejection prophylaxis. 

Administration, dosage and monitoring 

It is recommended that 5 mg of OKT3 be administered daily for 
10-14 days, each dose being given i.v. over 1 minute. This dose 
may require adjustment to maintain the T3 lymphocyte subset at 
about 20 cells/mm\ To prevent excessive immunosuppression 
(and thus increase the risks of infection and lymphoproliferative 
disease) most groups suggest that, during therapy, concomitant 
immunosuppressive therapy should be decreased to approxi
mately half the maintenance level. Others advocate discontinuing 
concomitant immunosuppressive therapy entirely. Normal main
tenance immunosuppressive doses (of CsA, etc.) should be 
resumed 3 days prior to completion of OKT3 therapy. 

Serum levels of OKT3 can be measured by an ELISA 
(en/.yme-linked immunosorbent serum assay). A mean trough 
level of 0.9 /tg/ml (achieved with the recommended dose) has 
been shown to block T cell effector functions in vitro. 

Premedication with acetaminophen 650 mg orally, methylpred-
nisolone I mg/kg i.v., and diphenhydramine 100 mg i.v. 30 min 
prior to administration of OKT3 is given to minimize allergic re
actions. It is recommended that 100 mg of i.v. hydrocortisone be 
given intravenously 30 min after the injection of OKT3; further 
acetaminophen and antihistamines are optional. 

One of the transplant groups to have considerable experience 
with OKT3 is the Utah group"" '"'l Their initial studies of its use 

prophylactically suggested improved patient and graft survival 
when compared with patients receiving ATG as prophylaxis 
during the same period of time. However, the sample size was not 
sufficient to demonstrate a reduction in mortality or graft loss in 
the 0KT3-treated patients. More recent studies from this and 
other groups have suggested that OKT3 does not impart any in
creased benefit, and that its use is associated with an increased 
rate of infection, and a significant incidence of early vascular 
(humoral) graft rejection'''^ (Chapter 28). These complications are 
particularly common if the prophylactic course is continued for 
21 days. 

IgM anti-OKT3 appears in approximately 21 % of patients re
ceiving this agent, while IgG anti-OKT3 is seen in 86%, and IgE 
anti-0KT3 in 29%, occurring approximately 20 days after treat
ment is begun. The numbers of T3 cells should be carefully moni
tored and, if they increase despite OKT3 therapy, the dosage of 
the monoclonal antibody should be increased at least 2-3 times. 
Patients who develop large quantities of IgG anti-OKT3 anti
bodies, and therefore fail to respond to OKT3 therapy, may not be 
candidates for another course of OKT3 treatment. 

Anti-idiotypic antibody development, which is a prominent 
feature of the immune response to OKT3, and probably other 
monoclonal antibodies, can lead to a block in their therapeutic ef
fectiveness and can arise despite intense immunosuppression'-*^ 
This response may require the use of different idiotypes for pro
longed or repeated courses of therapy, and may prove a major 
obstacle. 

Major side-effects and complications 

The side-effects of 0KT3 include fever (which occurs in 73% of 
patients), chills, dyspnea, chest pain, vomiting, wheezing, nausea, 
tremor, and diarrhea. Aseptic meningitis, exhibited by fever, 
headache, neck stiffness and photophobia, has been reported. 

Because of the ri.sk (less than 2%) of fatal pulmonary edema, 
OKT3 is contraindicated in patients with fluid overload, as deter
mined by pulmonary congestion on a chest radiograph and by a 
weight gain of more than 3% within the week prior to the planned 
OKT3 therapy. It is recommended that a Swan-Ganz catheter 
should be inserted before treatment is begun, and that if the pul
monary capillary wedge pressure is seen to be unduly high, OKT3 
therapy should be avoided. The Utah group has shown, however, 
that OKT3 is generally well tolerated in the setting of cardiac 
transplantation''". 

COMMENT 

With maintenance triple-drug therapy (CsA (or CsA-Neoral). 
AZA, and steroids), the development of severe acute rejection is 
today fairly unusual, and has been seen in only 2% of endomyo
cardial biopsies at our center during the past 5 years. This com
bination of drugs is, therefore, potent and efficient, and care has 
to be taken to avoid over-immunosuppression. Changes sugges
tive of mild or moderate acute rejection remain relatively 
common, but frequently do not warrant extra immunosuppressive 
therapy. 

The efficacy of CsA has allowed steroid dosage to be 
significantly reduced, and in an increasing number of patients it 

80 



MAINTENANCE IMMUNOSUPPRESSIVE THERAPY 

can be discontinued entirely. This is a major advance that reduces 
the debilitating effects and complications associated with long-
term steroid therapy. The use of triple-drug therapy has not yet 
been shown definitively to reduce the incidence of graft vascu-
lopathy (chronic rejection), which still occurs in a significant per
centage of patients (Chapter 35), although our impression is that 
its onset is delayed when compared with 10 years ago. 

Optimal combinations of immunosuppressive agents can be 
arrived at rationally and effectively only by a full understanding 
of the site and mode of action of each agent. As our knowledge of 
the various mechanisms that play a role in allograft destruction 
increases, so it should become possible to devise more sophisti
cated methods of blocking the sequence of events outlined in 
Chapter 7. The clinical employment of such agents may eventu
ally enable graft destruction to be prevented, and yet allow the 
body to maintain all or most of its other host defense 
mechanisms. 

Long-term immunosuppressive therapy is clearly associated 
with a large number of side-effects and complications. Some of 
these can be avoided or minimized by careful selection of the 
patient, or by pretransplant prophylactic treatment (e.g. for peptic 
ulcer), and others by post-transplant prophylactic medication. 
Avoidance of all such complications, however, cannot be ensured, 
and the potential risks must be considered when the potential re
cipient is initially assessed for organ transplantation. 
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Trends in Immunosuppressive Therapy With Regard 
to Cytolytic Induction Therapy and Corticosteroid 
Withdrawal 
J. KOBASHIGAWA 

IS CYTOLYTIC INDUCTION THERAPY BENEFICIAL? 

A cytolytic agent (e.g. antilymphocyte serum) administered im
mediately after heart transplantation (HTx) is known as 'induc
tion' therapy and is given in the hope of inducing graft 
tolerance'"'. The benefit of this form of therapy remains contro
versial, as no randomized studies have been performed. Forms of 
antilymphocyte sera include murine monoclonal antibody 
(0KT3), rabbit and equine antithymocyte globulin (ATG), and 
antilymphocyte globulin (ALG). 

In general, all cytolytic induction therapies appear to have 
similar effects. Single-center studies have reported that cytolytic 
therapy appears to prolong the time to the first acute cellular re
jection episode; however, the total number of rejection episodes 
within the first year after HTx is not reduced when compared with 
the number in patients receiving triple-drug immunosuppression 
alone (cyclosporin, prednisone and azathioprine, without cytolytic 
therapy)'"^. Barr and colleagues** reviewed 52 HTx patients, one-
half treated with OKT3 for 14 days immediately postoperatively 
and one-half treated with triple-drug immunosuppression alone. 
Although time to first rejection was longer in the OKT3 group, 
there was similar rejection frequency, freedom from rejection, 
and survival in the two groups. Prieto el a/."* showed similar 
results in a review of 82 HTx patients (35 treated with OKT3 
versus 47 treated with triple-drug immunosuppression). A large 
multi-institutional study', involving 911 HTx patients, revealed 
that there was no benefit in the use of cytolytic therapy over 
triple-drug immunosuppression with regard to time of onset of 
first rejection or cumulative frequency of rejection episodes. 
However, this study involved many different antilymphocyte 
preparations, which might have masked the efficacy of any one 
agent. 

The effectiveness of one form of cytolytic therapy over another 
has been compared in numerous studies"'^'^. These comparison 
studies are difficult to interpret, as many different doses and 
lengths of cytolytic therapy have been used. A non-randomized, 
retrospective study by Ladowski et al}'' reported on 79 patients 
treated with equine ATG for 4 days (34 patients), Minnesota ALG 
for 10 days (15 patients), or OKT3 for 14 days (30 patients). 

Although there appeared to be an advantage of equine ATG in 
leading to a lower rejection incidence, there was no survival ad
vantage. Furthermore, this was the only group to receive preoper
ative cyclosporin, which complicates interpretation of the results. 
Copeland et al.'^ demonstrated superior results in regard to sur
vival, rejection, and infection with the use of rabbit ATG in 155 
HTx patients; however, the 'controls' were the contemporary 
results of other programs. 

A large multicenter database suggested that there may be an in
crease in infectious complications (cytomegalovirus) with the use 
of cytolytic induction therapy"''^. Review of 1553 HTx patients 
from 26 programs revealed, through multivariate analysis, that 
there was earlier development of cytomegalovirus infection in pa
tients who receive cytolytic induction therapy. However, mortal
ity due to cytomegalovirus was not increased'^. OKT3 murine 
monoclonal antibody is the most common form of cytolytic in
duction therapy used, and has been associated with a higher inci
dence of cytomegalovirus infection'** and, more recently, with the 
development of lymphoproliferative disease'**. The use of OKT3 
may also result in the development of human anti-mouse antibod
ies, which has been associated with adverse outcomes after 
HTx-"-'. Specifically, vascular damage can be produced by 
immune complexes that contain host antibodies against highly 
immunogenic proteins, such as antithymocyte globulin or murine 
monoclonal antibodies---^\ Overall, however, due to the lack of 
randomized trials, controversy still exists as to the increased risks 
in HTx patients treated with OKT3 induction therapy'"*. 

Many centers use cytolytic induction therapy in short courses 
to allow delay of initiation of cyclosporin therapy, thus avoiding 
acute cyclosporin nephrotoxicity in patients at high risk for imme
diate or early-postoperative kidney failure. Kormos and col
leagues^' initially reported success in using rabbit ATG for 3 days 
and starting cyclosporin 24 h after surgery, to avoid postoperative 
renal dysfunction. Similarly, Barr et al.'' successfully used a short 
course of OKT3 (5 days) to avoid renal dysfunction in high-risk 
HTx patients. 

More recently, some HTx centers have employed short courses 
of cytolytic therapy in the hope of achieving graft tolerance and 
avoiding the complications associated with longer courses of 
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therapy. Menkis et al}'' randomized 39 HTx patients to a short 
course of OKT3 (7 days) or to Minnesota ALG (7 days). There 
was no difference between the two groups in either cumulative 
rejection episodes or time to first rejection. A study by Alonso-
Pulpon et alP evaluated varying doses of OKT3 in 39 HTx pa
tients; 23 were treated with 5 mg OKT3 and 16 with 2.5 mg 
OKT3, both for 7 days duration; there was no difference in the in
cidences of rejection or infection, or in the total methylpred-
nisolone dose given. 

Our HTx program at the University of California at Los 
Angeles (UCLA) Medical Center performed a randomized trial of 
short-course OKT3 therapy in 30 HTx patients-". Fifteen received 
a 5-day course of OKT3 while 15 received routine triple-drug im
munosuppression alone. No patient had a baseline serum creati
nine level of >1.5 mg/dl. At 6 months follow-up there was no 
difference between the two groups in: (a) the number of rejection 
episodes per patient; (b) the number of patients who were free of 
rejection; (c) the time to first rejection (25±29 days in the triple 
drug immunosuppression group compared to 57±68 days in the 
OKT3 group (p=0.1)); (d) renal function, determined by serum 
creatinine levels (no patient in either group required hemodialy
sis); and (e) infectious complications, including cytomegalovirus 
infection. Overall, there did not appear to be a benefit in the use 
of short-course OKT3 induction over triple-drug immunosuppres
sion. However, the benefit of OKT3 induction, in which longer 
courses are used (e.g. a 14-day course), is yet to be determined. 

COMMENT 

The benefit of antilymphocyte .sera administered immediately after 
HTx, known as 'induction therapy', remains controversial as no 
randomized studies have been f)erformed. However, there are an 
increasing number of reports that suggest the use of OKT3 mono
clonal antibody in induction therapy may have deleterious long-
term effects in causing a higher incidence of cytomegalovirus 
infection and post-transplant lymphoproliferative disease. There 
may be a role for the use of early cytolytic therapy in patients at 
high risk for early postoperative kidney failure by allowing initia
tion of cyclosporin therapy to be delayed. It is unlikely that large 
multicenter studies will be performed comparing cytolytic induc
tion therapy to triple-drug immunosuppression as the risks of cy
tolytic therapy have recently become more apparent and several 
new immunosuppressive medications are becoming available. 

CORTICOSTEROID-FREE IMMUNOSUPPRESSION 

The discontinuation of corticosteroid therapy (to allow steroid-
free immunosuppression) has been attempted immediately and 
late (>6 months) after HTx, to avoid the complications related 
with such therapy^' •"'. Potential complications of steroid therapy 
are numerous, and include osteoporosis, avascular bone necrosis, 
myopathy, increased incidence of infection, salt and water reten
tion, hypertension, gastrointestinal complications, hyperlipidemia, 
exacerbation of diabetes, weight gain, cosmetic alterations (such 
as hirsutism and Cushingoid habitus), and growth retardation in 
children (Chapter 8). In addition, corticosteroids may be 
atherogenic and potentially contribute to the development of 
transplant coronary artery disease (graft vasculopathy). 

The objective of corticosteroid withdrawal is to improve the 
overall health and quality of life of HTx recipients by eliminating 
its long-term complications. One can decrease a patient's expo
sure to steroid complications by maintaining low prednisone 
doses or by complete withdrawal. There has been concern regard
ing the risks of steroid withdrawal, which may lead to inadequate 
immunosuppression and an increased risk of rejection. Therefore, 
there may be a need for long-term surveillance by endomyocar
dial biopsies. There is also the question of whether increased 
doses of other immunosuppressive agents (cyclosporin and aza-
thioprine) are necessary to avoid rejection. Corticosteroid with
drawal symptoms may be quite significant, and include arthralgia, 
myalgia, fatigue, and headaches, and in some cases may require 
reinstitution of steroids. Finally, the role of corticosteroids in the 
development of transplant coronary artery disease (graft vas
culopathy) remains unclear. As this is probably an immune-
mediated process, steroids could play a role in its prevention. On 
the other hand, steroid therapy is known to be associated with 
elevated lipid levels and, therefore, may be atherogenic. 

Approach to corticosteroid withdrawal 

There are currently two approaches to corticosteroid withdrawal 
in HTx recipients: (a) it has been attempted immediately (1-30 
days) after HTx, usually in programs that u.se cytolytic induction 
therapy'''""; (b) the other approach has been to wean steroids late 
(>3 months) after HTx; cytolytic induction therapy has usually 
not been used-*-•". The apparent advantage of late steroid with
drawal relates to the opportunity of selecting for weaning those 
patients who have experienced either no or few rejection 
episodes. This may indicate that these patients show less im
munologic response to their graft, and thus may be more likely to 
undergo successful steroid weaning without late rejection. 
However, no established superiority of either withdrawal ap
proach has been documented, as there have been no prospective 
randomized trials comparing these two approaches. Even the 
benefits of steroid withdrawal have not been conclusively 
established. 

Corticosteroid withdrawal protocols 

Protocols 

The early corticosteroid withdrawal protocols weaned steroids in 
a tapering dose schedule over 1-2 weeks after HTx. At the 
University of Utah Heart Transplant Program patients could expe
rience up to three episodes of rejection before they were consid
ered protocol failures and placed back on maintenance steroids". 

Late corticosteroid weaning is routinely attempted at UCLA 
beginning 6 months after HTx^-. Criteria for corticosteroid 
weaning include patients who: (a) have survived at least 6 months 
since HTx, (b) have not experienced even moderate rejection 
during the prior 3 months, (c) have not experienced more than 
two episodes of treated rejection, and/or (d) have experienced no 
hemodynamic compromise through rejection. 

By 6 months, patients are usually at a baseline corticosteroid 
dose of 5 mg prednisone/day. They are weaned slowly by 
decreasing the daily prednisone dose by I mg each month. 
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Endomyocardial biopsies are performed monthly during the 
weaning period and 2 months after discontinuation of prednisone. 
Those patients who cannot be successfully weaned are placed 
back on 5 mg prednisone daily. The attempt to wean is repeated at 
least twice before considering a patient a protocol failure. 

Results 

Corticosteroid withdrawal attempted within the first 30 days post-
HTx has a success rate of 40-61 %-'••"•^•'. Withdrawal attempted 
later than 3 months has a success rate of 73-92%"'^' ' ' ' . Early 
(<30 days) withdrawal is attempted in all patients (not just those 
with a low incidence of rejection), which probably accounts for 
the lower success rate. Overall, similar numbers of patients are 
being weaned off corticosteroids by each approach (early versus 
late) since weaning is attempted in a smaller (but select) percent
age of patients >3 months after HTx. In the UCLA Heart 
Transplant Program approximately 60% of patients are eventually 
weaned from steroids. 

Factors that appear to affect the success of corticosteroid 
weaning include: (a) donor-recipient HLA-DR matching, (b) re
cipient gender, and (c) number of previous rejection episodes. At 
UCLA, donor and recipient HLA-DR antigens were compared in 
75 patients". Thirty of 31 patients (97%) with at least one HLA-
DR match were successfully weaned from prednisone, compared 
with 33 of 44 (75%) with no HLA-DR matches {p<Q.05). 
However, similar observations were not found in 62 patients eval
uated at the St Louis University Heart Transplant Program. 

Women are at higher risk of osteoporosis and, therefore, it is 
particularly desirable to reduce cumulative doses of steroids in 
female HTx patients. However, steroid withdrawal success rates 
in women have been reported to be only 13-18% in the HTx pro
grams at St Louis, Utah, and UCLA (unpublished data). These 
findings are consistent with the fact that female HTx recipients 
have higher incidences of acute graft rejection and early mortality 
compared to male patients'*. It is unclear whether the newer im
munosuppressive agents will allow a higher success rate of 
steroid withdrawal in female patients. 

The history relating to previous rejection episodes has been a 
good predictor of the success of steroid withdrawal in patients 
weaned late after HTx. At St Louis University the risk of devel
oping a rejection episode after steroid withdrawal was almost 
2-fold greater in patients who had experienced a previous 
rejection episode (while taking corticosteroids) when compared 
to patients who had experienced no prior rejection episode^'. 

Benefits of corticosteroid witfidrawaj 

Hyperlipidemia occurs in 60-80% of HTx patients^'. Some inves
tigators have shown a correlation between hyperlipidemia and 
transplant coronary artery disease (graft vasculopathy); others 
have been unable to confirm this finding. The development of hy
perlipidemia after HTx is multifactorial, with corticosteroids 
being one of the contributing factors. At the University of Utah, 
corticosteroid withdrawal had a significant impact on serum cho
lesterol levels'"'. Beginning 3 months after HTx, the cholesterol 
levels for 51 patients maintained on a mean prednisone dose of 
12.4+1.2 mg/day ranged from 262±8 to 272±8 mg/dl. This 
contrasted with the corticosteroid-free group, in which the choles

terol level ranged from 199±8 to 211±9 mg/dl. At UCLA the cho
lesterol levels (a) at the time of corticosteroid weaning and (b) 1 
year later, showed an average decrease of 14±31 mg/dl in those 
successfully weaned, while the steroid-dependent group showed a 
rise in cholesterol of 20±41 mg/dl". 

Corticosteroid withdrawal has been shown to decrease the need 
for antihypertensive medications. At UCLA, at the time of at
tempted steroid withdrawal, 80% of the patients (subsequently 
successfully withdrawn from corticosteroids) were taking antihy
pertensive medications". One year later this number decreased to 
73%. Of the patients who could not be weaned off corticosteroids 
(and were maintained with prednisone 5 mg/day) 54% were 
taking antihypertensives at baseline, and this number increased to 
67% one year later. Similarly, at St Vincent's Hospital in 
Australia, after 4 years of follow-up, patients still receiving 
steroids required significantly more antihypertensive medications 
than those no longer receiving steroids'^. 

Weight gain is common after HTx and is associated with 
steroid therapy. Corticosteroid-free immunosuppression has been 
reported to ameliorate weight gain"'". At UCLA, after 1 year of 
follow-up, patients on steroid-free immunosuppression had an 
average 1±4 kg weight reduction compared to a 4±9 kg weight 
increase in those dependent on steroid therapy". 

The University of Utah program evaluated 178 HTx patients to 
determine whether those on corticosteroid-free immunosuppres
sion had a lower incidence of gastrointestinal complications'"-^. 
Twenty-six patients on maintenance steroids developed 30 major 
abdominal complications whereas no steroid-free patient devel
oped such a complication. 

Corticosteroid withdrawal in children 

The chronic use of corticosteroids in children may retard 
growth'*'*'''. The effect of steroid-sparing regimens was retrospec
tively reviewed in 42 infants who underwent HTx at <6 months 
of age at Loma Linda University'-'. Ten of 15 infants who had ab
normal growth were receiving steroids; maintenance steroids 
were subsequently discontinued in six, four of whom experienced 
rebound growth. Within 6 months of steroid withdrawal, three of 
the four patients moved from below the 5th percentile for growth 
to the 95th percentile or higher. 

Safety of corticosteroid withdrawal 

There is concern that corticosteroid withdrawal may lead to an 
increased development of transplant coronary artery disease. 
Steroid-free therapy may provide an adequate level of immuno
suppression to prevent acute allograft rejection, but may not be 
sufficient to prevent immune-mediated endothelial injury in the 
coronary arteries. Available data from single-center studies 
suggest that steroid withdrawal does not cause an increase in the 
development of graft vasculopathy''•'-\ Unpublished data from 
the UCLA program reveal a lower incidence of angiography-
defined transplant coronary artery disease in those patients 
successfully weaned from steroids. As patients who are able to be 
weaned from steroids may be immunologically privileged, then 
it is logical that they may be less prone to develop graft 
vasculopathy. 
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Data from several institutions reveal comparable or improved 
patient survival in those weaned from steroids^'"^'. Furthermore, 
data from Utah indicate that cardiac allograft function appears to 
be normal in those patients weaned from steroids"**. 

Cyclosporin and azathioprine dosages are not routinely in
creased in patients who have undergone steroid withdrawal. It is 
important, however, that medication compliance be maintained, 
as the risk of rejection may be greater if the cyclosporin level 
becomes subtherapeutic. 

COMMENT 

Corticosteroid withdrawal, whether performed early or late after 
HTx, appears successful in the majority. Significant advantages in 
regard to weight, hyperlipidemia, and hypertension may be 
achieved. Steroid withdrawal does not appear to impact adversely 
on survival, development of transplant coronary artery disease, or 
on hemodynamics. Finally, through the avoidance of the com
plications of long-term steroid therapy, it is likely that cortico-
steroid-free immunosuppressive protocols will have a positive 
impact on the quality of life of HTx patients'*'. 
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10 
Tacrolimus (FK506) in Thoracic Organ Transplantation 
J.S. GAMMIEANDS.M. PHAM 

INTRODUCTION 

Tacrolimus (FK506) was discovered as the result of a systematic 
screening program to look for an improved immunosuppressant. 
In the mid-1980s Goto and associates from the Exploratory 
Research Laboratories of Fujisawa Pharmaceutical Co. Ltd, 
Japan, discovered a macrolide compound that had potent im
munosuppressive properties'"'. This compound, then named 
FK506, was extracted from the fermentation broth of the soil 
fungus Streptomyces tsukubaensis. Further preclinical studies on 
the immunosuppressive properties of this compound on organ 
transplantation were carried out intensively at Chiba University, 
Japan*'', Cambridge University, UK"*"'^ and the University of 
Pittsburgh, USA''"'*. The initial results of FK506 as an effective 
immunosuppressant in organ transplantation were presented at the 
first International Symposium on FK506 in June 1987, in 
Goteborg, Sweden, and were subsequently published in 
Transplantation Proceedings (Vol. 19, Suppl. 6, 1987). 

The first clinical trial using FK506 in organ transplantation 
began at the University of Pittsburgh in February 1989". In this 
trial, FK506 was used as a 'rescue' agent for liver transplant 
recipients experiencing refractory rejection on cyclosporin-based 
regimens. Encouraged by the initial results, clinical trials of 
FK506 as a primary immunosuppressant in liver, kidney, heart and 
lung transplantation were initiated later that year at the same insti-
tution^*'~^\ Recent national and international trials have helped to 
define the role for this important immunosuppressant^'*"^'. In 1994, 
FK506 was approved by the FDA in the USA for use in liver 
transplant recipients. Medicare and major third-party payors have 
approved the use of tacrolimus for approved transplant procedures. 
The generic name of FK506 is now tacrolimus, and it is marketed 
under the trade name Prograf® (Fujisawa USA, Deerfield, IL). 

In this chapter we will review the pharmacology and clinical 
use of tacrolimus in heart and lung transplantation. 

Chemistry 

Tacrolimus, a macrolide lactone, is a member of the macrolide 
antibiotics whose chemical structure consists of a hemiketal-

OCHj ^"i 

Figure 1 Chemical structure of tacrolimus 

masked a,)3-diketoamide incorporated in a 23-member ring 
(Figure 1). Other drugs belonging to the family of macrolides 
include erythromycin, oleandomycin, and rapamycin. Tacrolimus 
is a large molecule with a molecular weight of 822.05 daltons, 
and is highly lipophilic. Because it is practically insoluble in 
water, tacrolimus is dissolved in cremaphor for intravenous 
administration. 

Mechanisms of action 

Despite having different chemical structures, tacrolimus and cy
closporin (CsA) have similar mechanisms of action. In a broad 
sense these immunosuppressants work by inhibiting the T-cell ac
tivation that normally occurs in response to the presentation of 
antigens to the T-cell receptor (TcR)-CD3 complex on the 
surface of the T cell. They block the transcription of early-phase 
T-cell activation genes, including those genes encoding inter-
leukin (lL)-2, lL-3, IL-4, lL-5, granulocytes-macrophage colony-
stimulating factor (GM-CSF), tumor necrotis factor-a (TNF-a), 
and interferon (IFN)^*"''. 
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Tacrolimus and CsA inilially bind to thieir respective cytosolic 
target proteins (known as immunophilins), cyclophilin and 
FK506-binding proteins (FKBP)'". The cyclophilin-CsA and the 
FKBP-FK506 complexes, in turn, bind to the calcium- and 
calmodulin-dependent cellular signaling protein calcineurin-". 
Calcineurin is a serine/threonine phosphatase that plays a key role 
in the transfer of information from the cell surface to the nucleus, 
ultimately resulting in the transcription of various cytokines (pre
dominantly lL-2), which in turn leads to T-cell activation. The 
transfer of signals from the cytoplasm to the nucleus, to activate 
the transcription of the IL-2 gene, requires the nuclear factor of 
activated T-cell protein (NF-AT). NF-AT consists of two sub-
units, one located in the cytoplasm and one in the nucleus. 
Following stimulation of the T-cell receptor, the cytoplasmic 
subunit of the NF-AT is modulated by calcineurin and 
transported into the nucleus, where it combines with its nuclear 
counterpart to function as a transcription factor for the IL-2 
gene'-. The tacrolimus-FKBP complex binds to calcineurin and 
blocks the modulation of the cytoplasmic subunit of the NF-AT, 
resulting in the inhibition of lL-2 gene transcription and activa
tion of T cells-'. 

Bioavailability 

Following oral administration tacrolimus is erratically and incom
pletely absorbed. Mean bioavailability is 27%, although there is 
significant inter- and intra-patient variability^**. Time to peak 
plasma concentration ranges from I to 3 hours. In contrast to cy
closporin, and of some advantage in the liver transplant popula
tion, tacrolimus does not require an intact enterohepatic 
circulation for absorption. Fasting enhances the rate and extent of 
the absorption of tacrolimus. The mean maximal blood concentra
tion in fasted patients is twice that observed in fed patients, and 
the time to maximal concentration is 1 as opposed to 3 hours^'. 
However, the total drug bioavailability (area under the curve, 
AUC) is not significantly affected by fasting. Hence, it is sug
gested that tacrolimus be administered at least 1 hour before, or 2 
hours after, a meal. Conversion between intravenous and oral 
dosages of tacrolimus is based on a 1:5 ratio. 

Distribution 

Volume of distribution of tacrolimus is 13(X) liters, suggesting ex
tensive extravascular uptake. Tacrolimus is rapidly partitioned 
into red blood cells, with a whole blood to plasma ratio of 15:1, 
and is more than 99% bound to plasma proteins (albumin and 
a|-acid glycoprotein). 

Metabolism 

Tacrolimus is metabolized by the microsomal P-450 IIIA enzyme 
system in the liver and intestine, with less than 5% excreted un-
metabolized in the stool-^'. Less than 1% of the drug is eliminated 
renally. Tacrolimus is not dialyzable. The main metabolic 
pathway includes 13- and I5-0-demethylation and 12-hydroxyla-
tion, with at least nine resultant metabolites, some of which retain 
immunosuppressant properties. Elimination is biphasic, with an 
overall half-life ranging from 5.5 to 16.6 hours (mean 8.7 hours). 

Table 1 Drugs potentially interacting with the metabolism of 
tacrolimus' 

Decrease • ^ -
Increase " • -

Metabolism 
Blood level 

- ^ - Increase 
- ^ - Decrease 

Erythromycin 
Troleandomycin 
Clotrimazole 
Ketoconazole 
Fluconazole 
Cyclosporin 
Diltiazem 
Verapamil 
Nifedipine 
Ethinylestradiol 
Methylprednisolone 
Midazolam 

Rifampicin 
Phenobarbital 
Phenyloin 
Carbamazepine 

' Adapted tVoni rcf. ^5. 

Because tacrolimus is metabolized by the cytochrome P-450 IIIA 
system, its metabolism is subject to influence by agents which 
induce or inhibit the P-450 system (Table l)'"*. Drugs commonly 
used in transplant recipients that reduce the metabolism of 
tacrolimus (and thus increase its blood level) include ery
thromycin, clotrimazole, ketokonazole, fluconazole, and calcium 
channel blockers. Phenobarbital. phenytoin, and rifampicin, on 
the other hand, will reduce the blood level of tacrolimus. 

Of clinical interest, and compatible with the observed aug
mented toxicities when cyclosporin and tacrolimus are com
bined, has been the recognition that tacrolimus inhibits the 
cytochrome P-450 IIIA enzyme oxidase, resulting in sustained 
CsA levels. 

Blood level monitoring 

It has been demonstrated that pharmacokinetic parameters for 
tacrolimus vary substantially between individual patients, and at 
different times in the same patient. There is also significant inter-
and intra-patient variability of bioavailability and clearance, with 
the net result being a poor correlation between tacrolimus dose 
and blood levels'*". Since dose alone cannot be used to predict 
overall drug exposure (area under the curve, AUC). a parameter 
that correlates strongly with the efficacy and adverse effects of 
the drug, frequent monitoring of drug levels is essential. 

All tacrolimus assays are based on the same monoclonal anti
body. Initial clinical studies in Pittsburgh and elsewhere were per
formed based on plasma trough level, using an enzyme-linked 
immunosorbent assay (ELISA)-''. Plasma target levels were 
between 0.5 and 2.0 ng/ml. More recently a microparticle enzyme 
immunoassay (IMx) has been used'" to measure whole blood level, 
with target levels between 5 and 30 ng/ml. Advantages of this assay 
include more rapid turn-around time (1-3 vs 10-20 hours), greater 
sensitivity, and lack of temperature dependence (tacrolimus parti
tions into red cells as temperature drops). 

Side-effects 

Given that tacrolimus and CsA share a similar mechanism of 
action, it is not surprising that their clinical toxicities largely 
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overlap. The most prominent side-effects of both drugs include 
nephrotoxicity, neurotoxicity, impaired glucose metabolism, hy
pertension, and gastrointestinal disturbances. The incidence and 
degree of nephrotoxicity was similar among patients taking CsA 
and tacrolimus both in the US multicenter liver transplant trial 
and in the European triaP'''^'. Transient renal dysfunction im
mediately following transplantation is frequently observed with 
intravenous administration of tacrolimus or CsA. However, the 
degree of renal dysfunction has been minimized with a con
tinuous 24-hour infusion, instead of bolus infusion, of tacrolimus, 
and concomitant administration^''*' of low-dose prostaglandin E,. 
Hyperkalemia is more common with tacrolimus than with CsA, 
and is reported to be independent of renal function'*'''-. However, 
it is easily managed with fludrocortisone (Florinef®), 

Neurologic toxicity, which manifests as tremor, insomnia, 
headache, dizziness and photophobia, is somewhat more promi
nent in patients taking tacrolimus than in those on CsA'*'-'". In 
most cases these symptoms are dose-dependent and reversible. 
Severe neurologic toxicity, including aphasia, coma, and seizures, 
has been reported but is uncommon'"''^. The incidence of new-
onset diabetes mellitus and hypertension is similar with 
tacrolimus and CsA'*'*-. Hirsutism, coarsening of the facial fea
tures, and gingival hyperplasia, known side-effects of CsA, are 
notably absent with tacrolimus. 

INITIAL CLINICAL TRIALS 

Tacrolimus as a 'rescue' agent 

In its first clinical trial, tacrolimus was used as a 'rescue' agent in 
liver transplant patients experiencing rejection refractory to con
ventional immunosuppression. This initial pilot study at the 
University of Pittsburgh included 11 liver transplant recipients'•*. 
In this trial CsA was gradually tapered off while tacrolimus was 
administered at full dose. Rejection was reversed in seven pa
tients, while three had persistent rejection requiring retransplanta-
tion. Serious nephrotoxicity was frequently observed. As a result, 
in subsequent rescue patients, CsA was discontinued a minimum 
of 24 hours before tacrolimus was administered. 

Later reports of patients rescued from refractory rejection 
under conventional CsA-based immunosuppression (125 patients 
with refractory rejection in the US multicenter FK506 liver trans
plant study group) showed a success rate of 70% at 3 months after 
treatment, with graft and patient survival at 1 year of 50% and 
72%, respectively'". 

Tacrolimus as a primary immunosuppressant 

Encouraged by the initial 'rescue' trial, a prospective single-
center study of tacrolimus as a primary immunosuppressive agent 
for commonly transplanted organs (kidney, liver, pancreas, and 
heart) was launched at the University of Pittsburgh'^^^^. 
Tacrolimus was found to be an effective primary immunosuppres
sive agent. Early reports of hepatic transplantation showed 1-year 
patient and graft survival to be significantly higher than in histor
ical controls. Steroid requirements and the incidence of clinical 
rejection were also substantially lower in the tacrolimus-treated 
group. 

These initial results were confirmed by subsequent prospective, 
randomized, multicenter trials both in the USA and in Europe-'' -'. 
In the US trial, which consisted of 529 liver transplant recipients 
from 12 centers, primary endpoints were patient and graft sur
vival at 1 year, while secondary endpoints included the incidence 
of acute rejection, corticosteroid-resistanl rejection, and refractory 
rejection. There was no difference in patient or graft survival 
between the two groups. However, the incidence of acute rejec
tion (68% tacrolimus vs 76% CsA. /?<0.002), corticosteroid-resis-
tant rejection (19% tacrolimus vs .36% CsA, p<Q.OO\). and 
refractory rejection (3% tacrolimus vs 15% CsA, p<0.00\) were 
all significantly less common in the tacrolimus group. 

Similarly, the European trial, which enrolled 345 liver recipi
ents from 19 centers, found no difference in patient or graft sur
vival at I year, but did observe a significant reduction in acute, 
refractory acute, and chronic rejection episodes in the tacrolimus-
treated group. In both trials the cumulative dose of corticosteroids 
administered for both prophylaxis and treatment of rejection was 
significantly lower in the tacrolimus-treated patients than in the 
CsA-treated group. 

TACROLIMUS IN CARDIAC TRANSPLANTATION 

Tacrolimus as a primary immunosuppressant 

Tacrolimus has undergone clinical testing at the University of 
Pittsburgh on the thoracic transplantation service since October 
1989. The initial and intermediate-term results have been reported 
elsewhere^--'""'^**. Between 1 January 1989 and 31 December 
1994, 243 heart transplant recipients were enrolled in a non
randomized fashion to receive either tacrolimus- or CsA-based 
immunosuppression. Excluded from this analysis were patients 
undergoing relransplantation, those receiving multiple-organ 
transplants, and those dying within 7 days of transplantation from 
primary graft failure. 

There were a total of 121 patients in the tacrolimus group and 
122 in the CsA group. The CsA group included two subsets: 
(a) 72 patients who received CsA plus lympholytic induction 
(CsA + LI), with either OKT3 (11 patients) or rabbit anti-
thymocyte globulin (ATG, 61 patients); and (b) 50 patients who 
received CsA alone, based on a modified triple-drug regimen 
described by Bolman and associates"'''. 

The tacrolimus regimen included 15 mg/kg of methyl-
prednisolone given intraoperatively, with 5 mg/kg of methyl-
prednisolone given in three divided doses on postoperative day 1, 
followed by 0.3 mg/kg per day in a single dose on subsequent 
days. Conversion to prednisone was accomplished upon resump
tion of oral intake. Gradual weaning from steroids was initiated 
3 months after transplantation. Early in the trial, tacrolimus was 
given at a dose of 0.15 mg/kg per day, in two divided intravenous 
doses within 6-12 hours of transplantation. Due to a high inci
dence of renal dysfunction, dosing was decreased to 0 .01-
0.05 mg/kg per day as a continuous infusion, with conversion to 
oral tacrolimus, at 0.2-0.3 mg/kg per day in two divided doses, 
upon return of gastrointestinal function. Whole blood (IMx) target 
levels were maintained at 5-30 ng/ml in the first 2 months 
after transplantation. The level was subsequently reduced to 
5-15 ng/ml, depending upon the patient's renal function and 
rejection pattern. Azathioprine (2 mg/kg per day) was added if 
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Table 2 Rejection, and requirement for steroid boluses and lympholytic 
treatments, under different immunosuppressive protocols 

Immunosuppression 

1 2 3 4 5 6 
Time after transplantation (year) 

Figure 2 Actuarial survival following heart transplantation according to dif
ferent immunosuppressive protocols. CYA = cyclosporin alone; CYA + LI = 
cyclosporin plus lympholytic induction; FK = tacrolimus 

serum creatinine exceeded 2.0 mg/dl (to allow a reduction in the 
tacrolimus dosage), or if there was persistent rejection. 

Acute rejection in both groups was treated initially with pulse 
steroids, while OKT3 was reserved for steroid-resistant rejection. 

The tacrolimus and CsA groups were similar with the excep
tion that the mean age in the tacrolimus group was lower than in 
the CsA group (34.2 ± 22.3 vs 47.8 ± 14.5 years; p<0.05). The 
mean duration of follow-up was longer in the tacrolimus group 
(3.2 ± 1.3 vs 2.3 ± 1.8 years; p<0.01). 

One-year and 5-year actuarial patient survival rates were not 
significantly different (CsA alone; 91% and 74%; CsA + lym
pholytic induction {CsA -f- LI): 93% and 69%; and tacrolimus: 
90% and 76%) (Figure 2). 

Actuarial freedom from rejection at 3 months for the CsA-
alone group was 22%, significantly lower (p<0.01) than that of 
the CsA + LI (53%) and tacrolimus groups (47%) (Figure 3). The 
rate of rejection (episodes per 100 patient-days) in the tacrolimus 
group was significantly lower (p<0.05) than that of the CsA-alone 
or CsA + LI groups. Steroid boluses per 100 patient-days were 
lower in the tacrolimus group than in the CsA-alone (p<0.01) and 
the CsA + LI (p<0.05) groups (Table 2). 
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Figure 3 Actuarial freedom from rejection following heart transplantation 
according to different immunosuppressive regimens. CyA = cyclosporin 
alone; CyA + LI = cyclosporin plus lympholytic induction; FK = tacrolimus 

Tacrolimus CsA CsA + LI 

Rejection-free rate at 30 days 47% 22%' 53% 
Episodes of rejection' 0.09 0.26* 0.13' 
Steroid bolus» 0.09 0.20* O.ll' 
Lympholytic treatment* 0.009 0.06' 0.02 

I.I: lympholytic induction. 
* per iOO patient-days. 

p<0.0! compared to tacrolimus group; **;7<0.()!i compared to tacrolimus group 

Thirteen patients in the CsA-alone and five patients in the CsA 
-t- LI groups experienced intractable rejection (refractory to at 
least one course of pulse steroids and one course of lympholytic 
treatment); all were successfully treated by conversion to 
tacrolimus. Only two patients in the tacrolimus group developed 
intractable rejection; one was rescued with methotrexate, while 
the other required total lymphoid irradiation. 

Allograft coronary arteriopathy, defined as luminal irregularity 
or stenosis seen on coronary angiogram or the presence of diffuse 
coronary artery disease at autopsy, was evaluated in 183 patients. 
Actuarial freedom from allograft coronary disease at 4 years was 
82% for the tacrolimus group (103 patients) and 73% for the CsA 
group (80 patients) (p = n.s.). 

At last follow-up or at the time of death, 40 of 83 adult 
tacrolimus patients (48%) were free of steroids as compared to 16 
of 95 adult CsA patients (17%) (/><0.01). Of those still on 
steroids, the average daily dose of prednisone was 5.8 ± 
2.6 mg/day in the tacrolimus group and 8.0 ± 4.5 mg/day in the 
CsA group (p<0.01). The impact of tacrolimus was most dramatic 
in the pediatric group; 76% of the 42 pediatric recipients treated 
with tacrolimus were free of steroids. Of the 10 pediatric patients 
initially on CsA, eight required conversion to tacrolimus becau.se 
they could not be weaned off steroids; all were eventually free of 
steroids. 

Mean serum creatinine 1 year post-transplant was significantly 
higher in the tacrolimus (2.1 ± 0.5) group than in the CsA group 
(1.8 ± 0.5) (p<0.001). This difference disappeared by the second 
year. We believe that this early difference reflects a learning 
curve for the use of tacrolimus. New-onset hypertension was 
more prevalent in the adult CsA patients (84%) than in the 
tacrolimus patients (47%) (/;<0.0I). 

Twenty-five adults and one pediatric patient (21%) who were 
on tacrolimus had persistent hyperkalemia (K*>5.0 mEq/l) that 
required treatment. This was easily controlled with a low dose of 
tludrocortisone (0.2 mg/day). No patient died of hyperkalemia in 
this trial. 

The prevalence of new-onset insulin-dependent diabetes melli-
tus was the same in both tacrolimus (26%) and CsA (22%) adult 
patients. One of 50 pediatric patients on tacrolimus (both as a 
primary agent, and after conversion from CsA) developed new-
onset insulin-dependent diabetes mellitus. 

Two pediatric patients in the tacrolimus group developed post-
transplant lymphoproliferative disease (PTLD) at 4 and 5 months 
after transplantation; one resolved with reduction in immunosup
pression and the other died of disseminated PTLD. Another pedi-
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atric patient, who was initially on CsA, died of disseminated 
PTLD after conversion to tacrolimus. Of the adult patients, one in 
the tacrolimus group died of brain lymphoma; four in the CsA 
group died of other malignancies, comprising osteosarcoma (one), 
recurrent cardiac rhabdomyosarcoma (one), lung carcinoma 
(one), and testicular embryonal cell carcinoma (one). 

Other side-effects of tacrolimus, which have been reported 
elsewhere'" and include extremity paresthesias, akinetic mutism, 
myalgia, and tremor, were infrequent and transient. Notably 
absent in the tacrolimus group were gingival hyperplasia, hir
sutism, and coarsening of facial features. No patients in the 
tacrolimus group had severe and persistent adverse events that re
quired discontinuation of the drug. 

In summary, although survival after cardiac transplantation 
with tacrolimus immunosuppression is similar to that with CsA 
immunosuppression, tacrolimus is associated with a lower rate of 
rejection. In addition, use of tacrolimus permits both lower doses 
of steroids, and more success in weaning from steroids. The inci
dence of new-onset hypertension is less in tacrolimus-treated 
patients. Finally, intractable rejection is more common in CsA-
treated patients and shows an excellent response to conversion to 
tacrolimus. 

Tacrolimus as a 'rescue' agent 

We have evaluated tacrolimus as a 'rescue' agent for refractory 
rejection in 26 patients after an average of 435 days under 
cyclosporin-based immunosuppression. Refractory rejection was 
defined as persistent rejection of grade 3A or higher after at least 
one course of pulse steroids and one course of lympholytic 
therapy. In all patients, CsA was discontinued 1-2 days prior to 
initiation of tacrolimus. In 24 patients, tacrolimus successfully re
versed the rejection within 2 weeks. One patient required an addi
tional course of pulse steroids, while another needed both pulse 
steroids and OKT3 (after conversion to tacrolimus to reverse the 
rejection). 

In view of the heavy immunosuppression received by this 
subset of patients prior to tacrolimus therapy (many had received 
multiple courses of pulse steroids and lympholytic treatment), it is 
not surprising that four had major infections, while another four 
developed PTLD. We believe that tacrolimus has an important 
role as a rescue agent for cardiac transplant recipients experienc
ing intractable rejection under CsA-based regimens. However, 
conversion to tacrolimus should be accomplished prior to heavy 
doses of adjunct immunosuppressive therapy to minimize the risk 
of PTLD and major infection. 

TACROLIMUS IN LUNG TRANSPLANTATION 

Encouraged by the results in heart transplantation we initiated a 
randomized trial comparing tacrolimus- and CsA-based immuno
suppression for lung transplantation*"'-"'''. Between October 1991 
and May 1994, 133 single and bilateral lung transplant recipients 
were randomized to receive either tacrolimus (66 patients) or CsA 
(67 patients). At the time of graft revascularization all patients 
were given an intravenous loading dose of azathioprine (4 mg/kg) 
and a 500 mg bolus of methylprednisolone. Postoperatively, 
azathioprine was continued at 2 mg/kg per day, with adjust-
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Figure 4 Actuarial survival following lung transplantation under tacrolimus 
and cyclosporin 

ment made to keep the white blood cell count greater than 
5000 cell.s/mm\ 

Tacrolimus and CsA were administered intravenously at 6-8 
hours after transplantation. Tacrolimus was administered at a dose 
of 0.025 mg/kg per day as a continuous infusion, and the dose 
was titrated to achieve whole blood levels of 10-20 ng/ml (serum 
levels of 0.5-2.0 ng/ml). Conversion to oral tacrolimus at a dose 
of 0.30 mg/kg per day in two divided doses was accomplished 
upon return of gastrointestinal function. Similarly, CsA was given 
initially at 2.5 mg/kg per day as a continuous intravenous infu
sion, and then by oral administration to maintain serum levels of 
750-1000 ng/ml. 

Overall survival in the groups was similar with respect to I-
and 2-year survival rates (83% and 76% for tacrolimus, and 71% 
and 66% for CsA) (Figure 4). The predominant causes of mortal
ity in the perioperative period were ischemic lung injury followed 
by sepsis. Infection (primarily pneumonia) was the leading cause 
of death in the first year, while respiratory failure from oblitera-
tive bronchiolitis, with or without pneumonia, was responsible for 
six of nine late deaths. 

The incidence of acute rejection (number of episodes per 100 
patient-days) was lower in the tacrolimus group (0.85 ± 0.72) 
than in the CsA group (1.09 ± 0.72), although the difference did 
not reach statistical significance (p - 0.07), 

Patients who survived 60 days or longer after transplantation, 
and therefore were considered at risk for developing obliterative 
bronchiolitis (OB), were analyzed separately. Of the 60 patients 
who received tacrolimus and were at risk. 13 developed OB 
(21.7%). In contrast, 19 patients (35.8%) treated with CsA devel
oped OB (p = 0.03) (Figure 5). These intennediate-term results 
suggest that tacrolimus might reduce the incidence of OB. 

Thirteen patients initially treated with CsA were switched to 
tacrolimus in the postoperative period. Indications for the conver
sion included persistent acute rejection in nine patients, with one 
case each of persistent chronic rejection (OB), acute nephrotoxic
ity, severe headaches with anorexia, and inability to obtain an ad
equate CsA level. In contrast, only two recipients initially treated 
with tacrolimus were converted to CsA - one for anorexia, and 
one for inability to maintain an adequate tacrolimus level. Six of 
the nine patients with persistent rejection resolved their rejection 
after conversion to tacrolimus. 
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Figure 5 Freedom from obliterative bronchiolitis (OB) in lung transplant re

cipients treated with tacrolimus versus cyclosporin 

At 1 year following transplantation the extent of renal impair
ment was similar in the two groups with serum creatinine levels 
averaging 1.95 ± 0.72 mg/ml for patients receiving tacrolimus 
and 1.68 ± 0.6 mg/ml for CsA recipients. The frequency of new-
onset hypertension was similar in the two groups. 

Tacrolimus was associated with a reduction in the incidence of 
obliterative bronchiolitis, a histologic manifestation of chronic re
jection. We hope that with further follow-up this reduction in 
acute and chronic rejection will translate into improved survival. 

COMMENT 

Tacrolimus is proving an important immunosuppressant for heart 
and lung transplantation. While tacrolimus and CsA share a 
siinilar mechanism of action, clinical experience has demon
strated several distinct advantages of a tacrolimus-ba.sed immuno
suppression protocol. These include a lower incidence of acute 
rejection in cardiac transplantation, and a trend toward less acute 
rejection and a lower incidence of obliterative bronchiolitis in 
lung recipients. Tacrolimus is highly successful in rescuing re
cipients of heart and lung transplants who have refractory 
rejection under CsA-based immunosuppresion. Notably absent in 
the tacrolimus group are the side-effects of hirsutism, gingival 
hyperplasia, and facial 'brutalization'. The lack of these cosmetic 
effects, as well as the reduced requirement for steroids, in the 
tacrolimus group have made tacrolimus a preferred drug for heart 
and lung transplant recipients at the University of Pittsburgh, 
particularly in the pediatric group. 
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11 
Infection in Patients Undergoing Thoracic Organ 
Transplantation: Epidemiology, Pathogenesis, and 
Clinical Management 
S.J. THALER AND R.H. RUBIN 

INTRODUCTION 

Over the past several decades, remarkable progress has been 
made in the management of patients with advanced cardiac and 
lung disease - medications such as angiotensin-converting 
enzyme inhibitors for the management of heart failure, im
plantable defibrillators for the prevention of cardiac sudden death, 
such new antibiotics as the fluoroquinolones and imipenem in the 
treatment of pulmonary infection, and exercise rehabilitation pro
grams have all increased in the quality of life for these patients. 
However, all of these measures represent disease palliation rather 
than curative therapy and, in recent years, it has become apparent 
that the best chance for rehabilitation for patients with advanced 
cardiac and pulmonary disease (as it is for patients with advanced 
liver and renal disease) occurs with transplantation'. 

In the United States at the present time the 1 -year allograft and 
patient survival rates following cardiac transplantation are 81% 
and 82%, respectively; following single lung allografts, 67% 
patient and graft survival; and following heart-lung allografts 
53%. Even more remarkable is that the 5-year survival rate for 
cardiac allografts now approaches 70%^. Reflecting these suc
cesses, there are now approximately 1500 cardiac transplants, 500 
lung transplants, and 200 heart-lung transplants performed in the 
United States each year, with approximately 80% of the world's 
cardiac transplants performed since 1985 and 90% of the lung 
transplants since I988'-^, Transplantation of the thoracic organs as 
the treatment for end-stage disease of the heart and lungs has 
evolved over the past decade from an interesting experiment in 
human immunobiology to the most practical means of rehabili
tating a growing patient population. 

Despite this progress, three major hurdles must be overcome in 
every patient if transplantation is to be successful: the availability 
of a suitable donor organ in a timely fashion; host immunologic 
attack of the allograft in acute and chronic rejection processes; 
and the occurrence of life-threatening infection. 

The first two of these are covered in other sections of this 
monograph; it is the purpose of this chapter to delineate the epi
demiology, pathogenesis, and clinical management of infection in 
patients undergoing thoracic organ transplantation. The 

importance of these issues is illustrated by the following statistics: 
more than two-thirds of cardiac allograft recipients have at least 
one infectious episode in the first year post-transplant, with an 
even greater number of infectious events occurring in lung allo
graft recipients'. It is also important to emphasize that infection 
and rejection are intimately linked by the requirement for im
munosuppressive therapy. An important axiom of organ trans
plantation is that any intervention that decreases the risk of 
infection will permit the more aggressive treatment of rejection, 
thus salvaging more allografts; conversely, any intervention that 
decreases the risk of rejection will allow the use of lesser amounts 
of immunosuppressive therapy, thus decreasing the risk of infec
tion, and resulting in the salvage of more lives. The therapeutic 
prescription, then, for the transplant recipient has two compo
nents: an antirejection program and an antimicrobial program to 
make it safeK 

RISK OF INFECTION IN THE ORGAN TRANSPLANT 
RECIPIENT 

The risk of infection in the organ transplant recipient is largely 
determined by the interaction between the nature of the epidemio
logic exposures the patient encounters and the patient's net slate 
of immunosuppression. Table 1 delineates the epidemiologic 

Table 1 Epidemiologic exposures of particular importance in the 
thoracic organ transplant recipient 

A. 

B. 

Within the community 
1. The geographically restricted sy.stemic mycoses (histoplasmcsis. 

coccidioidomycosis, and blastomycosis) 
2. Mycobacterial infection 
3. Strongyloides stercoralis 
4, Respiratory viruses (influenza, parainfluenza, respiratory syncytial 

virus, etc.) 

Within the hospital 
1. Aspergillus >ipec\sii 
2. Legionella species 
3. Pseudomonas aeruginosa and other Gram-negative bacilli 
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exposures of importance. These can be divided into two general 
categories: those occurring in the community and those that occur 
within the hospital environment. Within the community the issues 
are reactivation of such long-dormant processes as tuberculosis, 
one of the geographically restricted systemic myco.ses (blastomy
cosis, coccidioidomycosis, and histoplasmosis), and strongyloid
iasis; and acute, rapidly progressive infection with one of these 
or, more commonly, such acute respiratory viru.ses as influenza, 
respiratory syncytial virus, and others that may be circulating in 
the community. The general pattern for all these infections is sy.s-
temic dissemination and/or a high rate of bacterial superinfection. 
For the clinician it is clear that a careful epidemiologic history of 
both recent and remote exposures is important in evaluating in 
infectious di.sease episode'. 

Within the hospital environment, such infections as invasive 
aspergillosis, legionellosis, and Gram-negative infection can be 
even more important problems, with an opportunity for nosoco
mial epidemics being constantly present. Two general epidemio
logic patterns are observed with these nosocomial outbreaks: 
domkiliary spread, in which exposure occurs on the ward where 
the patient is housed, due to contaminated air or potable water, 
with identification of the outbreak being relatively easy because 
of clustering of cases in time and space; and non-domiciliary 
spread, in which exposure occurs as the patient travels to the radi
ology suite, the catheterization laboratory, or operating room for 
an es.sential procedure. This latter form of epidemic is far more 
difficult to identify because of the lack of clustering, but is far 
more common than the domiciliary outbreak. The leading clue to 
the presence of such a problem is the occurrence of an oppor
tunistic infection at a point in time when the net stale of immuno
suppression would not normally allow it to occur (see below)'. 

The net state of iminunosuppression is a complex and evolving 
state which is composed of a number of factors (Table 2). Of par
ticular importance are the direct and indirect effects of the im
munosuppressive regimen. It is clear that the prime determinant 
of infection risk is the dose, duration, and temporal sequence in 
which immunosuppressive drugs are deployed. These not only 
inhibit multiple limbs of the host defense system (particularly the 
microbial-specific, MHC-specific T-cell response which is so im
portant in the control of herpes group viruses, fungi, mycobacte
ria, and other organisms), but also cause the reactivation and 
amplification of a group of immunomodulating viruses. It is now 
apparent that such viruses as the herpes group viruses, hepatitis B 
and C viruses, and the human immunodeficiency virus contribute 
significantly to the net state of immunosuppression. It is also ap
parent that a key determinant of the effects of these viruses is the 

Table 2 Factors contributing to the net state of immunosuppression in 
the thoracic organ transplant recipient 

1. Dose, duration, and temporal sequence of immunosuppressive therapy 
2. Presence of another immunosuppre.ssing condition 
.?. Neutropenia 
4. Presence of indwelling foreign bodies or other factors that compromise 

the first line of defense against infection: the mucocutaneous surfaces of 
the body 

5. Protein-calorie malnutrition 
6. Such metabolic factors as uremia and hyperglycemia 
7. Infection with one or more of the immunomodulating viruses (CMV, 

EBV, HBV. HCV. andHIV) 

nature of the immunosuppressive program being administered. 
The most critical of these interactions is the effect of immuno
suppressive therapy on cytomegalovirus (CMV), the single most 
important infection in transplantation. The antilymphocyte anti
bodies, both the polyclonal antithymocyte globulins and the mon
oclonal OKT3, have potent effects in reactivating latent virus (in 
contrast to such drugs as cyclosporin, FK506, rapamycin, and 
corticosteroids). Once active, replicating virus is present, then 
these latter drugs have a marked amplifying effect on the virus 
due to their potent suppressive effects on the key cytotoxic T-cell 
response'••". 

In addition to these complex interactions it is important for the 
clinician to recognize that other, more controllable factors con
tribute to the risk of infections. The vascular access devices, 
drainage tubes, catheters and other equipment such as pacing 
wires and stents that are essential for management in the early 
post-transplant period are important risk factors for infection. 
Extended intubation greatly increases the risk of pneumonia and 
sinusitis, and any extended period in the intensive-care unit 
markedly increases the risk of antimicrobial-resistant infection. 
Patients with difficulty in the first 2 weeks post-transplant also 
receive more than their share of antibiotics, which significantly 
increases their subsequent risk of antimicrobial-resistant in
fection, antibiotic-associated diarrhea, and loss of appetite. 
Malnutrition is extremely common in these individuals, with one 
measure of this, a low serum albumin, being linked to increased 
in-hospital mortality - usually due to infection'. 

TIMETABLE OF INFECTION IN THE ORGAN 
TRANSPLANT RECIPIENT 

As immunosuppressive programs have become standardized, it 
has become apparent that there is a temporal pattern of the times 
at which different infections occur in the post-transplant period; 
that is, although such infectious disease syndromes as pneumonia 
can occur at any time point post-transplant, the microbial etiolo
gies are very different at different time points. In the organ trans
plant patient the 'timetable for infection' can be divided into three 
periods: the first month post-transplant, the period 1-6 months 
post-transplant, and the late period, more than 6 months post-
transplant (Figure 1)'. 

In the first month post-transplant there are three categories of 
infection that become clinically manifest': infection that was 
present in the allograft recipient prior to transplant; infection con
veyed with the allograft; and infection related to technical issues 
involved with the operative and perioperative management. For 
heart, lung, and heart-lung transplant recipients, many of whom 
are critically ill prior to the transplant, the most common pretrans-
plant infections that will have a post-transplant impact are pneu
monia and vascular access bacteremia, both of which will be 
exacerbated in the peritransplant period. Indeed, all active infec
tion of the lungs and blood stream should be eradicated prior to 
transplant. As far as a contaminated allograft is concerned, infec
tion, particularly with Staphylococcus aureus. Gram-negative 
bacilli, and Candida species, carries a high probability of seeding 
of the vascular anastomotic site, with the subsequent development 
of a mycotic aneurysm and catastrophic disruption of the anasto
mosis'^". Contamination of the allograft, resulting in this disas-
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Figure 1 Timetable for the expected occurrence of different infections following thoracic organ transplantation (Modified from ref. I) 

trous sequence of events, may occur as a result of bacteremia or 
candidemia in the donor, contamination from respiratory flora 
during the harvesting procedure, or the handling of the organ 
prior to implantation. 

More than 95% of the infections occurring in the first month 
post-transplant are the same bacterial and candidal infections of 
the surgical wound, lungs, urinary tract, and vascular access sites 
that occur in non-transplant patients undergoing comparable 
surgery, although the impact is greater in the transplant 
patient '-". The key determinant in the development of these in
fections is the technical skill with which the operation is per
formed, the endotracheal tube managed, and the various vascular 
and drainage catheters assessed. A technical error in these pa
tients is a virtual guarantee of potentially life-threatening infec
tion. Prophylactic antibiotics at the time of the surgery can 
decrease the incidence of wound infection, but are of less impor
tance than the technical outcome of the surgical operation. 

Notable by their absence during this first month 'golden period' 
are opportunistic infections due to such organisms as 
Pneumocystis carinii, Aspergillus species. Listeria monocyto
genes, etc. The net state of immunosuppression during this first 
month is normally not great enough for these to occur, unless an 
unusually intense epidemiologic exposure has occurred. There 
are two important implications of this observation. First, since the 
daily doses of immunosuppressive drugs are at their highest in 
this first month post-transplant, it is apparent that the duration of 
immunosuppression (the 'area under the curve'), the intensity 

over time, is a more important determinant of the net state of im
munosuppression than is the daily dose administered. Second, the 
occurrence of a single case of opportunistic infection during this 
time period should be regarded as evidence of an excessive noso
comial hazard, and is usually an early indicator of a potential 
nosocomial epidemic'. 

During the period 1-6 months post-transplant the infections 
that occur may be divided into two categories, the second being in 
part dependent upon the first. By far the most important infec
tions during this time period are those caused by the im-
munomodulating viruses: cytomegalovirus (CMV), Epstein-Barr 
virus (EBV), the two hepatitis viruses, B and C (HBV and HCV), 
and the human immunodeficiency virus (HIV). These not only 
cause infectious disease syndromes directly during this time 
period (e.g. CMV is the most common cause of fever in this time 
period), but contribute significantly to the net state of immuno
suppression"''*. The combination of sustained immunosuppres
sive therapy and immunomodulating viral infection now makes it 
possible for opportunistic infection, particularly due to 
Pneumocystis carinii. Listeria monocytogenes, and Aspergillus 
species, to occur in this time period'. 

In the late period, more than 6 months post-transplant, trans
plant recipients can be divided into three groups in terms of their 
infectious disease risks: the majority (>75% overall) will have 
intact graft function without the continuing need for high-dose 
immunosuppressive therapy. These patients are at minimal risk 
for opportunistic infection; rather their problems resemble those 
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of the general community - influenza and other community-ac
quired respiratory virus infections, pneumococcal pneumonia, and 
urinary tract infection. In a small fraction of patients (approx
imately 10%), chronic, active viral infection persists, resulting in 
the inexorable development of end-organ failure (e.g. the liver 
from the hepatitis viruses or the retina from CMV), malignancy 
(e.g. hepatocellular carcinoma as a result of chronic hepatitis or 
squamous-cell carcinoma as a resuU of chronic papillomavirus in
fection, or the acquired immunodeficiency syndrome (AIDS) 
from HIV. Finally, approximately 15% of patients will have suf
fered recurrent bouts of acute and chronic rejection, requiring 
significantly greater amounts of acute and chronic antirejection 
therapy. Many of these patients will also have chronic im-
munomodulating virus infection. The end-result is the group of 
patients with the greatest net state of immunosuppression and the 
highest risk of opportunistic infection with such organisms as 
Pneumocystis carinii, Crypiococcus neoformans, and Listeria 
monocytogenes. Because of this risk, these 'chronic n'er-do-
wells' are candidates for preventive therapy with low-dose 
trimethoprim-sulfamethoxazole and fluconazole on an ongoing 
basis'. 

Early bacterial or fungal infections following thoracic 
transplantation 

The most common form of early infection following heart trans
plantation is bacterial pneumonia. Thus, in a recent review of 814 
patients from 24 centers, bacterial invasion accounted for 47% of 
all infections, with pneumonia being the most common form of 
bacterial infection encountered'*. Vascular access-related bac
teremia, urinary tract infection, and gastrointestinal tract infection 
(particularly diverticulitis) are also not uncommon. The microbial 
species responsible for such infections are typical of those 
causing infection in seriously ill surgical patients: Pseudomonas 
aeruginosa, Klebsiella species, Staphylococcus aureus, and 
Candida species. Interestingly, wound infections following heart 
transplantation are relatively uncommon, a testimony to good sur
gical technique and the efficacy of perioperative antibiotic 
prophylaxis. 

Lung and heart-lung recipients may be considered together, as 
the infectious disease problems of the latter more closely resem
ble those of the lung than the cardiac recipient. Once again, bacte
rial pneumonia is the most common serious early infection, 
occurring in 35-^5% of patients, with Gram-negative bacilli and 
S. aureus being the most important pathogens'''"". A number of 
physiologic reasons explain this high rate of pneumonia: dimin
ished cough reflex, prolonged intubation, abnormal mucociliary 
clearance, the abnormalities inherent in the bronchial anastomosis 
(which is particularly susceptible to ischemic injury), abnormal 
lymphatic drainage, prior colonization with organisms of either 
donor or recipient origin, as well as the most obvious reason -
the lung is the only transplanted organ in direct communication 
with the outside world. Of interest, in a canine animal system, 
contamination of the donor trachea predicted pneumonia in the 
recipient"-^'. The infecting organism did not always correlate with 
the donor flora; rather, the presence of bacteria was probably an 
indicator of impaired microbial clearance, setting the stage for 
overgrowth and pneumonia in the recipient. 

A particular problem in the lung transplant patient is pretrans-
plant colonization of the tracheobronchial tree with either 
Aspergillus species or Pseudomonas cepacia (both particular 
issues in patients with cystic fibrosis). In the case oi Aspergillus 
colonization, unless eliminated, there is a >50% risk of either in
vasive pulmonary aspergillosis or a localized necrotizing infec
tion at the bronchial suture line post-transplant^''-^''. Pretransplant 
and/or post-transplant colonization of the tracheobronchial tree 
with P. cepacia has been associated with a significantly worse 
prognosis for the successful rehabilitation and/or survival of the 
lung or heart-lung transplant recipient^*-^. 

Mediastinitis and/or deep infection of the chest wound occurs 
more commonly in lung transplant recipients than in cardiac 
transplant recipients (13.5% vs 8.0%), reflecting the increased 
technical challenges associated with lung transplantation''*-"-^''. 
Although such unusual organisms as Mycoplasma hominis and 
Legionella species have been reported in these patients, the great 
majority of such infections are due to Gram-negative bacilli, 
S. aureus, and Candida species^"-". 

Infection due to herpesviruses following thoracic 
transplantation 

All herpesviruses (which include CMV, EBV, herpes simplex 
virus types 1 and 2 (HSV-1 and HSV-2), varicella-zoster virus 
(VZV) and human herpesvirus-6 (HHV-6) exhibit three character
istics that make them particularly effective pathogens in the trans
plant recipient: latency, cell association, and oncogenicity^-. The 
term 'latency' connotes dormant infection of cells capable of 
being reactivated: that is, herpesviruses incorporate their genomic 
DNA into the host chromosomes, with no active viral RNA tran
scripts produced during the latent state. Once activation occurs, 
viral RNA is again produced, with viral replication now proceed
ing. The laboratory marker for the presence of latent herpesvirus 
infection is the presence of circulating antibody to the particular 
virus (seropositivity). 

In the case of CMV, VZV, and HHV-6, latency is quite stable, 
requiring particular stimuli (antilymphocyte antibody therapy, an 
allogeneic reaction, and pregnancy being common stimuli causing 
reactivation, especially in the case of CMV); in the case of EBV 
and HSV, although the same stimuli will reactivate virus, sponta
neous reactivation or other relatively minor stimuli (e.g. stress, 
menses, ultraviolet light, etc. - especially in the case of HSV) can 
result in active viral replication^'-'"'. Thus, approximately 25% of 
transplant patients at any one time have active replicating EBV, 
with this figure rising to >80% in the face of antilymphocyte anti
body therapy of rejection". Whatever the cause of herpesvirus re
activation, cyclosporin, FK506, and high-dose steroid therapy 
will amplify the level of virus replication due primarily to the in
terference with the key host defense - a virus-specific, MHC-
specific, cytotoxic T-cell response. This is the key host defense 
against these viru.ses (although non-specific NK cell activity may 
also offer some protection), as the highly cell-associated nature of 
these viruses renders humoral immunity inefficient, and this limb 
of host defense of prime importance. Finally, all herpesviruses 
should be considered potentially oncogenic, although clear-cut 
evidence of this effect has been shown only in the case of EBV 
and its role in the pathogenesis of B cell lymphoma'^-''. 

100 



INFECTION AFTER TRANSPLANTATION 

The impact of CMV on thoracic transplantation 

CMV is by far the most important of the herpesviruses in terms of 
its impact on the outcome of transplantation^*^". Not only does it 
directly cause a variety of infectious disease syndromes (e.g. 
mononucleosis, pneumonitis, hepatitis, gastrointestinal tract 
inflammation and ulceration, myocarditis, chorioretinitis, etc.) in 
the transplant patient, it also has significant indirect effects on the 
transplant patient. These indirect effects, probably caused by cy
tokines elaborated in the course of CMV infection, include the 
following: an increase in the global state of immunosuppression, 
thus predisposing to opportunistic superinfection; a possible role 
in the pathogenesis of EBV-associated lymphoproliferative 
disease; and a probable role in the pathogenesis of both acute al
lograft injury and such manifestations of chronic allograft injury 
as accelerated coronary artery atherosclerosis and bronchiolitis 
obliterans'. 

CMV infection occurs predominantly 1-4 months post-
transplant. Although evidence of viral replication (isolation of 
virus from urine or respiratory secretions, or rise in antibody titer) 
can be found in >50% of heart, lung, and heart-lung transplant re
cipients, the best laboratory marker for the presence of clinically 
significant disease is the demonstration of viremia*'^'. Viremia, 
as defined by cultural techniques, by an antigenemia assay, or by 
polymerase chain reaction (PCR), is usually demonstrable 3-8 
days prior to the onset of clinical disease, with >60% of these 
individuals developing symptomatic infection. 

There are three general patterns of CMV infection, each having 
a different potential for causing symptomatic CMV disease': 

(1) Primary CMV infection, which occurs when a seronegative 
recipient becomes infected with CMV following the transfer 
of latently infected cells from a seropositive donor (a D+ R-
transplant). More than 90% of the time the source of these la
tently infected cells is the allograft; however, viable leuko
cyte-containing blood products from a seropositive donor can 
also be a source of primary infection. More than 60% of indi
viduals at risk for primary infection will develop symptomatic 
disease, with lung transplant patients apparently having an 
even higher attack rate. 

(2) Reactivation CMV infection, which occurs when a seroposi
tive recipient reacrivates his or her endogenous virus from 
latency (an R+ transplant, with the donor status being irtele-
vant). Interestingly, although >50% of these patients will re
activate virus, only a minority (an estimated 20%) become ill, 
unless antilymphocyte antibody therapy is used to treat rejec
tion, in which case the incidence of symptomatic disease rises 
to >60%. 

(3) CMV superinfection occurs when an allograft from a 
seropositive donor is transplanted into a seropositive recipient 
(a D+ R+ transplant), and the virus that is reactivated is of 
donor origin (this occurs in approximately 50% of such trans
plants). It has been suggested that the attack rate for clinical 
disease is significantly greater for those patients with superin
fection with the donor virus as opposed to reactivation with 
their endogenous viral strain. The known genetic and anti
genic heterogeneity of CMV strains in nature makes this a 
plausible hypothesis, ahhough definitive proof remains to be 
gathered. 

The direct clinical effects of CMV infection are similar in all 
forms of organ transplantation: fever, often with accompanying 
leukopenia and thrombocytopenia, pneumonia (the most common 
of the life-threatening manifestations of CMV infection), hepati
tis, and gastrointestinal inflammation and ulceration""*-". The 
major difference among the different forms of organ transplanta
tion is that the organ transplanted is more severely affected than a 
native organ. Thus, pneumonia is a far more common and severe 
problem in recipients of lung and heart-lung transplants than in 
the other forms of transplantation, and myocarditis due to CMV is 
recognized almost exclusively in heart transplant patients''''''*. 
Thus, Ettinger et al. found that among 52 lung recipients, the 
attack rate for pneumonia was 80% for those at risk for primary 
infection (D+ R-), and 75% among all recipients*^ 

The incidence and severity of CMV disease are strongly 
influenced by two factors: the nature of the immunosuppressive 
therapy administered, and the past experience of donor and recipi
ent with the virus (as denoted by the presence or absence of 
seropositivity). Two population groups have been shown to have 
>60% incidence of symptomatic disease due to CMV infection: 
D+ R- transplant recipients (primary infection); seropositive (R-I-) 
patients treated with antilymphocyte antibody therapy (either the 
polyclonal antithymocyte globulin or the monoclonal OKT3). 
Seropositive patients treated with induction antilymphocyte anti
body therapy have an increase in CMV disease from approxi
mately 10% to 24%; those treated with an antilymphocyte 
antibody for rejection have an increase from approximately 20% 
to >60%''^. Recent evidence suggests that the release of tumor 
necrosis factor (TNF) is the key factor in these events: TNF acts 
as a promoter for the immediate early antigen of CMV, activating 
the virus from latency'^'*. The increased amount of TNF elabora
tion in association with antirejection therapy, as opposed to in
duction therapy with antilymphocyte antibodies, is presumably 
responsible for the observed difference in CMV disease. 

This proposed mechanism also explains two other observa
tions: the occurrence of CMV disease following allograft rejec
tion regardless of the immunosuppressive therapy employed; and 
the occurrence of CMV following bouts of urosepsis or bacterial 
pneumonia. In all of these instances TNF elaboration occurs, and 
CMV is reactivated; whether or not symptomatic CMV occurs, 
then, depends on the host's ability to control the replicating virus. 
This, in turn, is determined by the host's responsiveness to the 
virus, which is a function of the intensity of the immunosuppres
sion being administered (particularly the amount of cyclosporin 
and FK506 being administered) and the past experience with the 
virus. 

The potency of cyclosporin and FK506 in inhibiting the critical 
host defense against CMV, the virus-specific cytotoxic T-cell re
sponse, is further underlined by another clinical phenomenon; in 
the pre-cyclosporin era, relapsing CMV disease was essentially 
unheard of; at present, clinical relapse (defined as the occurrence 
of symptomatic disease within 6 weeks of completion of a 2-3-
week course of intravenous ganciclovir for symptomatic disease 
which eradicated clinical evidence of CMV infection) occurs in 
approximately 20% of patients with symptomatic disease''^. This 
figure, however, is somewhat deceiving in that the incidence of 
relapse is only about 10% in the R+ patients, whereas it is >60% 
for the D+ R- patients, again emphasizing the importance of the 
host's past experience with the virus. 
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The most important indirect effects of CMV infection are its 
contribution to the net state of immunosuppression and its poss
ible role in the pathogenesis of allograft injury. As far as the first 
of these is concerned, both in the murine model and in humans 
there is abundant evidence that CMV adds significantly to the net 
state of immunosuppression, predisposing particularly to those 
opportunistic infections that are susceptible to cell-mediated im
munity: aspergillosis, pneumocystosis, listeriosis, and dissemi
nated candidiasis being notable examples'''*•-. CMV-induced 
leukopenia is an important marker for profound virus-induced 
immunosuppression. 

Perhaps the most fascinating potential role of CMV is as a 
causal factor in the chronic vasculopathy of cardiac allograft ath
erosclerosis and bronchiolitis obliterans in the lung allograft*^*''*. 
In 1989 the Stanford group published compelling data on 301 
cardiac transplant patients, 210 of whom were free of CMV infec-
tion''\ The incidence of acute rejection, graft atherosclerosis, and 
patient death from atherosclerosis (as well as opportunistic fungal 
infection) were all greater in the CMV group. Since then a 
number of investigators have published series suggesting that 
acute and chronic rejection are more likely during chronic stimu
lation by CMV infection. The same has been suggested of bron
chiolitis obliterans following lung transplantation''''. Other groups 
have not found such associations'". If CMV is playing a role here, 
it is unlikely that the damage to the allografts is solely due to 
either direct viral injury or immunologic cross-reactivity (due to 
homologies between CMV antigens and certain MHC antigens). 
Rather, it is our belief that there is a link between allograft injury 
and CMV, that being the elaboration of cytokines in the course of 
the infection. These cytokines then modulate the display of MHC 
antigens on the allograft, as well as the host's response to these 
antigens'"' " , Thus, CMVs effects are not the only way to cause 
those events that lead to serious graft injury; but rather, given the 
ubiquity of this virus in this patient population, CMV is an 
important way to enter this final common pathway. 

Given the importance of CMV infection, a great deal of effort 
has been invested in the treatment and prevention of CMV 
disease^'*"''-. Intravenous ganciclovir, at a dose of 5 mg/kg twice 
daily (with dosage corrections for renal dysfunction) for 2-3 
weeks, is the standard of care for treating CMV, with many groups 
adding anti-CMV immunoglobulin to the regimen in patients seri
ously ill (as with pneumonia), those with primary infection, and 
those with relapsing disease. Foscamet has not been an important 
therapy in transplant patients, for two reasons: ganciclovir-
resistant infection in transplant patients, as opposed to AIDS pa
tients, is essentially unknown; and foscarnet's toxicities for the 
transplant patient population appear to be significantly greater. 

Table 3 delineates the various prophylactic programs that have 
been tried in patients to prevent CMV disease following thoracic 
transplantation and their efficacy. At present, although it is clear 
that the optimal program remains to be defined, the following 
conclusions appear to be warranted. 

(1) One month of intravenous ganciclovir is effective prophylaxis 
against CMV disease for R+ patients. 

(2) The addition of ganciclovir at a dose of 5 mg/kg per day intra
venously to regimens that include antilymphocyte antibody 
therapy provides important added protection to any preventa
tive program (so-called pre-emptive therapy). 

(3) The relative values of combined immunoglobulin 4- antiviral 
regimens, sequential programs (intravenous ganciclovir fol
lowed by oral therapy with either oral ganciclovir or high-
dose acyclovir) remain to be established. 

(4) New laboratory approaches to diagnosing preclinical viremia 
(antigenemia assay or PCR) may permit the use of pre
emptive therapy on the basis of presymptomatic diagnosis of 
systemic infection. 

The impact of Epstein-Barr virus on thoracic 
transplantation 

Essentially all adults have experienced infection with the 
Epstein-Barr virus, with this occurring in developed countries pre
dominantly in adolescence and young adulthood. EBV infects two 
cell types: primary infection of the epithelial cells of the upper res
piratory tract, particularly the oropharynx and parotid duct, fol
lowed by secondary B lymphocytes traveling through the 
oropharyngeal lymphoid tissue^\ Infection of epithelial cells is 
lytic, whereas in B cells infection results in transformation and im
mortalization. Control of this infection, including the immortalized 
B cells, is primarily via the host's cytotoxic T-cell response. The 
clinical consequence ofthe.se events in the immunocompetent indi
vidual is infectious mononucleosis, an illness characterized by 
fever, cervical adenopathy, pharyngitis, hepatosplenomegaly, and 
both an absolute and atypical lymphocytosis. 

In the transplant patient there is little impediment to ongoing 
B cell transformation and the proliferation of transformed clones, 
because of the marked inhibition of the virus-specific cytotoxic 
T cell response'^. In EBV seropositive individuals, reactivation 
of viral replication in the pharynx is quite common, occurring in 
20-30% of those being treated with baseline immunosuppression, 
with this percentage rising to >80% with antilymphocyte antibody 
therapy. Although usually asymptomatic, EBV may cause a 
mononucleosis-like syndrome in the seropositive patient that is 

Table 3 Current prophylactic programs against herpesviruses for thoracic organ transplant recipients' 

Donor serologic 
status 

Recipient 
serologic status Current recommendations 

Posilive Negative 4-6 weeks of intravenou.s ganciclovir, followed by 3 months of oral ganciclovir, ± hyperimmune anti-CMV globulin 
Positive or negative Positive Intravenous ganciclovir for 1-4 weeks followed by high-dose oral acyclovir for 3 ^ months 
Negative Negative Intravenous acyclovir during anti-lymphocyte antibody therapy (against Epstein-Barr virus) 

' Based on currendy available information these are the programs we currently utilize. As new data appear, revisions will be made. In addition, intravenous ganciclovir is administered 
dunng antilymphocyte antibody therapy (unless donor and recipient are both seronegative for cytomegalovirus, in which case intravenous acyclovir is utilized) 
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indistinguishable from that caused by CMV. Far more important is 
the occurrence of EBV-associated post-transplantation lympho-
proliferative disease (PTLD), which has been particularly common 
in lung and heart-lung transplant recipients (an incidence of 
5-10%. as compared with an incidence of \-29r in kidney trans
plant recipients)** .̂ Factors particularly associated with the occur
rence of PTLD include primary EBV infection (which primarily 
occurs in children), intensive immunosuppressive regimens that 
combine antilymphocyte antibody therapy with cyclosporin or 
FK506, and preceding symptomatic CMV disease*'*""''. This last 
may be due to the effects of cytokines elaborated in the course of 
the CMV infection, or merely due to similar effects of immuno
suppressive therapy on these closely related herpesviruses. 

Pathologically and clinically, PTLD should be regarded as en
compassing a continuum from polyclonal lymphoid hyperplasia 
to a monoclonal, frankly malignant picture*"*. Symptomatically 
there is likewise a broad spectrum of disease, with fever, gastroin
testinal bleeding, hepatitis, infiltration of the allograft, tonsillitis, 
bone marrow invasion, and invasion of the central nervous system 
singly or in combination all being possible. Unlike the situation 
with lymphoma in non-immunosuppressed patients, PTLD is not 
infrequently extranodal in presentation. 

With evidence that the level of replicating virus present in the 
pharynx is predictive of the risk of PTLD, and the fact that acy
clovir and ganciclovir can turn off EBV replication, it is hoped 
that the same kind of antiviral programs being developed for 
CMV prevention may be useful in the prevention of PTLD. Once 
PTLD develops, it is not yet clear what is optimal management. 
The role of the antivirals is biologically limited to controlling 
lytic infection in the pharynx, and has no effect on the episomal 
form of the virus present in the infected B cells. Thus, antiviral 
therapy is of only limited efficacy**'* •". All patients require a 
significant decrease in immunosuppression, particularly in the use 
of cyclosporin, FK.'>06, and antilymphocyte antibodies, with an 
estimated 20% responding to this course of action alone'*'̂ . In pa
tients with localized gastrointestinal tract disease, resection and 
radiation have been effective. For more widespread disease, sur
vival is poor, although conventional antilymphoma chemotherapy 
is advocated. Because of the limited success of such programs, 
experimental therapies with T-cell infusions, anti-B cell anti
bodies, and a-interferon are currently also being evaluated'''. 

The impact of herpes simplex virus on thoracic 
transplantation 

Infections with both HSV-1 and HSV-2 are common in the 
general population, and approximately 75% of transplant recipi
ents will excrete the virus post-transplant as a result of immuno-
suppression-induced reactivation'''*''''. About two-thirds of these 
will have symptomatic mucocutaneous lesions if no antiviral 
therapy is administered. In addition, a rare patient has acquired 
primary infection at the time of transplant, resulting in rapid sys
temic dissemination, multiorgan failure, and death unless early 
diagnosis and therapy are effected'"'''*'*. 

The most common clinical manifestation of HSV infection in 
transplant recipients is an aggressive form of herpes labialis, with 
large, ulcerating, hemorrhagic lesions around the mouth, anus, 
and/or genitalia, This disease process can extend into the tracheo

bronchial tree or esophagus, most commonly in the presence of an 
endotracheal tube or a nasogastric tube. 

Patients undergoing heart-lung or lung transplantation appear 
to be at particular risk for pneumonitis due to HSV. In one recent 
series of 51 heart-lung recipients, nine HSV-seropositivc recipi
ents developed severe mucocutaneous disease and another six de
veloped pneumonitis, five of whom died''''. The high rate of viral 
excretion, local disease and the risk of pneumonitis all mandate 
the use of antiviral prophylaxis in lung and heart-lung patients. 
Fortunately, either acyclovir or ganciclovir is equally effective in 
this regard, and HSV prevention should be regarded as part of the 
general antiviral program aimed also at CMV and EBV. In 
cardiac allograft recipients, because the incidence of severe 
disease is more unusual, early intervention with acyclovir is an 
alternative to prophylaxis. 

The impact of varicella-zoster virus on thoracic 
transplantation 

Infection with VZV in the setting of transplantation is quite differ
ent in the pediatric and adult transplant populations. By the age of 
15, >90% of United States residents are seropositive to VZV and 
no longer at risk for primary disease''''. Approximately 10% of 
these individuals will develop dermatomal zoster, with essentially 
no risk for visceral spread. In contrast, seronegative children and 
adults with primary infection are at significant risk for dissemi
nated visceral disease, which can include pneumonia, hepatitis, en
cephalitis, disseminated intravascular coagulation, and other 
complications'"""". Early therapy with high-dose intravenous acy
clovir (e.g. 10 mg/kg every 8 h, with dosage adjustment for renal 
dysfunction) can be life-saving, but prevention is far to be pre
ferred'"-. Zoster immune globulin prophylaxis offers only partial 
protection to seronegative transplant patients exposed to the virus. 
For this reason it is recommended that all transplant candidates be 
serologically screened for VZV, with seronegative individuals 
being administered the newly licensed varicella vaccine'"*. 

The impact of human herpesvirus-6 on thoracic 
transplantation 

Both HHV-6 and HHV-7 can be considered 'orphan viruses" in 
transplantation. Whereas evidence of HHV-6 primary and reacti
vation infection has been well demonstrated in organ transplant 
recipients, its clinical impact is unclear'*"*'"^. HHV-7 has been 
isolated from the CD4-positive lymphocytes of asymptomatic im
munocompetent individuals but, as yet, not from transplant pa
tients""*. If one were to postulate a role for these agents in the 
transplant patient, by analogy one would look for the direct pro
duction of a mononucleosis-like syndrome and indirect effects 
similar to those produced by CMV. Clearly, this is an emerging 
area of transplant infectious disease. 

The impact of hepatitis viruses on thoracic 
transplantation 

The prevalence of chronic liverdisea.se in organ transplant recipi
ents is approximately 10%"'''. Although a variety of drugs com-
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monly employed in transplant patients (from azathioprine and cy
closporin to antihypertensive and antimicrobial agents) are poten
tially hepatotoxic, and the herpesviruses CMV and EBV can 
cause acute hepatocellular disease, hepatitis B and C viruses 
account for >95% of the chronic liver disease in the transplant 
population. Each of these viruses presents three major manage
ment issues: the appropriate approach to a seropositive donor; the 
suitability of a seropositive patient with end-stage cardiac and/or 
lung disease for transplantation; and the management of patients 
with active infection post-transplant. 

The efficiency of transmission of HBV with organ transplanta
tion from an infected donor approaches 100%, with a relatively 
high rate of acute hepatic failure associated with the acquisition 
of HBV in the peritransplant period"""'"'. Fortunately, with 
modem screening of blood products, the risk of transmitting HBV 
with blood transfusion is estimated to be 0.002% per unit tested; 
since the same techniques are used to screen organ donors, the 
risk of a seronegative donor transmitting HBV to the recipient 
should be comparable. Although it is clear that HBsAg-positive 
donors are to be avoided, it is also important to recognize that 
HBsAg-negative but HBcAb-positive donors can, on occasion, 
transmit the virus"-*. Because of this risk, we would only consider 
using such donors for patients awaiting an organ who are at im
mediate risk of death without a transplant. 

Management of the HBsAg-positive transplant candidate 
remains controversial"''. Post-transplant immunosuppression up-
regulates the level of viral replication and accelerates the rate of 
progression of the resulting liver disease. Beginning approx
imately 2 years post-transplant there is an increasing incidence of 
clinically important chronic liver disease and/or hepatocellular 
carcinoma. Thus, as reported by Rao et ciL, in a population of 
HBsAg-positive renal transplant patients the prevalence of cirrho
sis was 42% and the rate of death from liver disease was 54% 
over a time period of approximately 8 years" ' . Thus, many 
groups regard HBsAg-positivity as strong relative contraindica
tion to transplantation"' "'̂ . 

Hepatitis C is responsible for >80% of the chronic liver 
disease that occurs in transplant recipients'"''. It is now recog
nized that there are six genotypes of the virus, with specific geo
graphic clustering: subtype la is most prevalent in North 
America, whereas lb occurs in North America and western 
Europe, type 5 in South Africa and type 6 in Hong Kong'^". 
Recent studies suggest that these different genotypes have dif
fering levels of viremia, clinical courses, and responses to inter
feron therapy'-'. The host response to HCV infection is at 
present incompletely understood: antibody to HCV does not 
appear for inany weeks after the initiation of infection in normal 
hosts; this delayed response is probably even greater in the im-
munosuppressed transplant patient. Not only is this important in 
terms of diagnosis, anti-HCV testing being the most accessible 
means of assessing infection with the virus, previous infection 
does not protect against rechallenge against either the same 
strain or a different strain of the virus. The consequences of 
HCV infection are starting to become apparent: by 10 years 
post-transplant approximately 20% of transplant recipients with 
chronic HCV infection (and virtually all transplant patients with 
HCV infection will have chronic infection) will have serious 
consequences of HCV infection'-- '-''. Therapy with a-inter-
feron is far less effective in this patient population than in the 

general population, an approximately 25% initial response rate 
and a very high rate of relapse'^'-'^''. 

HCV infection by itself is not considered a strong contraindica
tion to transplantation at most transplant centers, although careful 
assessment of the liver is required before proceeding, as post-
transplant immunosuppression will clearly amplify the level of 
replicating virus'^'. Far more controversial is the appropriate ap
proach to donors who might be harboring the virus. It is estimated 
that 1-5% of potential donors are anti-HCV-positive, with ap
proximately half of these transmitting the virus to the allograft re
cipient. If PCR assay is performed for HCV RNA in the serum of 
the potential donor, it is apparent that essentially all viremic indi
viduals transmit the virus with organ donation'^**'^^. Thus, the 
anti-HCV assay has a high false-positive rate in terms of predict
ing transmission of HCV, as well as a high false-negative rate. 
Since the PCR assay cannot be performed routinely in the timely 
fashion needed to assist in evaluating a potential thoracic organ 
donor, it is unclear how best to optimize the number of organs 
available, while at the same time decreasing the transmission of 
HCV. Our own approach is to reserve organs from anti-HCV-
positive donors for critically ill patients or for older recipients, 
feeling that the several years necessary for HCV to become clini
cally apparent post-transplant offers a trade-off that is acceptable 
for these two population groups. 

The impact of toxoplasmosis on thoracic 
transplantation 

Toxoplasma gondii causes a widespread zoonosis in which infec
tion occurs following ingestion of undercooked lamb or pork con
taminated with tissue cyst, vegetables contaminated with infected 
animal feces (particularly cats), or inhalation of infected cat 
feces"". Following inhalation or ingestion, the tachyzoites or in
vasive form of the parasite may infect a variety of cell types, with 
lymphadenopathy, a mononucleosis syndrome, and ocular disease 
being the most common manifestations in the immunologically 
normal individual. Although occasional cases of toxoplasmosis, 
including disseminated disease with a major effect on the central 
nervous system (both focal lesions and diffuse encephalitis akin 
to that seen in the AIDS patient), have been reported in organ 
transplant patients, these are rare in all but cardiac allograft re
cipients. Particularly important is the instance when the allo
graft donor is seropositive and the recipient seronegative for 
T. gondii. In these instances there is a >50% incidence of sympto
matic toxoplasmosis, with myocarditis and myocardial dys
function being the most common manifestations of toxoplasmosis 
in this patient population'^'"-. In addition, dissemination and 
central nervous system disease may also occur" ' "* . A not-
uncommon error in these patients who are at risk for primary 
toxoplasmosis is to diagnose rejection and treat with increased 
immunosuppression, as opposed to anti-toxoplasmosis therapy, 
with this error having disastrous consequences. 

All cardiac transplant patients who are seronegative for toxo
plasmosis and are receiving an allograft from a seropositive donor 
should receive anti-toxoplasmosis prophylaxis. Whether or not 
trimethoprim-sulfamethoxazole is adequate for this purpose is 
at present unclear, and it is our policy to utilize either 
pyrimethamine plus a sulfonamide or atovaquone for 4 months in 
these patients'""*. 
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The impact of Pneumocystis carinii infection in 
thoracic transplantation 

Pneumocystis carinii infection is a major pathogen in organ trans
plant recipients. Whereas approximately 10% of renal transplant 
patients will develop symptomatic Pneumocystis pneumonia in 
the first 6 months post-transplant, the rate is significantly higher 
in cardiac (38% in one series) and lung (88% in one series) trans
plant recipients not receiving prophylaxis, although not all of 
these were symptomatic'". Patients with coexistent CMV infec
tion, those receiving higher doses of corticosteroids, and those 
with chronic rejection are at particularly high risk. 

The clinical presentation of Pneumocystis pneumonia among 
thoracic allograft recipients is similar to that of other populations: 
the subacute onset of fever, chills, dyspnea, non-productive 
cough, and a peribronchovascular ('interstitial') infiltrate on chest 
examination, with hypoxemia demonstrable on blood gas mea
surement. Differential diagnostic considerations include CMV in
fection, other viruses and, in the lung transplant patient, rejection. 
Therefore, in patients who have not been on effective 
Pneumocystis prophylaxis, rapid diagnosis, usually via bron
choscopy and bronchoalveolar lavage, is essential. 

In addition to the morbidity and mortality associated with 
Pneumocystis pneumonia there is another compelling reason for 
attempting to prevent this otherwise common infection: treatment 
of transplant patients receiving antirejection therapy with cy
closporin or FK506 with the necessary dosages of either trimetho
prim-sulfamethoxazole or pentamidine (the two first-line drugs 
for the treatment of Pneumocystis) is associated with a high rate 
of either nephrotoxicity or bone marrow toxicity. This is clearly 
an infection to be prevented, not treated. Low-dose trimethoprim-
sulfamethoxazole (we use one single-strength tablet, containing 
80 mg of trimethoprim and 400 mg of sulfamethoxazole, at 
bedtime for a minimum of 6-12 months post-transplant) provides 
virtually complete protection against this infection, while provid
ing similar protection against nocardiosis, listeriosis and, perhaps, 
toxoplasmosis in the patient who is already seropositive for this 
organism"'*"''"'. In those patients who cannot tolerate trimetho
prim-sulfamethoxazole, prophylaxis with a second-line regimen 
(e.g. atovaquone, dapsone, or monthly aerosol pentamidine) is 
obligatory. 

The impact of mycobacterial infection on thoracic 
transplantation 

Because of the critical role of T cell immunity and activated 
macrophages in controlling tuberculosis, it would be expected 
that, among transplant recipients, active tuberculosis would be an 
important threat. In fact, although tuberculosis is more common 
in transplant recipients, with an attack rate of 480 per 100 000 vs 
13.1 per 100 000 in the general population, most centers in North 
America and Europe report that mycobacterial infection accounts 
for <2% of transplant-associated infections"". The rate is, 
however, significantly higher in populations such as those in de
veloping countries, where the endemic level of tuberculosis in the 
general population is high. Thus, in India tuberculosis accounts 
for 10% of transplant-associated infections, with a mortality rate 
of approximately 25% (11% for pulmonary disease and 37% for 
disseminated disease)'''^. 

Most reports of tuberculosis in transplant recipients have con
cerned kidney transplant recipients. In these reports it appears that 
both disseminated and joint infection are more common than in 
the general population'''^''". Less is known about recipients of 
thoracic organ transplants. A recent report of three cases of tuber
culosis among heart transplant recipients brings the total reported 
cases to 12 among the approximately 12 000 heart transplants that 
have been carried out in the world'^*. About half of these reported 
cases are extrapulmonary or disseminated, with several occurring 
in conjunction with such other infections as CMV, nocardiosis, 
and aspergillosis. A small number of cases of tuberculosis have 
likewise been reported among lung transplant recipients, with the 
clinical presentation varying from that of a subacute pneumonia 
or focal pulmonary lesion to an isolated, unexplained pleural 
effusion'^7''»». 

Although the majority of patients developing tuberculosis rep
resent instances of reactivation disease, several reports document 
the transmission of the infection with the allograft. In one report a 
donor was subsequently found to have tuberculous meningitis; 
both recipients of kidneys from this donor developed evidence of 
active tuberculous infection''*''. In another case, fatal miliary tu
berculosis developed 11 weeks following heart-lung transplanta
tion'''*. In retrospect a computerized tomographic scan 
demonstrated calcified lymph nodes, and pathologic examination 
of the donor lungs revealed an old Ghon complex. Clearly, then, 
tuberculosis can be conveyed with the allograft, and careful 
evaluation of prospective donors for this possibility is essential. 

A more common issue is the management of individuals known 
to be tuberculin-positive. Because the bulwarks of antitubercu-
lous therapy, isoniazid and rifampin, may cause hepatic toxicity, 
as well as affect the metabolism of cyclosporin and prednisone, 
concern has been raised regarding the routine use of antitubercu-
lous prophylaxis in transplant patients with positive tuberculin 
tests. Our approach has been to utilize isoniazid in certain patients 
when at least one other risk factor for tuberculosis is present. Risk 
factors of importance include the following: noncaucasian racial 
background; history of past active disease, particularly if not 
treated optimally; significant abnormalities on chest X-ray; the 
presence of protein-calorie malnutrition; or the presence of some 
other immunosuppressing process'. 

In addition to infection with M. tuberculosis, transplant patients 
have an increased risk for localized and disseminated infection 
with a variety of atypical mycobacteria. Cutaneous infections, 
pulmonary disease, septic arthritis, and disseminated disease have 
all been reported in transplant patients due to these organ
isms'"'*'**'"""''^''. In 1994 Patel et al. presented an extensive 
review of this topic, noting that 67% of patients presented with 
soft tissue, bone, or joint infection, and >50% had multiple sites 
of infection'". The clinical presentation was subacute, with active 
infection being present up to a year before diagnosis. Of the 28% 
of patients with pulmonary disease the majority were infected 
with M. kansasii; in contrast, those with soft tissue infection 
were commonly infected with organisms belonging to the 
M. chelonae/fortuitum complex. In addition, other atypical myco
bacteria such as M. avium-intracellulare, M. haemophilum, 
M. thermoresistibile, and M. scrofulaceum have been reported. 
Risks factors for disease with these organisms include, in addition 
to immunosuppression: tissue injury (particularly to the skin), and 
exposure to contaminated water (as in aquariums, swimming 
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pools, freshwater ponds, etc.). Treatment of these infections 
remains non-standardized, but decrease in immunosuppression 
and surgical debridement are often necessary. Effective 
chemotherapy relies heavily on in vitro susceptibility testing, al
though the newer fluoroquinolones and macrolide antibiotics have 
greatly increased our ability to treat these uncommon infections. 

The impact of fungal infection in thoracic 
transplantation 

Fungal infection remains an important problem in thoracic organ 
transplantation. In the early days of heart transplantation >30% 
of cardiac allograft recipients developed significant fungal 
infection; fortunately, this has decreased to 5-2\9r in recent 
years'^'^'''''. In lung recipients, however, it is estimated that 
.^S^S^r of patients develop evidence of fungal infection'- ''*"''. 
The infections that occur can be divided into two major 
categories: infection with the geographically restricted systemic 
mycoses (blastomycosis, coccidioidomycosis, and histoplasmo
sis); and those due to the opportunistic pathogens, particularly 
Cundidci species. Aspergillus species, and Crypiococcus 
neoformans. 

With respect to the geographically restricted systemic infec
tions, three general patterns are observed': (a) progressive 
primary infection following inhalation of the organism, resulting 
in both signiiicant pulmonary disease and a high incidence of sys
temic dissemination; (b) reactivation of an old, dormant focus, 
with a significant risk of secondary dissemination; and (c) reinfec
tion, again with a risk for systemic dissemination, in a previously 
immune individual, due to the combined effects of immunosup
pression and a significant epidemiologic exposure. Thus, for the 
clinician, knowledge of both recent and remote epidemiologic 
history is of importance. Common clinical presentations of these 
infections in the transplant patient include the following: fever of 
unknown origin, unexplained cough or shortness of breath, or 
manifestations of metastatic infection (e.g. headaches due to 
meningeal coccidioidomycosis; mucocutaneous disease due to 
histoplasmosis; or culaneous disease due to blastomycosis)'""'". 

Candidal infection accounts for more than three-quarters of the 
fungal infections in transplant patients. The most common mani
festations include mucocutaneous infections, the incidence of 
which is related to steroid and antibacterial use, as well as ad
equacy of blood sugar control. Although thrush and vaginitis are 
bothersome, symptomatic esophagitis is the most important form 
of mucocutaneous infection. Many of the less invasive infections 
(such as thrush) respond well to topical therapy with clotrimazole 
or nystatin, although fluconazole may be used for more rapid 
control. Esophagitis, however, should be treated with fluconazole 
or amphotericin B. Candiduria is also common, and is usually 
treated aggressively, because of fear of dissemination. Again, 
fluconazole is the cornerstone of therapy, with low-dose intra
venous amphotericin plus flucytosine a useful alternative, particu
larly when infection is due to candidal species resistant to 
fluconazole (e.g. C. knisei and C. glahrata). The time-honored 
method of amphotericin bladder irrigation via an indwelling 
catheter is less effective than systemic therapy, and carries the ad
ditional risk of bacterial superinfection. A particular form of 
mucosal disease that bears mention is the effects of candidal in

fection/colonization on the bronchial anastomosis in lung trans
plant patients"'', Since this can affect wound healing we advocate 
aggressive prophylaxis and surveillance for the presence of candi
dal species in the first weeks following transplantation. 

The most important serious infection with Candida is blood 
stream infection, which usually occurs as a con.sequcnce of va.scu-
lar access infection. Candidemia in the transplant recipient carries 
a >50% risk of visceral dissemination, and even a single positive 
blood culture necessitates a course of systemic chemotherapy in 
addition to removal of the vascular access line"''. The optimal 
treatment regimen is currently unknown. Pending the develop
ment of more data, our approach is the following: in the acutely 
ill patient, therapy is initiated with amphotericin until control of 
the process is achieved, at which time the patient is switched to 
fluconazole. In less acutely ill patients, therapy is initiated with 
fluconazole as long as the candidal species isolated is not thought 
to be resistant. The overall duration of therapy is determined by 
the patient's clinical presentation and response to therapy. In 
general, particularly when treatment can be accomplished with 
oral fluconazole, our preference is to treat for 1-2 weeks beyond 
the point at which the patient has been rendered free of all clinical 
evidence of the infection. 

Aspergillosis, particularly that acquired within the hospital, 
remains a significant concern in all organ transplant recipients. 
Approximately 90% of the cases of aspergillosis observed involve 
the lungs, with the nasal sinuses accounting for most of the re
mainder (an occasional patient will have inoculation of 
Aspergillus spores directly into a surgical wound or vascular 
access site, resulting in invasive cutaneous aspergillosis)"'-"*. 
Wherever the primary site of infection, the cardinal signs and 
symptoms of aspergillosis in this patient population are due to the 
vasculotropic nature of this infection: tissue infarction, hemor
rhage, and metastasis. Thus, clinical presentation can represent 
the primary site of involvement (i.e. the lungs or sinuses) or a site 
of tnetastasis. As far as the latter is concerned, the most common 
example of this is the patient with a focal neurologic deficit or 
seizures due to invasive aspergillosis metastatic from a relatively 
asymptomatic pulmonary focus"''' '̂ ". In lung transplant patients a 
necrotizing lesion at the site of the bronchial anastomosis has 
been a particular problem unique to this population-"*. 

Aspergillus fumigatus and A. fluvus account for >90'7f of these 
infections, with the other Aspergillus species accounting for the 
remainder. Once the respiratory tract is colonized with 
Aspergillus, more than two-thirds of patients will develop inva
sive disease, thus justifying an aggressive approach to this infec
tion in this patient population'" " \ Aspergillus species, in the 
non-immunosuppressed host, have a particular propensity for col
onizing structurally and functionally abnormal respiratory tracts 
(e.g. in cystic fibrosis patients, those with bronchiectasis, and 
those with chronic sinusitis). Since many of these individuals are 
awaiting lung transplantation, it is important to demonstrate 
whether or not such colonization is present, and to attempt to 
eradicate this infection prior to transplantation. Unfortunately, the 
options for therapy against Aspergillus are limited. Itraconazole, 
presumably because of its erratic bioavailability, has not proven 
reliable as primary therapy in transplant patients, and can safely 
be used only to eradicate carriage in the pretransplant situation 
where therapeutic failure can still be corrected, or as 'wrap-up" 
therapy following an extended course of amphotericin. Otherwise, 
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at present, extended courses of amphotericin remain the standard 
of care. Because of the toxicities associated with such therapy, 
the emphasis should be on prevention, particularly on eliminating 
potential nosocomial hazards. 

Cryptococcus neoformans occurs predominantly >6 months 
post-transplant, with a particularly high attack rate in the patient 
who has had multiple bouts of acute and chronic rejection, requir
ing higher than normal amounts of immunosuppressive therapy 
(the 'chronic n'er-do-wells'). C. neoformans also has a pul
monary portal of entry, often asymptomatic, occasionally present
ing as a subacute pneumonia or isolated pulmonary nodule 
discovered on chest X-ray. Far more common, however, is the 
patient who presents with evidence of metastatic infection, with 
the skin or the central nervous system being the sites most com
monly involved'^' '^^'^''"'^'^. In >20% of transplant patients with 
cryptococcosis there is evidence of a skin lesion as the first sign 
of systemic infection for many weeks before other disease mani
festations appear (this is also true for such other infections as no
cardiosis and the other fungal infections). Thus, unexplained skin 
lesions merit biopsy for pathologic assessment and culture. 

Other than biopsy, the cornerstone of diagnosis is testing for 
cryptococcal antigen in blood and cerebrospinal fluid. In addition, 
blood cultures performed by the lysis centrifugation technique 
('Dupont isolators') also have a high yield. The cryptococcal 
antigen test gives a good measurement of organism load, and 
serial determinations provide an excellent guide to therapy'''^"". 
Therapy of cryptococcosis is similar to that of candidal infection: 
fluconazole therapy for those subacutely ill and initial ampho
tericin therapy, followed by fluconazole, for those more seriously 
ill. Duration of therapy is prolonged and variable, determined by 
the patient's response, both clinically and in terms of antigen 
clearance. 

PRINCIPLES OF ANTIMICROBIAL USE IN THORACIC 
TRANSPLANTATION 

There are three underlying themes in the prescription of antimicro
bial agents for the transplant patient: (a) antimicrobial therapies 
must be considered in the context of the immunosuppressive 
therapy being administered, both in terms of the manifold opportu
nities for drug interaction and in terms of the linkage of antimicro
bial programs to the intensity of immunosuppression being 
prescribed; (b) prevention of infection rather than therapy is the 
overriding aim; and (c) when therapy of established infection is re
quired, early diagnosis and initiation of therapy, as well as an ad
equately sustained duration of therapy, form the basis for success'. 

The advent of cyclosporin-based immunosuppression, and now 
the availability of FK506, have been a major advance in trans
plantation, responsible for much of the success observed with 
modern thoracic organ transplantation. At the same time, because 
of drug interactions, they have greatly complicated the use of 
antimicrobial drugs. Although clearly established in the case of 
cyclosporin, much of the following information is likely to be 
also true of FK506. In the case of cyclosporin there are three 
ways in which antimicrobial agents can interact in a clinically 
important way, with two of these being related to the key step in 
cyclosporin metabolism, which occurs via hepatic cytochrome 
P450 enzymatic metabolism': 

(1) Certain antimicrobial agents, most notably rifampin and, 
perhaps, isoniazid, up-regulate cyclosporin metabolism, thus 
decreasing cyclosporin blood levels, potentially leading to un-
derimmunosuppression and allograft rejection. 

(2) Certain antimicrobial agents, most notably the azole antifun
gal agents (ketoconazole > itraconazole » fluconazole) and 
the macrolide antibiotics (erythromycin, azithromycin, and 
clarithromycin) down-regulatc cyclosporin metabolism, re
sulting in elevated cyclosporin levels, potentially leading to 
toxicity or overimmunosuppression. 

(3) Many antimicrobial agents, most notably amphotericin, the 
aminoglycosides, high-dose trimethoprim-sulfamethoxazole, 
high-dose fluoroquinolones and, perhaps, vancomycin, have 
a synergistic effect with cyclosporin in terms of producing 
nephrotoxicity. 

Whereas the first two of these can be managed by adjustment in 
the cyclosporin dose, based on blood level measurements, the last 
is idiosyncratic. The implication of these observations is that, 
when antimicrobial therapy is needed, there is a particular em
phasis on the use of ;8-lactams, fluconazole, and low-dose fluoro
quinolones (e.g. no more than 500 mg of ciprofloxacin per day), 
and there is even further emphasis on the prevention of infection. 
Finally, a good rule of thumb is that if unexplained renal dysfunc
tion occurs in a cyclosporin (and, presumably, an FK506) recipi
ent, a drug interaction should be suspected, with antimicrobial 
agents being prime suspects. 

There are three modes in which antimicrobial agents can be 
utilized in transplant recipients': 

(1) Therapeutic, in which curative antibiotics are administered to 
patients with clinically manifest infection. 

(2) Prophylactic, in which antibiotics are administered to an 
entire population to prevent infection prior to an event. For 
prophylaxis to be appropriate, the infection needs to be 
important enough and common enough in the population to 
justify that step, and the antimicrobial therapy in question has 
to be non-toxic enough to make it worthwhile. Successful 
prophylactic strategies in the transplant patient include both 
low-dose trimethoprim-sulfamethoxazole (which is well toler
ated, as opposed to treatment doses for Pneumocystis, which 
are poorly tolerated), which effectively eliminates pneumo
cystosis, nocardiosis, and listeriosis, and peritransplant surgi
cal wound prophylaxis. 

(3) Pre-emptive, in which antimicrobial agents are administered 
prior to the onset of clinical disease to a subpopulation 
identified on the basis of a clinical epidemiologic characteris
tic or a laboratory marker. For such a strategy to be justified, 
such a marker has to be highly discriminating, and effective 
'emergency intervention' strategies must be available. 
Examples of successful pre-emptive strategies include the 
prescription of intravenous ganciclovir during antilymphocyte 
antibody therapy to prevent symptomatic CMV disease in 
CMV-seropositive individuals, or the prescription of anti-
Asper^illus therapy to patients colonized with Aspergillus 
species. In both these instances, without such pre-emptive 
therapy the incidence of life-threatening infection is >60% for 
these subgroups and the antimicrobial intervention provides 
significant protection which is superior to more generally pre
scribed prophylactic programs. 
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COMMENT 

Considerable strides have been made in the technical, immuno
suppressive, and infectious disease management of patients un
dergoing thoracic organ transplantation. The next decade should 
see further improvement as new immunosuppressive therapies, as 
well as new antimicrobial strategies, become available. However, 
the principles that have become established over the past decades 
will remain the cornerstones of patient management. The most 
important of these are the following: 

(1) Technically impeccable surgery and management of both the 
donor and the recipient are now, and will remain, the comer-
stones of successful transplantation. A technical mishap is in
variably associated with life-threatening infection. 

(2) The occurrence of infection is determined by the interaction 
of the patient's net state of immunosuppression and the epi
demiologic exposures encountered. These are translated into a 
timetable according to which different infections occur at dif
ferent time points post-transplant. 

(3) The therapeutic prescription for the transplant patient consists 
of an immunosuppressive strategy to prevent and treat rejec
tion, and an antimicrobial strategy to make it safe. Thus, 
antimicrobial strategies (both drug and environmental pro
tection) are closely linked to the intensity and duration of the 
immunosuppressive program that is prescribed, 

(4) Prevention of infection is the goal. 

With further advances in each of these areas it is expected that the 
opportunities for successful rehabilitation of patients with end-
stage heart and/or lung disease via transplantation will only 
increase over the next decade. 
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Malignant Neoplasia in the Immunocompromised 
Patient 
/. PENN 

INTRODUCTION 

The burgeoning numbers of patients who undergo cardiac or pul
monary transplantation make it increasingly important that cardi
ologists, pulmonologists and cardiothoracic surgeons be familiar 
with the complications of these treatments. One of these is an in
creased risk for the development of certain types of cancer. Much 
of this chapter is based on experience obtained from renal trans
plantation, but whenever possible observations made in cardiac, 
cardiopulmonary or pulmonary graft recipients (henceforth 
referred to as cardiothoracic |CT| recipients) will be stressed. The 
report is based on data collected by the Cincinnati Transplant 
Tumor Registry (CTTR) up till May 1995. 

The chapter will consider three categories of malignancies: (a) 
transplanted cancers: (b) pre-existing tumors that were present 
before transplantation: and (c) de novo malignancies that devel
oped in the recipient after transplantation. 

TRANSPLANTED MALIGNANCIES 

When assessing a potential cadaver donor for harvesting the heart 
or lungs, it is obligatory to determine whether or not he or she has 
cancer, or has been treated for it recently, as there is a danger of 
transmitting tumor cells with the transplanted organ(s) ' ' \ In 
normal individuals such foreign cells would be rejected promptly 
by the recipient. However, the immunosuppressive therapy, used 
to prevent graft rejection, impairs the host's immune defenses and 
prevents destruction of cancer cells which may grow, invade adja
cent structures, and even metastasize. 

The CTTR has data on 248 recipients of organs from donors 
who had malignancies at the time of donation, or had been treated 
for them within 10 years of transplantation or, in the case of the 
several living donors, who presented with neoplasms up to 18 
months after donation. Allograft recipients included 227 renal, 10 
hepatic, seven cardiac, two pancreatic, one cardiopulmonary and 
one pulmonary. In eight instances small tumors were removed 
from renal allografts immediately prior to transplantation. If we 
include these cases 103 recipients (42%) received organs that 
contained cancers. In 39 instances the tumor involved the 

allograft only, while in another six there was invasion of adjacent 
structures, and 58 recipients had distant metastases. 

The most common tuinors that caused metastases were malig
nant melanoma (28%), carcinoma of the kidney (19%), carcinoma 
of the bronchus (17%), choriocarcinoma (16%) and primary brain 
tumors (9%). Overall, 40 recipients died of cancer. However, 16 
renal allograft patients had complete remissions of all transmitted 
neoplasms, usually following allograft nephrectomy, and cessa
tion of immunosuppressive therapy, which presumably permitted 
host immunity to recover and reject residual tumor. These meas
ures were supplemented in five patients by chemotherapy, 
immunotherapy (interferon; inlerleukin-2) or radiotherapy. Two 
other patients are currently alive with tumor after undergoing 
allograft nephrectomy and discontinuation of immunosuppressive 
therapy. 

Seven heart, one heart-lung and one lung patients received 
organs from donors with cancer. Four recipients (three heart, one 
lung) died of metastases of carcinoma of the bronchus, medul-
loblastoma, malignant melanoma, and nephroblastoma respec
tively. The heart-lung recipient died of rejection 1 month after 
transplantation. At autopsy a metastasis of choriocarcinoina was 
found in one lung. Four cardiac recipients are alive from 0.5 to 57 
(average 29) months after transplantation without evidence of ma
lignancy, having received organs from donors with choriocarci
noma, adenocarcinoma of the uterine cervix, adenocarcinoma of 
the kidney, and carcinoma of the prostate, respectively. 

While it is possible to remove part or all of a lung allograft that 
contains a metastasis, excision of a cardiac allograft and cessation 
of immunosuppressive therapy are not feasible unless an im
plantable artificial heart can be used, either as a permanent re
placement or for a period of several months until all evidence of 
malignancy has disappeared and a new cardiac allograft can be 
inserted. None of these procedures has yet been attempted to treat 
transmitted malignancies in CT recipients. 

It is therefore imperative to avoid using donors with tumors, 
except those with low-grade carcinomas of the skin, or with 
primary brain malignancies, which rarely spread outside the 
central nervous system' '. However, it is important to have histo
logic proof that the cancers actually arose in the brain, as, in 
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several instances, the cause of the donor's death was misdiag
nosed as intracranial hemorrhage, primary brain tumor, or multi
ple brain abscesses, when, in fact, the donors died of metastases 
mostly from choriocarcinoma, bronchial carcinoma, malignant 
inelanoma, or renal carcinoma. We should also avoid using 
donors with primary brain tumors who have been treated with 
ventriculoperitoneal or ventriculovenous shunts, or who have had 
extensive craniotomies, radiotherapy or chemotherapy, as these 
open pathways for tumor dissemination' '. 

PRE-EXISTING CANCERS 

If a neoplasm in the potential recipient was treated before tran.s-
plantation. it is possible that the immunosuppressive therapy may 
impair the ability of the host's immune defenses to control any 
residual cancer cells^ \ 

In a study of 9.̂ 9 pre-existing malignancies that occurred in 
913 renal transplant recipients there was a 22% recurrence rate 
after transplantation^ ^ Thirteen percent of the recurrences oc
curred despite removal of the primary malignancies 5 or more 
years beforehand. It was recommended that with the exception of 
patients with: (a) incidentally discovered renal malignancies, (b) 
ill situ carcinomas of various organs, (c) focal neoplasms (a small 
microscopic focus) in organs such as the prostate or uterus, (d) 
low-grade bladder cancers and (e) basal cell carcinomas of the 
skin, transplantation should be delayed for at least 24 months 
after treatment of the tumors. 

During this time renal transplant patients can be kept alive by 
dialysis. As regards potential cardiac transplant recipients, current 
experience with the artificial heart makes it extremely unlikely 
that they can be kept alive during this long waiting period. 
Because of the hopeless prognosis of potential CT recipients who 
do not receive transplantation, it is probably advisable to expedi
tiously proceed with transplantation as soon as donor organs 
become available, except in individuals with active major cancers 
or who have short life expectancies because of their neoplasms. 

Pre-existing tumors (total 160) were present in 146 heart, eight 
lung and two combined heart-lung recipients who were treated 
from 504 months before to 12 months after transplantation 
(average 86 months before transplantation). Persistence or recur
rence of cancer occurred in 30 patients (19%), a similar percent
age to that ob.served in renal transplant recipients. 

A favorable feature in many heart transplant recipients is that 
they had been successfully treated for a lymphoma (including 
Hodgkin's disease) or a sarcoma more than 5 years previously, 
and were apparently cured of their malignancies. Adriamycin-
induced cardiotoxicity was a common indication for cardiac 
transplantation in these patients. 

Of the 30 patients with persistent or recurrent tumors, 12 had 
tumors treated at or after transplantation, five were treated 24 
months or less before transplantation, nine were treated more than 
24 months before transplantation, and the time of treatment was 
not stated in four cases. The most common tumors that persisted 
or recurred were carcinomas of the lung (.seven), non-melanoma 
skin cancers (live), lymphomas (four), carcinomas of the bladder 
(three) and carcinomas of the pancreas (two). In addition, two pa
tients had primary tumors of the heart (malignant synovioma and 
angiosarcoma, respectively) removed at the time of transplanta
tion and both, not surprisingly, had recurrences. 

DEyVOVO TUMORS 

The CTTR has data on 8191 patients who developed 8724 
cancers de novo after transplantation'' ^ Of these, 772 received 
heart, and 29 combined heart-lung, and 29 lung allografts. There 
were also 6821 kidney transplant recipients and .540 recipients of 
other extrarenal organs (liver, pancreas, bone marrow, upper 
abdominal cluster organs and small bowel). 

Data from several large renal transplant centers show an overall 
incidence of cancer ranging from 1% to 16%, with an average of 
6%'' •*. In a series of 182 cardiac transplant recipients who under
went 199 transplantations, the incidence was 10*'^ Lanza et nl.'" 
compared the incidence of malignancies in cardiac and renal allo
graft recipients. They found a 2-fold greater increase of all neo
plasms in cardiac patients, with nearly a 6-fold increased 
incidence of visceral tumors (/?<0.()2). They attributed the in
crease to the more intense immunosuppressive therapy used in 
these patients. 

The incidence of cancer increases with the length of follow-up 
after transplantation. The actuarial probability of developing ma
lignancy among patients who received cardiac transplants during 
childhood was 7% at 1 and 2 years, 12%' at 3 years, and 15% at 4 
and 5 years". An Australasian study of 6596 recipients of cadaver 
renal transplants showed that the percentage probability of devel
oping cancer 24 years after transplantation was 66% for skin neo
plasms, 27% for non-skin malignancies and 72% for any type t)f 
tumor'^. These exceptional figures must be interpreted with 
caution as most malignancies were skin cancers (which are \'ery 
common in Australia) and the number of 24-year survivors was 
small. Nevertheless, they stress the necessity to follow transplant 
patients indelinitely. 

Age of recipients 

The malignancies affected a relatively young group of persons 
whose average age at the time of transplantation was 42 years 
(range 3 months to 80 years). Forty-three percent were under 40 
years of age at the time of transplantation. 

Sex 

Males made up two-thirds and females one-third of the patients 
with cancer, roughly the same proportions as those undergoing 
renal transplantation. 

Time of appearance of the neoplasms 

In the general population there is a latent period of 5-20 years or 
even more, between exposure to many carcinogens and the devel
opment of malignancies. However, in transplant patients tumors 
appeared after a much shorter interval, at an average of 61. 
median 46 (range 0.25-313) months''**. 

Some cancers appeared at fairly distinct intervals after trans
plantation'' **. Kaposi's sarcoma (KS) presented the earliest at an 
average of 21, median 12 (range 1-225.5) months after transplan
tation. Lymphomas appeared at an average of 36, median 12,5 
(range 0.25-305.5) months after transplantation. Skin cancers ap
peared an average of 75, median 60 (range 1-313) months post-
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transplantation. Carcinomas of the vulva and perineum appeared 
at the longest interval after transplantation at an average of 112, 
median 109 (range 1.5-285.5) months. 

Types of tumors 

The neoplasms that are frequently observed in the general popula
tion (carcinomas of the lung, breast, prostate, colon and invasive 
uterine cervical carcinomas) showed no increase or even a de
crease''**. Only two varieties of cancer often seen in the general 
population were encountered in significant numbers in transplant 
patients. Excluding lip neoplasms the percentage of non-
melanoma skin cancers (31%) was similar to that observed in the 
general population (31% of all tumors), but the incidence of squa
mous cell carcinomas (SCC) was markedly increased (see below). 
The only other relatively common tumor in the general popula
tion, seen also in transplant patients, was in situ carcinoma of the 
uterine cervix, which comprised 3% of malignancies in both 
groups. 

If non-melanoma skin cancers and in situ carcinomas of the 
cervix were excluded, as they are from most cancer statistics, we 
then observed a variety of malignancies in transplant patients that 
were uncommon in the general population: lymphomas 24% vs 
6%: lip cancers 7% vs 0.2%; KS 6% vs a negligible incidence; 
carcinomas of the kidney 5% vs 2%; carcinomas of the vulva and 
perineum 3.5% vs 0.5%. hepatobiliary tumors 2.4% vs 1.5%: and 
sarcomas (excluding KS) 1.7% vs 0.5%'- ». 

These findings are in keeping with several epidemiologic 
studies that showed that when transplant patients were compared 
with suitable age-matched controls there was a 4-7-fold increase 
in skin cancer in people living in areas of low sunshine exposure, 
but a 21-fold increase in persons exposed to abundant sun
shine''^**"; a 29-fold increase in lip cancers'"*; a 28-49-fold in
crease in non-Hodgkin's lymphoma (NHL)'^'"; a 4(M)-500-fold 
increase in KS"; a 14-fold increase in carcinoma in siiii of the 
uterine cervix'"; and a lOO-fold increase in carcinomas of the 
vulva and anus'"". 

occurs in CTTR patients, in whom SCC outnumber BCC by 1.8 
to 1. In the population at large, non-melanoma skin cancers occur 
mostly in individuals in their 60s and 70s, whereas the average 
age of transplant patients is 30 years younger*'"'". Multiple skin 
cancers occur in 42% of patients in the CTTR. This incidence is 
remarkably high, and is comparable to that seen only in people in 
the general population who live in areas of abundant sunshine'' **. 
Several patients each had more than 100 skin cancers. Malignant 
melanomas comprise 5.2% of skin cancers in the CTTR. in con
trast with an incidence of 2.7% in the general population of the 
United Stales. This finding is consistent with several epidemio
logic studies showing a 3.8-5-fold higher incidence of malignant 
melanoma in transplant patients compared with age-matched 
controls'-^'-^"'. 

Most skin cancers in the CTTR were of low-grade malignancy 
but a significant percentage of SCC behaved much more aggres
sively than their counterparts in the general population'' **". 
Lymph node metastases occurred in 5.8% of patients. Seventy-
five percent were from SCC and only 17% from melanomas. 
Another 8% were from Merkel's cell tumors, and <1% were from 
BCC. In addition. 5.1% of patients died of skin cancer, with &.)% 
of deaths being from SCC and only 33% from melanomas. Five 
percent were from Merkel's cell tumors and 2% from BCC. These 
findings are consistent with a more than 10-fold increase in mor
tality from SCC of the skin observed in Australian renal trans
plant recipients'''. The behavior of skin cancer in transplant 
patients is markedly different from that seen in the general popu
lation, in whom they cause only l-29f of all cancer deaths, the 
great majority of which are from malignant melanoma. Most pa
tients with SCC who developed lymph node metastases, or who 
died of their cancers, had skin, rather than lip. lesions. 

In the overall series of patients with complications of their skin 
cancers, nine were cardiac allograft recipients. Eight developed 
lymph nodes metastases, six from SCC (skin four. lip two) and 
two from melanomas. Six patients died of their skin cancers, live 
from SCC (skin three, lip two) and one from malignant 
melanoma. Of the deaths, five occurred in patients who had had 
nodal metastases (SCC four, melanoma one). 

Cancers of the skin and lips 

Overall, these were the most common and comprised 3178 of the 
8724 tumors (36%)'' **. The incidence of skin cancers increased 
with the length of follow-up after transplantation, as shown by an 
Australasian study of 6596 recipients of cadaveric renal trans
plants who experienced a linear increase in the incidence of skin 
cancer reaching 66% at 24 years post-transplantation'-. Similarly, 
a Dutch study showed a 10% incidence of non-melanoma skin 
cancers in renal transplant recipients at 10 years post
transplantation, which rose to 40% after 20 years'"*. 

CT recipients differed from the renal recipients in this series in 
that skin cancers were relatively uncommon, making up only 239 
of 859 (28%) of all tumors compared with 39% in renal recipi
ents. In part this may be related to length of follow-up, which was 
relatively short in many CT recipients. 

The skin cancers of transplant patients differed in several re
spects from those seen in the general population''**"•'''. Whereas 
basal cell carcinomas (BCC) outnumber squamous cell carcino
mas (SCC) in the general population in a ratio of 5:1, the reverse 

Lymphomas 

In several respects lymphomas were strikingly different from 
those seen in the general population'' ". The majority (94%) were 
NHL, whereas Hodgkin's disease and plasmacytoma/myeloma 
comprised less than YA and 4% of lymphomas, respectively, 
compared with 11% and 18% respectively in the general popula
tion. Morphologically, most NHL were large-cell lymphomas. Of 
tumors studied by modern immunological techniques, 87% arose 
from B lymphocytes, 137f were T-cell lymphomas, and less than 
1% arose from null cells. Whereas extranodal involvement was 
reported in 2 4 ^ 8 % of NHL patients in the community at large, it 
occurred in 69% of NHL in transplant patients. 

Surprisingly, one of the most conuiion extranodal sites was the 
central nervous system (CNS), which was involved in 22% of 
cases''"**-'. Ten percent involved the CNS and other organs, a 
figure similar to the 8-12% of CNS involvement by systemic 
NHL in the general population-'. However, most lesions in trans
plant patients involved the brain parenchyma, whereas in the 
general population most occurred in the leptomeninges. 

113 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

perivascular spaces and nerve roots-'. The other 12% were hmited 
to the CNS, in contrast with a 1-2% incidence of primary CNS 
involvement by NHL in the general population-'. In both groups 
the brain parenchyma was usually involved, and meningeal in
volvement occurred infrequently-'. In the CTTR patients, brain 
lesions were frequently multicentric in distribution. In the CTTR 
series, spinal cord lesions were very unusual. In this regard the 
lesions resembled CNS lymphomas in the general population, in 
whom the spinal cord was affected in only 0-5% in different 
series^". 

A possible explanation for the frequency of brain involvement 
is that this organ has poor immunologic reactions, so that lym
phoma cells that arise in it, or are carried there from other sites, 
grow more readily in this relatively immunologically privileged 
site than in other viscera*^**. 

A CNS lymphoma should be suspected whenever a transplant 
patient presents with neurologic symptoms'*"*. A thorough work
up is necessary to exclude more common causes of these symp
toms in such a patient, including hypertensive encephalopathy, 
meningitis, brain abscess, or intracranial bleeding. Studies may 
include electroencephalography, brain scan, computerized axial 
tomography, examination of the cerebrospinal fluid, cerebral 
angiography, and magnetic resonance imaging. 

Epstein - Barr virus (EBV) DNA has been isolated from many 
B cell lesions in transplant recipients---\ In immunosuppressed 
individuals it is believed to cause a spectrum of lesions ranging 
from benign polyclonal B cell hyperplasias on the one hand to 
frank monoclonal B cell lymphomas on the other-'-'. We do not 
know the cause(s) of T-cell lymphomas in transplant patients. 

Of 339 CT patients with lymphomas, four had Hodgkin's 
disease and 11 had plasmacytoma or multiple myeloma. The re
maining 324 patients had NHL, of whom 54 had no treatment (the 
tumor was an autopsy finding in 38 recipients), and in 14 in
stances treatment data were not provided. Of the 256 treated pa
tients, 102 (40%) had complete remissions (Table I). These 
occurred in 70 patients (69%) with disease localized to a single 
organ or site and 32 patients (31%) with widespread disease. 
Subsequently, 26 patients who had complete remission died of 
other causes. At present, of the 324 patients, both treated and un-

Table I Treatments used in cardiothoracic transplant patients with 
complete remissions' 

Trt'utmenl No. ofjHiiients 

Decrease or cessation 
of immunosuppression 

Acyclovir or ganciclovir 

Excision 

Chemolherapy 

Radlolherapy 

Interferon 

Monoclonal anti-B-cell 
antibodies 

4.̂  

20 

16 

16 

13 

?, 

1 

MullimodulUy therupy' Sinf^le-modality therapy* 

.10 

1 

8 

7 

6 

.3 

' Treatment given to one patient is not recorded. 
' Lfscd in 46 patients. 
' Used m ^^ patients. 

treated, 76 are alive and well, 43 are undergoing treatment, 115 
died of their lymphomas, and 90 died of other causes. The results 
obtained with CT recipients mirror those obtained with all pa
tients with lymphomas in the CTTR. 

Kaposi's sarcoma (KS) 

The fact that KS composed 6% of tumors in the CTTR study 
stands in stark comparison with its incidence in the general popu
lation of the United States of only 0.02-0.07% of all tumors 
(before the AIDS epidemic started)'' **•-''. Among CT recipients in 
the CTTR, KS composed 2% of all malignancies. 

In the CTTR, patients with KS (356) exceeded those with two 
common cancers, carcinomas of the colon and rectum (305) and 
carcinomas of the breast (273), a most remarkable finding'' "•-"*. 
Apart from individuals with AIDS, in which KS is enormously in
creased", there is probably no other series in which the numbers 
of KS patients exceed those with either of these two common 
cancers, except possibly in tropical Africa where KS is common 
and colon cancer is infrequent. 

KS affected males to females in a 3:1 ratio, substantially less 
than the 9:1-15:1 ratio seen with KS in the general popula
tion''"•-•'. KS was most common in organ transplant recipients 
who were Arab (25%), black (16%), Italian (15%), Jewish (9%) 
or Greek (7%). Sixty percent had non-visceral disea.se confined to 
skin, or oropharyngeal mucosa, and 40% had visceral disease 
with involvement of internal organs, most commonly the gas
trointestinal tract, lungs and lymph nodes''^'*-''. 

After treatment, coirplete remissions occurred in 113 of the 
213 patients (53%) with non-visceral disease. Whereas 78 
remissions followed various treatments including alteration of im
munosuppression, surgery, radiotherapy, chemotherapy or admin
istration of a-interferon, 35 (31%) occurred when the only 
treatment was a drastic reduction of immunosuppressive therapy. 
In patients with visceral disease only, 38 of the 143 patients 
(27%) had complete remissions after treatment. However, 23 of 
the remissions (60%) occurred after reduction of immunosuppres
sive therapy only. 

Of the 19 CT recipients with KS. 10 had visceral disease and 
nine non-visceral involvement. In the former group, six patients 
died of KS, two from other causes, and only two are alive, with 
one in complete remission of KS. In contrast, in the nine patients 
with non-visceral disease, three died of unrelated causes and six 
are alive, with four patients in complete reinission of KS, 

Carcinomas of the uterine cervix 

Carcinomas of the cervix occurred in 300 of the 2744 women in 
this series (11%). At least 72% were in situ lesions'^""'". Thus far, 
seven have affected CT recipients. It is advisable that all post-
adolescent female patients have regular pelvic examinations and 
cervical smears to detect such lesions, and also carcinomas of the 
vulva and perineum'""""*. 

Carcinomas of the vulva and perineum 

Carcinomas of the vulva, perineum, scrotum, penis, perianal skin 
and anus occurred in 220 patients: 159 women and 61 men'' "-^ 
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The patients were surprisingly young when compared with indi
viduals with similar lesions in the general population, who are 
mostly in their 60s and 70s. The average age of the women at the 
time of transplantation was 30 (range 15-59) years, and of the 
men 35 (range 18-62) years. One-third of patients had in situ 
lesions. In women there was sometimes a 'field effect', with in
volvement by cancer of the vulva, vagina, uterine cervix, and 
anus in varying combinations''"'*-''. In approximately one-third of 
patients a possible viral etiology of these malignancies is sug
gested by a preceding history of condyloma acuminatum caused 
by human papillomavirus-''-''. 

Renal carcinomas 

There were 301 patients with carcinomas of the kidney, of which 
262 involved the patients' own kidney(s) and 28 involved the al
lograft; in 11 the location was not stated*" *-^. These figures 
excluded 259 patients who had lymphomatous involvement of the 
native or allograft kidneys and three patients who had renal 
sarcomas (two involving the allograft and one a native 
kidney). 

In various studies in the general population, 5-10% of renal 
tumors are carcinomas of the pelvis-', whereas in the CTTR series 
these accounted for 14% of tumors. The increase is almost cer
tainly due to the high incidence of analgesic nephropathy among 
renal allograft recipients, which occurred in 8% of CTTR patients 
with carcinomas of their native kidneys-'. This disorder is known 
to cause carcinomas in various parts of the urinary tract. This is 
borne out in the CTTR series, in which 68% of patients with anal
gesia-related renal carcinomas had similar cancers elsewhere in 
the urinary tract-'. 

Another predisposing cause of tumors in renal transplant recip
ients is acquired cystic disease (ACD) of the native kidneys. This 
occurs in 30-95% of patients receiving long-term hemodialysis, 
and is complicated by renal adenocarcinoma, which is increased 
30-40-fold over its incidence in the general population-'-**. With 
a successfully functioning transplant the ACD tends to regress, 
and presumably the risk of developing renal cell carcinoma also 
recedes. 

There is no ready explanation for the 16 renal carcinomas seen 
in CT recipients in the CTTR. 

Hepatobiliary tumors 

Most cases in the CTTR were hepatomas''-'*-'*. A substantial 
number of patients had a preceding history of hepatitis B-'̂  and, 
less frequently, of hepatitis C infection. 

Sarcomas (excluding KS) 

Most involved the soft tissues or visceral organs, whereas carti
lage or bone involvement was uncommon''-'*. The major types 
were fibrous histiocytoma (20 patients), leiomyosarcoma (15), 
fibrosarcoma (12), rhabdomyosarcoma (nine), hemangiosarcoma 
(eight), mesothelioma (six) and liposarcoma (five). 

Other cancers 

In some studies an increased incidence of other malignancies was 
noted. For example, the Australia and New Zealand Dialysis and 
Transplant Registry reported a 289-fold increased incidence of 
endocrine cancers, 5.6-fold increase of leukemia, 2.5-fold in
crease in digestive organ cancers, 2-fold increase in respiratory 
system tumors, and 4.6-fold increase of miscellaneous cancers'-. 

Biological behavior of post-transplant neoplasms 

Malignancies that occur in organ allograft recipients frequently 
demonstrate a more aggressive nature than do similar neoplasms 
in patients who have not undergone transplantation'". 

Cancers in renal versus CT recipients 

Marked differences in incidence were observed when 7318 
cancers that occurred in 6821 renal transplant recipients were 
compared with 859 neoplasms that occurred in 830 heart CT re
cipients (Table 2). 

The most significant finding was a disproportionately high inci
dence of lymphomas in cardiac compared with renal patients. 
They composed 39%- versus 12% of all malignancies''•"*. The dif
ference was even more marked in pediatric compared with adult 
cardiac allograft recipients. In 49 pediatric patients with post-

Table 2 Cancer in renal vs cardiothoracic recipients 

Type of earner 

Cancers of skin and lip 
Lymphomas 
Carcinomas of the lung 
Kaposi's sarcoma 
Carcinomas of uterine cervix 
Carcinomas of colon and rectum 
Carcinomas of the kidney 
Carcinomas of breast 
Carcinomas of vulva, perineum. 

penis or scrotum 
Head and neck carcinomas 

(excluding thyroid, parathyroid 
and eye) 

Carcinomas of urinary bladder 
Metastatic carcinomas 

(primary site unknown) 
Leukemias 
Hepatobiliary carcinomas 
Carcinomas of thyroid gland 
Carcinomas of prostate 
Sarcomas (excluding Kaposi's) 
Carcinomas of stomach 
Carcinomas of testis 
Carcinomas of ovary 
Carcinomas of pancreas 
Miscellaneous cancers 

Total 

No. of tumors in 
renal reeipients' 

2850 
844 
406 
.̂ 24 
288 
267 
281 
2.S0 

204 

207 
186 

180 
153 
134 
99 

106 
88 
92 
65 
59 
56 

174 

7318 

No. of tumors in 
CT recipients' 

239 
3.39 
68 
19 
7 

18 
16 
9 

6 

18 
7 

8 
10 
9 
6 

28 
10 
5 
4 
1 
8 

24 

859 

* More than one type of tumor affecting different organs occurred in 464 patients, of 
whom 31 each had three separate tyjje.s of cancers and one patient had four, 
* 0»e cardiac transplant recipient had three separate types of neoplasm, and 26 others had 
two each. One pulmonary recipient had two tumors. 
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transplant malignancies, lymphomas composed 41 (84%) of the 
tumors compared with 298 of 810 neoplasms (37%) in adults. A 
similar high incidence of lymphomas was also seen in recipients 
of other extrarenal organs, in whom they composed 302 of 547 
neoplasms (55%). The high incidence of lymphomas in CT re
cipients is confirmed by a study of 131 lymphomas from the 
University of Pittsburgh, which showed a 1% incidence in renal 
transplant recipients, a 2.3% incidence in cardiac allograft 
recipients, and a 3.8% incidence in recipients of combined heart 
and lung transplants". 

In contrast, the renal patients in the CTTR exceeded the cardiac 
and related recipients in the incidence of skin cancers (39% vs 
28%), carcinomas of the cervix (4% vs 0.8%) and carcinomas of 
the vulva and perineum (2.9% vs 0.7%). Somewhat similar 
findings have been reported by other workers'". 

Several factors probably account for these differences. In CT 
and other extrarenal organ recipients inten.se immunosuppressive 
therapy is frequently necessary to save lives by reversing rejec
tion, whereas with severe rejection of kidney allografts physicians 
are likely to discontinue imtnunosuppression and return patients 
to dialysis therapy*^**. A complication of intense immunosuppres
sive therapy is a disproportionate increa.se in the incidence of ma
lignancies that occur in the early months after transplantation, 
namely NHL. 

This viewpoint is supported by a study of 75 survivors of heart 
and heart-lung transplantation who were treated with cyclosporine, 
prednisone and, in some instances, antithymocyte globulin. 
Lymphomas occuned in six patients. Measured quantitative para
meters of immunosuppression during the first 3 months after trans
plantation (mean cyclosporine level, total antithymocyte globulin 
dosage, number of days of T cell suppression and mean cy
closporine level during T cell suppression) were higher in patients 
with lymphomas than in those who did not develop tumors". 

Many renal transplants were performed in the era when im
munosuppressive therapy consisted of azathioprine and pred
nisone (supplemented in some patients by ALG or ATG). In 
contrast, most CT transplants have been performed in the era of 
polypharmacy, usually involving triple therapy (azathioprine, 
prednisone and cyclosporine) sometimes supplemented by ALG 
or ATG or monoclonal agents such as OKT3. We are still learn
ing how to use these drugs in varying combinations and doses. A 
problem is that some patients are being very heavily immunosup-
pressed, either inadvertently or intentionally to treat rejection, and 
the price for this is, again, an increased incidence of NHL*" "*. 

A third factor is the length of follow-up after transplantation''**. 
Many renal transplant recipients have been followed for a decade 
or even two decades or more, whereas most CT recipients were 
treated in the past 8-10 years. As neoplasms such as skin cancers, 
carcinomas of the cervix, and carcinomas of the vulva and per
ineum occur late after transplantation this may explain the dis
crepancy in the incidence of these tumors in renal versus CT 
recipients. The relatively small number of CT patients compared 
with the large number of renal transplant recipients may also have 
contributed to differences in the incidence of the various cancers. 

Treatment of post-transplant malignancies 

In dealing with patients with premalignant skin lesions or early 
skin tumors a useful treatment is a 6-week course of topical 

5-fluorouracil cream applied twice daily''**. This will eliminate 
many premalignant lesions and even superficial carcinomas. This 
treatment is rapidly being superseded by topical use of 0.05% 
tretinoin cream (a retinoid). This is efficacious in treating warts 
and keratoses in organ allograft recipients and, perhaps, may 
inhibit cutaneous carcinogenesis". Treatment of skin cancers 
includes surgical excision, cryosurgery, chemosurgery or 
radiotherapy''"*^. 

In situ carcinomas of the uterine cervix respond well to simple 
hysterectomy, cervical conization, or cryotherapy'' •*. In situ carci
nomas or small neoplasms of the vulva and perineum are treated 
by local excision. Large lesions require extensive operations such 
as total vulvectomy and inguinal node dissection, or abdotnino-
perineal resection-'. Other cancers are treated by standard surgi
cal, radiotherapeutic or chemotherapeutic modalities. 

The antiviral agents acyclovir or ganciclovir may be used to 
treat EBV-related NHL***"-'". Alpha-interferon has been used 
to treat some patients with KS or NHL** **. However, it may stimu
late the immune system and cause rejection, and this has occurred 
in occasional patients''*. 

In addition, we must consider reduction or cessation of im
munosuppressive therapy'^'*--". The value of reducing immuno
suppressive therapy is borne out by experience with certain 
neoplasms''""'- *'. As mentioned above, several malignancies that 
were inadvertently transplanted from organ donors underwent 
partial or complete regression following cessation of immunosup
pressive therapy' '. Similarly, a significant percentage of KS and 
NHL (see above) regressed partially or completely after reduc
tion of immunosuppressive therapy''"*'. Disappointingly, regres
sion of epithelial tumors following such treatment has been a rare 
event'*"". Nevertheless we may decrease the level of immunosup
pressive therapy in patients with highly malignant, or extensive, 
or advanced cancers, in the hope that the immune system may 
recover and aid in their destruction. However, such treatment 
carries the risk of allograft rejection with return of renal allograft 
recipients to dialysis therapy, but CT recipients may die of this 
complication. 

In individuals needing cytotoxic therapy for widespread 
cancers we must remember that most agents depress the bone 
marrow''"**. It is therefore prudent to stop or reduce azathioprine 
dosage during such treatment, to avoid severe bone marrow toxic
ity. As most cytotoxic drugs have immunosuppressive side-
effects, satisfactory allograft function may persist for prolonged 
periods. Treattnent with prednisone may be continued, as it is an 
important component of many cancer chemotherapy protocols. 

As lymphomas are the single most common group of tumors in 
CT recipients, special mention is made of their management. In 
suitable patients with localized disease, excision or radiotherapy 
may suffice. In other patients with localized lesions, or in those 
with widespread disease, immunosuppressive therapy should be 
reduced, or even stopped (except for a small maintenance dose of 
prednisone) in patients who are seriously ill. As most lesions are 
associated with EBV infection the patients should be given acy
clovir. If no improvement occurs, a-interferon should be adminis
tered. Failure to cause complete regression is an indication for 
using chemotherapy. As the patients are already heavily immuno-
suppressed, these agents should be used with caution as some pa
tients have died of overwhelming infections following their use. It 
may be wise to reduce dosage of the drugs to 67-75'/} of that used 
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in non-inimunosuppressed patients, and to restrict the number of 
courses given if the patient responds satisfactorily. Monoclonal 
anti-B cell antibodies have been used successfully to treat some B 
cell lymphomas but, apparently, these are no longer being 
manufactured. 

Etiology of de novo malignancies 

The causes of cancers in organ transplant recipients are not 
known, but a complex interplay of multiple factors is probably 
responsible''"'*''*-^^-''^". A major role can be assumed for im
paired immunity. Oncogenic viruses are also important, and may 
account for the short 'latent period' between transplantation and 
the development of many tumors. Other factors that may play a 
role include possible carcinogenic effects of some immunosup
pressive agents; possible synergism of these agents with environ
mental carcinogens such as smoking, sunlight, radiation, food 
additives, etc.; the administration of other potentially carcino
genic drugs to some renal transplant recipients (such as diphenyl-
hydantoin or isoniazid); and genetic susceptibility or resistance to 
certain types of neoplasia. 

COMMENT 

Although cancer is a complication of transplantation, one must 
stress that the great majority of organ transplant recipients do not 
develop this problem. Transplantation of malignancies can nearly 
always be avoided by careful selection of donors. CT transplanta
tion should be considered in patients who were previously treated 
for cancers, except for those who have a short life expectancy 
from their tumors. Many patients who develop de novo cancers 
after transplantation have readily treatable malignancies of the 
skin, uterine cervix, or vulva and perineum. However, with the 
limited experience gained thus far, CT recipients appear to be 
more prone to develop potentially life-threatening malignancies, 
particularly lymphomas, related to the more intense immunosup
pressive therapy that they require compared with renal transplant 
recipients. 
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Long-term Management and Late Complications of 
the Thoracic Organ Transplant Recipient 
D.R NELSON, N.K. IMES AND D.K.C. COOPER 

INTRODUCTION 

The care of thoracic transplant patients centers on the use of im
munosuppression to balance rejection (Chapters 8-10) against in
fection (Chapter 11), and on the management of these two major 
complications when the balance achieved is uneven. Primary care 
delivery to these patients is accomplished in the context of the 
unique toxicities and drug interactions of the immunosuppressive 
agents used (Chapters 8 and 10). Although some management 
issues directly relate to surgically altered anatomy, most are the 
consequence of the drugs that permit the coexistence of self with 
non-self. 

ARRHYTHMIAS 

Bradycardia 

Bradycardia occurs within the first 2 weeks postoperatively in 
about 20-40% of heart transplant (HTx) patients, but only 5-15% 
of heart recipients will require a permanent pacemaker' '̂ . 
Approximately 60% of bradycardias are related to sinus node dys
function and 40% to AV block-\ Infrequently, bradycardia 
may be related to atrial fibrillation with a slow ventricular 
response"*. 

Bradycardia may be caused by rejection, pretransplant amio-
darone administration, ischemic-preservation injury, and surgical 
injury to the sinus node, conduction system or sinoatrial blood 
supply. Although not highly sensitive or specific for rejection, the 
correlation of bradycardia with rejection is great enough that 
cardiac biopsy should be considered when it occurs. Late brady
cardias (beyond 5 months post-transplant) have been reported in 
about 1.5% of patients, and half of these were associated with 
cardiac rejection''. 

Oral administration of slow-release theophylline has been used 
to reduce the incidence of pacemaker placement', but not every
one has enjoyed success with this approach. Oral terbutaline has 
been used in at least one case to convert a hemodynamically 
significant junctional rhythm to sinus rhythm**. 

Atrial fibrillation or flutter 

These occur in about 25-50% of cardiac recipients and, although 
relatively insensitive for rejection, arc moderately specific and 
their identification should generally result in cardiac biopsy*"". In 
one study almost 80% of atrial flutter episodes were associated 
with rejection, but only about half of these were moderate or 
severe''. Histologic resolution of rejection following immunosup
pressive therapy sometimes fails to convert the patient to normal 
sinus rhythm, but atrial overdrive has been successfully used for 
conversion in this setting'*. 

Although originally it was not contemplated that digoxin would 
have a significant beneficial effect on slowing or converting atrial 
fibrillation or flutter, it is generally found to be helpful. Calcium 
channel blocking agents and quinidine may also need to be 
employed. 

Ventricular arrhythmias 

These are common early after HTx. but are not generally predic
tive of rejection'". 

Atrial dysrhythmias 

Atrial dysrhythmias can develop following lung transplantation 
(LTx), as after any major pulmonary operative procedure, but can 
usually be controlled adequately with digoxin or calcium channel 
blocking agents. 

LATE SURGICAL COMPLICATIONS 

Pericardial effusion 

Although pericardial effusions are common and usually benign 
sequelae to cardiac surgery, little has been published regarding 
their occurrence following HTx. Effusions usually occur within 
the first 3 postoperative months. Large effusions are relatively un
common, although tamponade should always be considered in the 
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differential diagnosis of early postoperative hypotension, inde
pendent of effusion size. Both acute and chronic rejection have 
been associated with the development of pericardial effusions, but 
small effusions that do not increase are usually insignificant"'-. 

Persistent inguinal lymphocele 

If the femoral vessels have been used for access for cardiopul
monary bypass, then a persistent lymphatic leak may result in the 
inguinal-femoral region. Although such lymphatic leaks are un
common following routine heart surgery, they appear to be 
significantly more frequent following HTx. This is almost cer
tainly related to the effect of corticosteroid therapy on wound 
healing. Lymph collects beneath the groin incision, forming a 
fluctuant, non-inflamed mass. 

Although it can be repeatedly drained by syringe and needle, a 
permanent solution almost always requires a further operative 
procedure. Goldstein et al.'^ have described a rectus femoris Hap 
repair, which combines ligation of obvious lymphatic fistulae 
with a muscle transposition to increase vascularity and to fill the 
dead space created by the lymphocele. We have preferred a tech
nique in which the sartorius muscle rather than the rectus femoris 
is immobilized and utilized (E. Dalton, unpublished). Rotating the 
sartorius muscle into the defect is efficacious, is technically 
easier, and leads to no apparent loss of muscular function or 
strength in the lower extremity. The technique has been elegantly 
described by Mathes and Nahia'''. 

COMPLICATIONS OF ENDOMYOCARDIAL BIOPSY 

Cardiac perforation occurs in less than 1% of endomyocardial 
biopsies performed on HTx recipients'\ The biopsy complication 
rate of .3% reported by one group using the jugular vein approach 
was predominantly a result of venous puncture (e.g. carotid punc
ture and bleeding)"'. The elimination of 'major' complications 
has been reported by using the femoral vein approach, utilizing 
a catheter designed specifically for this purpose". Ultrasono-
graphically guided biopsies (in place of fluoroscopy) slightly im
proved safety and sampling in one study'* ,̂ but few operators have 
experience using this approach, despite its additional advantages 
of mobility (bedside biopsy) and elimination or radiation expo
sure. The selection of biopsy approach should depend on the 
patient's anatomy and level of hydration, and the personal prefer
ence of the physician performing the procedure. 

Coronary-artery-to-right-ventricle fistulae have been angio-
graphically documented in about 5-15% of HTx recipients and 
are thought to result from cardiac biopsies'""-'. They are, 
however, generally clinically insignificant due to the small shunt 
volume. 

Although the tricuspid valve may be damaged by the bioptome 
during the biopsy procedure, the incidence of tricuspid regurgita
tion does not appear to correlate with the number of cardiac biop
sies performed--. 

regurgitation is seen in about 259(1 and 12% of recipients, respec
tively-'. Mild mitral regurgitation occurs in about 20'7r of patients 
by the fifth postoperative month-\ The incidence of tricuspid re
gurgitation increases to about 40% by 1 year post-HTx and to 
about 60% at 2 years--. Post-HTx tricuspid regurgitation has 
shown an association with the presence of pre- and postoperative 
pulmonary hypertension-*. The.se valvular regurgitant problems, 
however, are usually hemodynamically insignificant--. 

COMPLICATIONS OF TRANSBRONCHIAL LUNG 
BIOPSY 

Patients who receive lung or heart-lung allografts will probably 
undergo multiple bronchoscopies and transbronchial lung biop
sies. Serious complications are unusual, but abnormalities of gas 
exchange are common during the procedure-'' -". Transient hy
poxemia, hypercapnia and hypotension during bronchoscopy can 
generally be satisfactorily tolerated by the patient, and the use of 
agents such as flumazenil and naloxone to reverse the effects of 
conscious sedation further add to patient safety. 

Performance of transbronchial biopsies is associated with a 
greater risk of serious complication than is routine bronchoscopy, 
including: (a) perforation of the lung with subsequent pneumo
thorax, (b) excessive bleeding, and (c) dissemination of infection. 

In early series, pneumothorax was reported to occur in as many as 
5.5% of transbronchial lung biopsies-''-*'. However, pneumothorax 
did not occur in a series of 200 consecutive procedures reported by 
Trulock et al. in the evaluation of lung transplant recipients-''. Post-
bronchoscopy chest radiography or fluoroscopy to check for the 
presence of a pneumothorax is mandatory, since these patients may 
tolerate even a relatively small pneumothorax poorly, and may 
require chest tube placement to allow lung expansion. 

Excessive bleeding is uncommon during transbronchial lung 
biopsy, but may be life-threatening. Patients with severe pulmonary 
impairment clearly tolerate bleeding particularly pcxirly. Emergency 
intubation and possibly balloon tamponade of a bleeding lung 
segment may be necessary to control post-biopsy hemorrhage-*'". 
When large numbers of biopsies are taken during a single examina
tion, the incidence of bleeding appears to increase. Scott era/." re
ported that 27 of 219 patients had \i.)0 ml of bleeding or more when 
an average of 17.3 transbronchial biopsies were obtained. 
Preoperative screening for coagulopathy should be carried out in all 
patients who are to undergo transbronchial lung biopsy, and should 
include protime, partial thromboplastin time, platelet count, and any 
other studies suggested by preoperative evaluation. 

The incidence of dissemination of infection within a transplanted 
lung is difficult to assess. Trulock el al.-'^ reported a 2% incidence 
of pneumonia in their series of transplant patients undergoing tran.s-
bronchial biopsies. Our policy has been to give broad-spectrum an
timicrobial therapy to patients who have suspected infection, or 
who demonstrate grossly purulent secretions in the airways. More 
.specific therapy is prescribed once the culture and sensitivities of 
the bronchoscopy specimens are reported. 

Atrioventricular valve regurgitation 

Tricuspid regurgitation is commonly seen immediately post-HTx. 
At about 5 months post-transplant, mild or moderate tricuspid 

NEPHROTOXICITY 

The most important factor in the post-transplant development of 
nephrotoxicity in thoracic transplant patients is cyclosporin (CsA) 
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therapy. The pathophysiology is characterized by intrarenal affer
ent arteriolar vasoconstriction mediated by altered vascular re
sponsiveness to vasodilators and vasoconstrictors, and 
perturbations in the balance between these vasoactive mediators, 
favoring constriction. These vasoactive mediators may be of en
dothelial, platelet, or other origin, and include endothelin, throm
boxane AT, nitric oxide, serotonin and prostaglandin. Renal 
tubular injury may also contribute to renal insufficiency"^'''. 
Acute nephrotoxicity is dose-related and reversible, but chronic 
nephrotoxicity appears to be neither. 

Chronic maintenance CsA therapy results in a decline in renal 
function that has been characterized as biphasic, with the initial 
decline occurring more rapidly over the first 6-24 months post-
transplant, and a subsequent decline occurring more slowly there
after'*""''-. Although reduction of CsA target levels beyond 18 
months post-transplant has been correlated with increased rejec
tion without improvement in renal function in heart recipients'", it 
seems possible that the reduction of CsA administration which 
conventionally occurs in most programs during the first postoper
ative year is contributory to the stabilization of renal function 
beyond 6 months post-transplant. The observation that late renal 
function stabilizes, and that further reductions in CsA administra
tion may result in rejection, but not improved renal function, has 
also been reported in renal transplant patients'*^*'̂ . 

In HTx recipients, however, impaired cardiac function froin 
acute rejection should always be excluded as a cause of decreas
ing renal function. 

In 1990 the Pittsburgh group reported a 1.5% incidence of end-
stage renal disease by 18 months post-transplant in their heart 
transplant population^", results which are comparable to our own 
experience. The 6% incidence of renal failure reported in LTx pa
tients'" correlates well with the early experience following HTx 
nearly a decade earlier^''. It is reasonable to expect that the renal 
failure rate in LTx patients will decline with experience, as it did 
with HTx. 

Early postoperative CsA nephrotoxicity can be ameliorated in the 
patient with (or at risk for) acute renal failure by reducing or elimi
nating CsA dosing and employing antithymocyte globulin or 0KT3 
therapy instead, particularly during the first 14 postoperative days. 
However, this approach has its potential complications. (Polyclonal 
or monoclonal antithymocyte globulin use beyond the first 7-14 
days has been associated with an increased incidence of post-trans
plant lymphoproliferative disease and xenosensitization, often re
sulting in graft loss from vascular rejection.) In our experience, if 
renal function compatible with maintenance CsA administration has 
not been achieved with a CsA-sparing protocol by 7-10 days post-
transplant, such improvement often does not subsequently occur. 

Less impaired renal function has been seen in renal transplant 
patients receiving omega-3 fatty acid therapy^'', but this benefit 
may result from reduced rejection, rather than from the effects of 
suppressed eicosanoid synthesis on CsA-induced nephrotoxicity. 
Cilastatin, which currently is available only in combination with 
imipenem, has been reported to reduce CsA nephrotoxicity during 
the first postoperative week'*^, but experience is limited. The 
mechanism of protection has yet to be defined, but may be related 
to impaired tubular cell uptake of CsA. The early reports of 
reduced CsA nephrotoxicity with the use of prostaglandin 
E-series agents^" have unfortunately not been supported by subse
quent studies''''-^". 

Pentoxifylline has been shown to improve renal function in 
bone marrow transplant recipients receiving amphotericin and 
CsA", and in animal studies has been shown lo reduce CsA 
nephrotoxicity''-. Possible mechanisms may include impairment 
of TNF m-RNA transcription, and reduced release or action of in-
terleukin-2. In our own experience we have not found pentoxi
fylline to be helpful. The continuous intravenous infusion of CsA, 
particularly during the early post-transplant period, may offer 
some protection from nephrotoxicity by the elimination of peak 
CsA levels. Although this approach is not well established in the 
literature, our experience with it has been modestly favorable. 

Because CsA nephrotoxicity results in the hyperexcretion of 
creatinine, serum creatinine level and creatinine clearance may 
overestimate the true glomerular filtration rate*"'. Several other 
tests of renal function, which are more accurate than creatinine 
clearance in CsA-dependent patients, have been identified and 
include the inulin and ''''mTc-DTPA tests, and urographic contrast 
media clearance methods'^^^\ While these methodologies are im
portant in studying the comparative effects of various interven
tions on renal function, we have not found them practical or 
cost-effective in the routine clinical management of thoracic 
transplant recipients. 

SYSTEMIC HYPERTENSION 

Essential hypertension commonly predates transplantation, par
ticularly in HTx candidates. The fluid-retaining properties 
associated with steroid administration further contribute to this 
problem post-transplant, but the major potentiator of post-
transplant hypertension is the use of CsA. The incidence of 
hypertension in extrarenal organ transplant recipients approaches 
90%^'- »̂. 

As described in the discussion of CsA-induced nephrotoxicity, 
preglomerular vasoconstriction occurs at the level of the afferent 
arteriole through a variety of proposed mechanisms, and results in 
increased salt and water reabsorption by the proximal tubule. 
These latter effects, combined with the enhanced peripheral and 
renal sympathetic activity elicited by CsA, are thought to play 
an important role in the pathogenesis of CsA-associated 
hypertension''''. 

Weight control, sodium restriction, and exercise play an 
important role in the management of hypertension in thoracic 
transplant recipients, just as they do in the general population. 
Renal magnesium loss (a consequence of CsA administration) 
may further potentiate hypertension. Normalization of serum 
magnesium levels with magnesium supplementation should, theo
retically, contribute to improved blood pressure control, although 
to our knowledge no correlation between serum magnesium level 
and blood pressure has been reported. 

Protocols for the treatment of post-transplant hypertension vary 
considerably from center to center. Our first therapeutic agent of 
choice is a calcium channel blocker. These agents inhibit afferent 
arteriolar vasoconstriction. Dihydropteridine calcium antagonists, 
other than nicardipine (isradipine, nifedipine, nitrendipine, and 
fleodine) do not interfere with CsA metabolism, but diltiazem and 
verapamil both interfere with the cytochrome P45() enzyme 
system metabolism of CsA, resulting in higher CsA levels. This 
latter effect has been intentionally used to reduce CsA dosages 
and thus defray costs'"", but may also result in elevation of the 
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serum creatinine. Diltiazem and verapamil may also have nega
tive inotropic and, in the case of verapamil, chronotropic effects 
which may be important in some patients. For these reasons (im
paired CsA metabolism and negative inotropic effect), we prefer 
using the dihydropteridine calcium blockers. 

Angiotensin-converting-enzyme (ACE) inhibitors vasodilate 
the efferent glomerular arteriole, and in conditions of preglomeru-
lar vasoconstriction may result in a decline in glomerular filtration 
rate. At least one study has shown a significant improvement in 
renal function when hypertensive heart transplant recipients were 
converted from ACE inhibitors to calcium channel blockers'''. 
ACE inhibitors have the additional disadvantage of causing hy
perkalemia (adding to the CsA-associated hyperkalemia that not 
infrequently occurs), and sometimes cause a troublesome cough. 

Diuretic administration for the control of peripheral edema has 
the added advantage of being adjunct therapy for hypertension. 
In our experience, thiazides have generally been less effective 
than loop diuretics. Over/.ealous diuretic use, however, will lead 
to intravascular depletion with resulting impaired renal function. 
Caution is therefore recommended when using these agents. If 
there is no edema or other evidence of fluid overload, diuretics 
should probably not be added as the second therapeutic agent for 
hypertension that is refractory to calcium channel blocker 
therapy. 

We have found that the use of beta-receptor antagonists in HTx 
recipients commonly results in fatigue and decreased exercise tol
erance. Others have noted a marked reduction in renal blood flow 
associated with their use'''. These effects reduce the suitability of 
beta-receptor antagonists for the management of hypertension in 
thoracic organ transplant patients. Furthermore, their negative in
otropic effect is unwelcome, particularly in patients with heart 
transplants. 

In patients whose hypertension is refractory to calcium channel 
blockers with or without diuretics, and when a second hyperten
sive agent is required (which is not uncommon), we usually add a 
central alpha-receptor stimulator, such as clonidine, or a periph
eral alpha-receptor antagonist, such as prazosin. HTx recipients 
(whose heart is vagotomized) may experience significant ortho
static hypotension with sympatholytics, particularly peripheral 
alpha-antagonists. We have, nonetheless, enjoyed some success 
with long-acting transdermal clonidine patches in those 
patients who demonstrate poor compliance with oral 
medications. 

A loss of the usual nocturnal decline in blood pressure has been 
demonstrated in HTx recipients''\ and early-morning hyperten
sion is commonly observed in patients who may remain relatively 
normotensive throughout the remainder of the day (following 
their morning antihypertensive drug therapy). Without the em
ployment of nocturnal continuous blood pressure monitoring it is 
difficult to assess the duration or severity of hypertension in such 
patients. Our approach has been to employ evening antihyperten
sive dosing when an individual's blood pressure is clearly trend
ing up by bedtime, and/or the early-morning blood pressure 
consistently demonstrates marked elevation (e.g. diastolic 
>105 mmHg). The role of ambulatory blood pressure monitoring 
in solid organ recipients is poorly defined, but when normative 
data with such monitoring are better established, such monitoring 
may facilitate improved management of nocturnal, early-morning, 
or activity-associated hypertension. 

Supine hypertension with orthostatic hypotension is sometimes 
encountered in HTx recipients. We have attempted to manage this 
state with small (30 mg) doses of diltiazem, which may be effective 
because of the increase in intravascular volume associated with this 
therapy. Effective treatment of the supine (or sitting) hypertension 
is sometimes complicated by an increase in the orthostatic hypo
tension, although this fortunately generally resolves with time. 

GASTROINTESTINAL COMPLICATIONS 

It has been reported that approximately one-third to one-half of 
HTx recipients experience gastrointestinal (GI) complications, 
and one-third to one-half of these (or about l()-20'?f of the total) 
require some form of abdominal surgery'^ '''. Upper GI disease, 
such as esophagitis, gastritis, duodenitis, and peptic ulceration, is 
more frequent than lower GI disease, which includes diverticuli
tis, various types of hernia, perirectal abscess, anal fissure, and 
thrombosed hemorrhoids'''"'''. Cholelithiasis is common in HTx 
recipients, but there exists significant variability in the reported 
incidence of cholecystitis in these patients. Pancreatitis also 
occurs with variable frequency, but today is generally reported in 
<5% of patients (see below). 

Reports of the GI complications associated with LTx are too 
limited to-date for meaningful comparison with the HTx experi
ence, but similarities between these populations are anticipated. 
Procedure-specific surgical complications (e.g. omcntopexy-
associated morbidity in LTx patients) may, of course, occur. 

Most GI problems resulting in the need for hospitalization or 
surgery develop during the first 3 postoperative months''''"", 
which suggests that high-dose immunosuppression may play a 
role in their pathogenesis. 

Pathogenesis 

Pharmacologic immunosuppression, which is almost always more 
intense during the first 90 days post-transplant, potentiates infec
tious GI coinplications, such as CMV-associated enteropathies 
and herpes simplex virus (HSV) or candidal upper GI disease 
(Chapters 32 and 57). Immunosuppressive agents also have direct 
GI toxicities. 

CsA and azathioprine can both be hepatotoxic, CsA is known 
to be lithogenic, OKT3 commonly causes diarrhea, and steroids 
may promote upper GI ulceration and possibly diverticular perfo
ration. Steroid-sparing immunosuppressive protocols have been 
reported to offer some protection from significant GI complica
tion. Merrell et a/.'s study in Utah^", where aggressive steroid ta
pering took place, reported that all HTx patients experiencing 
major abdominal complications were on steroids; no steroid-free 
patient developed such morbidity. Furthermore, one-third of the 
major abdominal complications were directly associated with a 
course of steroid pulse therapy. Of the newer agents, tacrolimus 
(FK506) may cause motility disturbances, and mycophenolate 
mofetil may cause nausea and exacerbate acid-peptic conditions. 

Hepatotoxicity 

Hepalotoxicity is common before and after thoracic organ trans
plantation. Passive congestion of the liver often predates trans-
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plant, and pre-existing injury from alcohol abuse may also be 
present. Postoperative liver disease may result from drugs (e.g. 
CsA, azathioprine, or antilipemic agents), infection (usually viral, 
particularly CMV or hepatitis viruses) or cholecystitis. 
Azathioprine is perhaps the most common agent to cause distur
bances of liver function, but these are generally mild and respond 
to reduced dosage or discontinuation of the drug. 

Upper Gl disease 

Upper GI disease is usually secondary to sterile acid-peptic 
disease or infection by CMV, H. pylori, C. albicans, or HSV. 
Surgical complications, such as injury to the vagus nerve (result
ing in delayed gastric emptying) or diaphragmatic hernia (associ
ated with the use of omental wrap in LTx-"), may contribute to 
symptomatology. 

CMV disease involving the esophagus, stomach or duodenum 
may present with fever, dysphagia and/or epigastric pain, or even 
hemorrhage and/or perforation. Oropharyngeal CMV involve
ment is uncommon'^'^''. Nausea and bloating may result from 
CMV-induced impairment of gastric emptying'''. The diagnosis is 
facilitated by the endoscopic appearance of lesions and biopsy 
demonstration of inclusion bodies. CMV is frequently present in 
the absence of symptoms. In one study of renal transplant recipi
ents"*, almost half of the gastric and duodenal biopsies showed 
CMV inclusions even though these patients were asymptomatic. 
Diagnosis by shell vial assay or culture of biopsies is strongly 
supportive, but contamination by ingestion of salivary-shed virus 
is possible. 

Intravenous ganciclovir therapy for 2-3 weeks is usually effec
tive, although relapse is not uncommon. Ganciclovir resistance 
may emerge in the future, particularly with the anticipated in
creased use of the drug with the recent introduction of oral 
ganciclovir. 

In severe infection, or when heavy immunosuppression is being 
utilized or is anticipated (e.g. during a rejection episode), the 
addition of intravenous immunoglobulin therapy, particularly of 
hyperimmune CMV globulin, is probably beneficial. 

Helicobacter pylori infection is considered by some to be the 
most common cause of peptic ulcer in the general population", 
but its role is still not yet well defined in transplant recipients. 
Endoscopic sampling of 33 randomly selected renal recipients 
found a 40% incidence of H. pylori in the gastric antrum^**; all pa
tients positive for H. pylori were symptomatic. Given the known 
propensity of immunosuppressed patients for lymphoma (post-
transplant lymphoproliferative disease), the recent report of a pos
sible association between H. pylori infection and gastric B-cell 
lymphoma" warrants attentive management of H. pylori infec
tions. H. pylori is diagnosed by the CLO test (Campylobacter-
like organism. Delta West Ltd) on biopsied gastric mucosa. 
Various treatment regiinens for this infection have been success
fully employed. A 2-week course of a combination of bismuth, 
tetracycline, ampicillin, metronidazole (Flagyl), and an H-2 
blocker has proved successful at our own center. Ampicillin is 
omitted in patients allergic to penicillin. 

Although esophageal candidiasis and herpes simplex esophagi-
tis are common sequelae of immunosuppression, the incidence of 
these problems has markedly declined in heart and lung recipi

ents with the widespread use of nystatin and acyclovir prophy
laxis. Nonetheless, a recent report suggests that intense antacid 
treatment with omeprazole (Prilosec) may result in esophageal 
candidiasis'*". Both fungal and herpetic infection can occasionally 
develop during aggressive treatment for rejection despite prophy
lactic regimens or when prophylaxis has been discontinued. The 
choice of treatment of these infections (generally a choice 
between fluconazole and amphotericin for Candida and intra
venous and oral acyclovir for herpes) is based on a variety of 
factors such as the patient's overall condition, the elapsed time 
since transplant, renal function, site and severity of the disease, 
actual or anticipated immunosuppressive therapy, and venous 
access. 

Cholelithiasis 

Approximately one-third of cardiac recipients have been shown to 
have cholelithiasis'*'. Between 6% and 60% of those cardiac re
cipients known to have asymptomatic cholelithiasis pretransplant 
will become symptomatic some time post-transplant"'*-. 
Seventeen percent of those without gallstones pretransplant will 
develop them post-transplant"-. 

Our current therapeutic approach is to consider pretransplant 
candidates with symptomatic gallbladder disease for pretransplant 
elective laparoscopic cholecystectomy, weighing the risks of their 
cardiopulmonary condition against the significant risk of emer
gency abdominal surgery in the post-transplant setting. Patients 
with asymptomatic stones identified pre- or post-transplant do not 
undergo laparoscopic cholecystectomy until the development of 
symptoms. 

Oral therapy with ursodeoxycholic acid may dissolve non-
calcified stones, but the mobilization of such stones following 
size reduction may result in common bile duct obstruction. The 
use of this agent has also been reported on at least one occasion to 
markedly increase the CsA level in the blood secondary to 
enhanced absorption**'. We have used ursodeoxycholic acid in 
several patients for drug-associated cholestasis with only occa
sional, modest success, but with no adverse effects. 

Pancreatitis 

Clinically evident pancreatitis is reported to occur in 2-18% of 
HTx recipients''^''^™'*''. The incidence and severity of disease 
appear to vary between centers. Subclinical pancreatitis may be 
fairly common. Aziz et al.*^* reported a 6% incidence of pancreati
tis identified at autopsy in heart and heart-lung recipients 
(without clinical evidence of pancreatitis) dying of other cau.ses. 
Fernandez and Rosenberg'*'', however, found autopsy evidence of 
clinically unsuspected pancreatitis in 35% of kidney transplant re
cipients. Possible etiologic factors include cholelithiasis, hyper-
lipidemia, CMV infection, drug toxicity (CsA, azathioprine, 
cyclophosphamide, steroids, sulfonamides, tetracycline, 
furosemide, ethacrynic acid, phenformin. and procainamide)"*, 
and recent cardiovascular surgery. 

The relationship between cardiopulmonary bypass (CPB) and 
pancreatitis has been thought in part to be perfusion related, but 
Fernandez-Del Castillo et al."'' demonstrated the perioperative 
administration of calcium chloride (in dosages exceeding 
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800 mg/m' of body surface area) to be an independent predictor 
of pancreatic cellular injury in patients undergoing CPB. The 
comparable incidence of pancreatitis in heart and kidney trans
plant recipients suggests that CPB inay play a relatively small 
etiologic role"'*"'"'. 

The diagnosis, prognostic indicators and treatment of pancre
atitis are well described in a recent review'". Contributing factors 
(including drugs) should be eliminated or ameliorated, if possible. 
The temporary conversion of oral CsA administration to a con
tinuous intravenous infusion may improve the pancreatitis, 
presumably by the elimination of high peak CsA levels. 

Colonic perforation 

There is scant material in the literature focusing specifically on 
colon perforation in heart or LTx recipients. Colon perforation 
has been reported in <2.5% of HTx recipients'"'. Despite its 
overall low incidence, it did represent 12% of major 'abdominal 
complication" described in one study^". 

This subject has, however, received more attention in the renal 
transplant literature'"''"', which has reported a possible decline in 
the incidence of colonic perforation in the CsA era, thought to be 
related to a reduction in steroid use. The postulate is that steroids 
cause lymphoid atrophy, gut wall thinning, decreased mucosal 
epithelial replacement, and decreased fibroblast reparative 
activity. Furthermore, when a perforation occurs, an impaired 
inflammatory response prevents abscess formation. 

Risk factors for colon perforation identified by Church el a/.'s 
review of the literature''- include renal failure, ischemia, fecal im
paction, and steroid therapy. A small percentage of perforations 
reported in the renal transplant literature were secondary to 
Ogilvie's syndrome (non-obstructive colonic dilatation), but by 
far the majority were related to perforated diverticula. The etiol
ogy of Ogilvie's syndrome is unknown, although it tends to occur 
in critically ill and/or uremic patients; it commonly responds to 
colonoscopic decompression. Diverticular perforation usually 
occurs in the left hemicolon, whereas Ogilvie's syndrome is 
usually on the right. 

The diagnosis of diverticulitis may be confounded by mainten
ance steroid administration. Vague complaints of generalized 
abdominal, deep pelvic or lower quadrant (especially left) or even 
flank pain should arou.se suspicion of diverticulitis, pyelonephri
tis, nephrolithiasis, or adnexal disease. Radiation of discomfort to 
genitalia or inner thighs may also occur in any of these condi
tions. Coexisting diarrhea suggests a colonic etiology. Physical 
signs may be unimpressive, and fever and leukocytosis may be 
absent or, if present, unhelpful in narrowing the differential diag
nosis. CMV colitis and other enteric pathogens (e.g. Clostridium 
difficile. Bacillus cereus. Salmonella, etc.) must be excluded in 
patients with diarrhea. Computerized tomography of the abdomen 
with infusion may be helpful in making the diagnosis. 

Free perforation into the peritoneum from any etiology is a sur
gical emergency. Empiric perioperative antibiotic selection 
should be based on a variety of considerations, including the local 
incidence of Bacillus fragilis resistance, a history of penicillin 
allergy, which would also exclude imipenem-cilastatin 
(Primaxin) use, current renal function, and recent antimicrobial 
use. The results of intraperitoneal cultures should be aggressively 

sought, and special attention given to the identification of entero-
coccal or Candida growth. Serial postoperative abdominal com
puterized tomography scans are commonly obtained to exclude 
the development of a phlegmon, which would require surgical 
drainage. 

Diverticulitis without perforation should be treated by hospi
talization and intravenous antibiotics, but consideration should be 
given to elective hemicolectomy, particularly with recurrent 
disease. 

Emergency surgery for Gl complications 

Emergent abdominal surgery has been associated with a 71% 
mortality rate in one study, while elective procedures in the same 
study resulted in no mortality''^. Most emergent surgeries arc 
carried out for upper and lower GI perforations, and are infre
quently performed for Gl bleeding. Surgery for acute cholecystitis 
was problematic in some programs several years ago, but has 
become less so in recent years, probably because of the advent of 
laparoscopic cholecystectomy, which has also enabled elective 
surgery to be performed with low morbidity before such compli
cations develop. 

The presence or absence of free perforation may be extremely 
difficult to confirm without surgery, especially in patients on 
maintenance steroids, yet it is important not to delay surgery 
unduly. The Pittsburgh group's experience''"' demonstrated the 
timing of surgery for colonic perforation to be critical. If surgery 
was performed within 24 hours of perforation, the patient survival 
rate was 86%. If surgery was delayed for more than 24 hours fol
lowing perforation, survival was only 25%. 

HYPERLIPIDEMIA 

Hyperlipidemia is a common complication of thoracic organ 
transplantation, and both steroid and CsA use have been shown to 
contribute to this problem. Although one study failed to show an 
association between pre- and post-transplant hyperlipidemia^'. 
another found post-transplant hyperlipidemia to be associated 
with pretransplant coronary artery disease'"'. Hyperlipidemia 
usually peaks by 3-6 months post-transplant'"'". Although both 
CsA and steroids have been reported to elevate both total and 
LDL cholesterol, triglyceride elevation has been inconsistently 
ascribed to either agent'"*'^. Cumulative prednisone dose has been 
reported to be a stronger independent predictor of elevated total 
and LDL cholesterol in HTx recipients than cumulative CsA 
dose"**. 

Although graft vasculopathy in HTx recipients is thought to be 
primarily immunologic in origin, elevations in cholesterol and 
triglycerides have each independently been associated with trans
plant vasculopathy in a few reports. The consequences of im
munologic vascular injury may be potentiated in a hyperlipidemic 
milieu. Treatment of hyperlipidemia must therefore balance the 
undefined role of hyperlipidemia in graft vasculopathy (combined 
with the extracardiac vascular risks of hyperlipidemia) against the 
known toxicities of pharmacologic intervention. 

Antilipemic agents other than the 3-hydroxy-3-methylglutaryl 
coenzyme A (HGM-CoA) reductase inhibitors have risk/benefit 
characteristics which may limit their utility in thoracic organ 
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transplant recipients. Biie-acid-binding resins, such as cholestyra
mine, may interfere with CsA absorption and elevate triglyc
erides''''. Nicotinic acid is hepatotoxic (as are CsA and 
azathioprine) and may contribute to the glucose intolerance 
already associated with steroid use. Time-released nicotinic acid 
reduces the skin-flushing experienced with the drug's use, but in
creases the risk of hepatotoxicity'*'. Gemfibrozil, a fibric acid de
rivative, is more useful than HMG-CoA reductase inhibitors in 
the treatment of hypertriglyceridemia, but is less effective in the 
treatment of elevated total or LDL cholesterol"". Fibric acid de
rivatives have been associated with cholelithiasis'''', which is of 
concern because of the increased incidence of cholecystitis in 
HTx patients. Because fibric acid derivatives and their metabo
lites are eliminated in the urine, their use in patients with CsA 
nephrotoxicity is limited. 

HMG-CoA reductase inhibitors, such as lovastatin, simvastatin, 
and pravastatin, are probably comparably effective antilipemic 
agents, and are our agents of choice for hypercholesterolemia"""'"*'. 
When these drugs are used in combination with other antilipemic 
agents (nicotinic acid or gemfibrozil), or used in high doses 
(lovastatin >20 mg daily or equivalent), there is a marked increase 
in risk of myositis, which may result in rhabdomyolysis"" "'̂ . 

Myositis in this population may result from CsA-induced 
changes in antilipemic drug metabolism, which has been shown 
to result in increased lovastatin enzyme inhibitor levels"'-. A 
commercial manufacturer of simvastatin (Merck) has recom
mended not exceeding a daily dose of 10 mg in patients taking 
CsA. 

Kobashigawa et al. "'̂  have shown that pravastatin is not only 
effective and safe in lowering cholesterol levels after HTx but 
would also appear to have some immunosuppressive effect. When 
begun early (within 2 weeks) after HTx, at an initial dose of 20 
mg/day (being increased to 40 mg/day if tolerated), it has been 
shown to be associated with less frequent cardiac rejection ac
companied by hemodynamic compromise, improved patient sur
vival, and a lower incidence of graft vasculopathy as determined 
by angiography and at autopsy. The exact mechanism whereby 
these beneficial effects are produced remains uncertain, but the 
cytotoxicity of natural killer cells was demonstrated to be lower 
in patients receiving pravastatin than in control patients. 

OSTEOPOROSIS 

The reported incidence of vertebral compression fractures in HTx 
recipients ranges from 1% to 44%, with most studies reporting an 
incidence >25%"' '"" ' . The program reporting the lowest fracture 
incidence'"^ treated 38% of its patients with calcitonin, and the 
primary HTx physician at the time was a practicing endocrinolo
gist who was particularly attentive to hormonal therapy (52% of 
the men received testosterone and 92% of the women received 
estrogen). The vertebral fracture incidence after HTx is compara
ble to that reported after liver transplantation (29%)"-. 
Comparison with renal transplant populations is complicated by 
the occurrence of renal osteodystrophy in renal transplant 
patients. 

Although some have reported a lower mean bone (mineral) 
density in those with fractures than those without, bone density 
has proven to be an unreliable predictor of fracture in heart and 

kidney transplant patients'"" ' " ' " ' . Patients with low bone densi
ties are commonly free of fractures, and vertebral compression 
fractures may occur in those with normal vertebral bone densi
ties. Nonetheless, despite its limitations, we believe that bone 
densitometry may be useful in these patients. No mineral bio
chemical predictors of fracture have been identified"". 

The pathogenesis of osteoporosis in thoracic organ transplant 
patients is primarily related to: (a) pre-existing osteoporosis ante
dating transplant and (b) the use of immunosuppressive agents 
post-transplant. The occurrence of osteoporosis in HTx candi
dates has been reported variably to be both common"'^ and un
common"". It is reasonable to presume that some thoracic 
transplant candidates have osteoporosis of multifactorial origin 
(hypogonadism, loop diuretics, inactivity, cachexia, cigarette 
smoking, anticoagulants, or steroid administration). 

Steroid administration has direct effects on bone resorption and 
formation, and cau.ses changes in: (a) calcium absorption from the 
gut, (b) gonadal secretion, and (c) vitamin D metabolism""*. 
Steroids affect trabecular bone more than cortical bone, and verte
bral bodies and ribs are the bones that most commonly suffer 
atraumatic fracture in steroid-dependent patients"''"^. Although 
CsA can also adversely affect trabecular bone, the co-administra
tion of CsA and steroids may be mutually protective because of 
the high and low bone turnover rates that result from CsA and 
steroid administration, respectively'"'. A recent study of bone and 
mineral metabolism in renal transplant recipients concluded that 
CsA did not significantly contribute to osteoporosis"". 
Tacrolimus, rapamycin. mycophenolate mofetil, azathioprine, and 
methotrexate have all shown effects on bone metabolism, which 
have not yet been exhaustively studied'"". 

Although the occurrence of osteopenia in HTx recipients has 
been shown to correlate with the cumulative dose of steroids"", 
the incidence of fractures has been shown to correlate with the 
number of rejection episodes rather than the cumulative steroid 
dose'"''. High-dose steroid administration may cause rapid bone 
loss resulting in fractures within weeks to months'"^ and, because 
very rapid bone loss may result in micro-architectural 
abnormalities"'', it seems possible that high-dose steroids may 
result in fracture-prone architectural changes unappreciated by 
bone densitometry. Osteopenia has been reported to develop most 
rapidly in the first 6-12 post-transplant months'"*''-". 

Dual-energy X-ray absorptiometry (DEXa) appears to be the 
bone densitometry method of choice, and is preferable to either 
single or dual photon absorptiometry (SPA or DPA). Quantitative 
computerized tomography (QCT) is more expensive, is less 
precise, has greater radiation exposure, and is more time-consum
ing. However, it offers a truer measurement of cancellous density 
through three-dimensional imaging, and may avoid the posterior 
spine and aortic calcifications"''. 

The treatment and prophylaxis of transplant-associated osteo
porosis includes treatment of hypogonadism'"', avoidance of 
excessive thyroid replacement'-', and minimizing steroid admin
istration. Although steroid elimination may expose the patient to 
the unopposed bone effects of CsA, the net effect of steroid 
reduction is almost certainly favorable to bone metabolism. 
Hormonal replacement is indicated in the oophorectomized or 
postmenopausal woman, and testosterone is probably beneficial 
in older men. Treatment of osteoporosis identified pretransplant 
seems prudent. 
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Treatmenl/prophylaxis with calcium supplementation, vitamin 
D administration, cyclic etidronate therapy, and calcitonin are 
common approaches. Although milk-alkali syndrome may result 
from calcium carbonate administration to cardiac recipients (espe
cially those with renal insufficiency), it is the least expensive 
method of calcium supplementation if used with discretion'^-. 
Calcitonin has been successfully used to reduce bone loss in HTx 
patients, but is expensive"". Cyclic etidronate therapy has proven 
successful in other steroid-dependent populations''', and a new 
biphosphonate, alendronate, appears particularly promising with 
continuous (non-cyclic) administration'•'''. Experience with 
etidronate in patient with creatinine clearances <60 ml/min is 
limited, and calcitonin should be considered in these patients 
(S. Epstein, personal communication). Calcitonin and etidronate 
therapies have not been compared in the solid organ transplant 
population. It is unclear from existing publications whether the 
inclusion of 25-hydroxylated vitamin D with other therapeutic 
modalities is essential. The use of 1,25-hydroxylated vitamin D 
may be necessary in patients with advanced renal insufficiency, 
but caution should be exercised in use of this agent because of the 
risks of hypercalcinemia. Deflazacort has been reported to have 
less adverse effect on bone than prednisone'' ', but experience 
with this agent in thoracic transplant recipients is still limited. 

ASEPTIC BONE NECROSIS 

Aseptic bone necrosis is known to occur in association with 
steroid administration, although its correlation with cumulative 
steroid dose has been poor. It has been reported to occur in 
2.7-10% of HTx patients'"^'-^'^^ but long-term survivors may 
demonstrate an even higher prevalence. Eighteen percent of 
5-year survivors had required bilateral total hip or knee arthro
plasties in one program'-''. The incidence in kidney transplant pa
tients has varied from 3% to 4l%i28.i-'' and has been reported in 
10% of allogeneic bone marrow transplant recipients'^". The 
mean time to diagnosis following HTx is reported to be 44 
months'-', but the onset of hip pain has been reported to occur at 
a mean of 29 months post-transplant'-*. It develops earlier post-
transplant in renal (12-22 months) and bone marrow (median of 
12 months) transplant patients""""'. 

The incidence in patients with LTx is not yet certain, but is 
likely to be relatively high in view of the fact that many LTx re
cipients have received steroid therapy for treatment of their pre-
transplant pulmonary condition. 

Although a review of steroid-associated osteonecrosis found a 
correlation with mean daily steroid dose"**, this has been incon
sistently demonstrated in individual studies. An association 
between rejection and osteonecrosis has been reported following 
heart'""' and kidney transplantation'-'"'-. 

In those afflicted, a mean of 3.3 joints per patient were reported 
to be involved in one study, which also reported that 64% of these 
patients had hip involvement, 61% knee, 29% ankle, 21% shoul
der, and 7%i elbow involvement"". Half of the afflicted patients 
had bilateral hip involvement and half had bilateral knee involve
ment"". Clinical presentation is usually with pain, which may ini
tially be episodic. Although disease is commonly bilateral, 
clinical presentation is often asymmetric. MRI is more sensitive 
than conventional radiologic imaging for the diagnosis of aseptic 
necrosis. 

Non-surgical treatment, consisting of analgesics and reduced 
weight-bearing, is palliative; surgical therapy is frequently 
required''*-"". 

HYPERURICEMIA AND GOUT 

Hyperuricemia occurs in about 70-80% of HTx recipients'". Six 
percent of these patients have experienced gout pretransplant and 
4-8% experience gout attacks post-transplant'^\ A history of pre
transplant gout is an unreliable predictor of post-transplant gout 
severity. Acute gout attacks occur at a mean of 17 months post-
transplant"'. Almost half of the patients with definite post-
transplant gout have been reported to progress to polyarticular 
arthritis and/or tophaceous gout within a mean of 31 months"'. 
Serious life-threatening joint infection may occasionally compli
cate gout in transplant recipients'"'. Although hyperuricemia does 
not correlate with CsA levels or renal insufficiency in HTx recipi
ents '" (comparable to the experience in renal transplantation at 
the same institution"'), hyperuricemia is thought to result from 
CsA-induced reduction in renal urate clearance'"*. Hyperuricemia 
resulting from tacrolimus (FK506) administration is also thought 
to result from a change in renal urate excretion"**. Diurectics 
(both loop and thiazide) may exaggerate hyperuricemia, and gout 
attacks may be precipitated by alcohol ingestion, binge eating, in
fection, or surgical stress. 

Treatment and prophylaxis of gout in solid organ recipients is 
complicated because of drug toxicities and interactions. 
Treatment of the acute attack can be accomplished with 
colchicine, although both hepatic and renal insufficiency increase 
the risk of myelosuppressive and neuromyopathic toxicity with 
colchicine. Indomethacin may be effective, but may be nephro
toxic, myelosuppressive, and ulcerogenic. We have experienced 
modest success with surprisingly low doses of indomethacin (e.g. 
25 mg p.o. every 8 hours for three doses and then every 12 hours 
for two doses). The use of maintenance prednisone may facilitate 
the success of this lower-than-usual indomethacin dosing. Care 
should be taken not to manipulate uric acid levels until the acute 
attack is resolved. 

Allopurinol can be used to treat hyperuricemia, but its interfer
ence with azathioprine metabolism will result in severe myelo-
suppression if the azathioprine dose is not empirically reduced in 
concert with allopurinol administration. It has been recommended 
that the dose of azathioprine be reduced by 50-75% before initia
tion of low-dose allopurinol'^''. The risks of allopurinol adminis
tration may outweigh the benefits, and it is our general policy not 
to use allopurinol in our thoracic transplant recipients. The 
myelosuppressive effects of cyclophosphamide may also be in
creased by co-administration of allopurinol. Mycophenolate 
mofetil is not reported to interact with allopurinol, and may be an 
appropriate alternative to azathioprine in the patient with poorly 
controlled gout. 

Probenecid uricosuric therapy for hyperuricemia is limited by 
the drug's relative ineffectiveness at glomerular filtration rates 
<30-50 ml/min'^*. If hyperuricemia is treated with allopurinol or 
probenecid, maintenance colchicine at 0.5 mg p.o. twice daily 
should probably be administered until the uric acid level is within 
normal limits, to prevent precipitation of an acute attack. 
Uncontrolled acute attacks very infrequently require an intra
articular steroid injection. Maintenance prophylaxis with 
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colchicine (0.5 mg p.o. twice daily), with careful monitoring for 
toxicity, should be considered in the patient with frequent exacer
bations. A purinc-rich diet should be avoided. 

CHANGES IN SEXUAL ACTIVITY AND FUNCTION 

There are a few data available on the incidence of impotence fol
lowing heart or lung transplantation. In renal transplant series, 
however, impotence has been reported in 2 2 ^ 3 % of male recipi
ents'""'. Male potency is a complicated process, and the etiology 
of any impotency may be multifactorial. 

Hypogonadotrophic hypogonadism occurs commonly immedi
ately following organ transplantation or other open-heart surgery. 
We have documented reductions in serum testosterone from 
normal levels to levels at the lowest measurable liinits in as few 
as 4 days following HTx. The duration of this hypogonadism 
appears to vary with the clinical status of the patient. For those 
who suffer repeated illnesses the hypogonadism will likely 
persist. Others who regain their vigor quickly may have relatively 
few weeks of hypogonadism. Older patients have a more pro
longed period of hypogonadism. Impotence may last for only a 
few days or become permanent. 

We now frequently provide testosterone supplementation 
therapy following cardiac or pulmonary transplantation, mostly 
because low levels may be an important contributing factor in the 
rapid loss of trabecular bone which occurs in many patients. 
Unfortunately, impotence may still occur, particularly in those 
with prolonged or frequent illness (such as from CMV infection) 
or psychological factors. 

Erectile impotence, without loss of libido, may be reported by 
patients with extensive (diabetic or non-diabetic) atherosclerotic 
vascular disease or peripheral neuropathy. Relative impotence 
may occur during the period of weaning from a prolonged course 
of testosterone replacement therapy. Antihypertensive agents may 
also be a cause of impotence, but this can frequently be avoided 
by careful selection of the agent. 

In contrast, post-transplant improved cardiac output or respira
tory function may occasionally restore lost potency, and an in
creased sexual appetite may follow the increased capability and 
improved feeling of well-being. 

DIABETES MELLITUS 

We have not considered uncomplicated diabetes to be a con
traindication to transplantation, though we have not accepted the 
patient with significant diabetic complications, such as microvas
cular disease or neurotrophic foot ulcers. Some degree of impair
ment of glucose tolerance is seen in virtually all patients at some 
point in the transplantation process. It is easy to overlook the 
presence of hyperglycemia in transplant patients since it is usually 
asymptomatic. In the post-transplant period, therefore, each 
patient must be willing to monitor his/her glycemia at home, keep 
records, and adjust therapy as prescribed. Certain patients will es
tablish themselves as having a greater tendency towards hyper
glycemia, and these patients should be monitored closely. 
Periodic monitoring of the glycosylated hemoglobin will help in 
identifying prolonged unacceptable hyperglycemia. 

In its simplest form, hyperglycemia is seen in the first few days 
following transplantation during high-dose methylprednisolone 
therapy. It is seen again during the treatment of an acute rejection 
episode with methylprednisolone pulse therapy. In these circum
stances the hyperglycemia usually lasts only a few days. Without 
treatment, plastna glucose levels >16.7 mmol/l (300 mg/dl) are 
commonly encountered. In the unproven belief that it is beneficial 
to maintain a near-normal metabolic milieu, we routinely monitor 
and treat this hyperglycemia with the goal of maintaining glucose 
levels closer to 5.6 mmol/l (100 mg/dl), and certainly below 
8.3 mmol/l (150 mg/dl). Granulocyte chemotaxis may be 
impaired at higher plasma glucose levels. 

Some patients will present for transplantation with familial 
type II diabetes. The degree to which they display this diabetes 
will depend on several factors, which include: (a) relatively body 
masses of muscle and adipose, (b) diet, and (c) activity. Their dia
betes can often be controlled with proper diet and activity. These 
persons are profoundly affected by pharmacological doses of cor
ticosteroids. Until the corticosteroid dose is reduced to physio
logical levels, or eliminated entirely, treatment for diabetes will 
be required. After reduction of corticosteroid dosage, those who 
follow the prescribed diet and activity instructions rarely require 
pharmacological treatment of their diabetes. Many patients, 
however, are unable or unwilling to follow such instructions, and 
require prolonged treatment, usually with oral agents. 

At our own center we have transplanted very few patients with 
uncomplicated type I diabetes. They have done well, but have re
quired large doses of insulin (<300 units daily) during the periods 
when they were taking corticosteroids in high or moderately high 
doses. 

Treatinent of diabetes in the transplant patient is, as in other 
diabetics, largely empirical. Home blood glucose monitoring is 
essential, and patients are encouraged to follow a program of diet 
and exercise. Those patients with relatively normal fasting blood 
glucose levels, but with postprandial hyperglycemia, are given 
glipizide, which rarely produces fasting hypoglycemia. Those 
with fasting hyperglycemia are treated with glyburide. When 
these agents alone prove insufficient, regular (soluble) insulin is 
added before some or all meals. Some patients also require inter
mediate-acting insulin. As the patients" overall health improves, 
and corticosteroid dosages are lower or discontinued, the insulin 
may be phased out, and the diabetes controlled with oral agents 
alone. 

Good diabetic control is strongly encouraged. Our goal is 
to achieve prcprandial glucose levels of 3.9-5.6 mmol/l (70-
100 mg/dl) and 2 or 3 hours postprandial glucose levels of 
<8.3 mmol/l (150 mg/dl). Not all patients are sufficiently dis
ciplined to achieve these goals. In long-term follow-up we 
monitor the glycosylated hemoglobin, the goal being to achieve 
levels of 7% or less. Levels of >8% are considered unacceptable. 
A glycosylated hemoglobin level of 9'7c would correspond 
approximately to a glucose level of 8.3 mmol/l (150 mg/dl). 

GROWTH RETARDATION AND DELAYED ONSET OF 
PUBERTY 

Before the introduction of CsA. because of the complication of 
growth impairment, many renal, liver and cardiac transplantation 
units were reluctant to accept children as potential recipients. 

127 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

Growth retardation in children under the age of 12 or 13 could 
lead to such gross dwarfism that severe psychological problems 
ensued. The proportion of children who demonstrated normal 
growth following organ transplantation varied considerably from 
13% to over 60% from one series to another'*"'"*'. 

Fortunately, it is now possible to immunosuppress some chil
dren without the need for steroid therapy (Chapters 9 and 38). In 
those that require steroids there is some evidence that the growth 
retardation effect is minimized by administering a double dosage 
of steroids on alternate days with no therapy on intervening 
days'^''""'. The availability of growth hormone preparations may 
now help prevent this complication. 

OCULAR COMPLICATIONS 

The eyes can be involved in several post-transplant complica
tions, including CMV retinitis, diabetes mellitus, and temporary 
changes in visual acuity, almost certainly steroid-induced. 

Cataracts can be induced by prolonged high-dose steroid 
therapy, but have become less common since the introduction of 
CsA. The typical lens opacity following long-term use of 
corlicosteroid either systemically or topically is a posterior 
subcapsular opacity'"'''. The high doses administered during rejec
tion episodes produce subcortical crystalline opacities which 
usually affect the posterior pole of the lens. Low-dose cortico
steroids sometimes provoke the development of cataracts, espe
cially with prolonged use over at least 12-18 months. There 
remains controversy as to whether cataract formation is dose 
dependent'^^ '^^ 

BENIGN SKIN LESIONS 

In addition to a high incidence of skin cancers (Chapter 12), pa
tients on long-term immunosuppressive therapy not infrequently 
develop multiple benign skin lesions, which may require no 
treatment. Warts and keratoacanthomas are not uncommon. Warts 
are thought to result from reactivation of latent viru.ses rather than 
froiTi primary infection'"''' '""*. It is important, however, to differen
tiate benign lesions from malignant tumors, such as squamous 
and basal cell carcinomas, which are the most common malignan
cies in immunocompromised patients (Chapter 12). All suspicious 
lesions should be biopsied or excised. 

OTHER COMPLICATIONS 

The list of other complications of long-term immunosuppressive 
therapy, especially if corticosteroid therapy, is long (see Chapter 
8, Table 3). Clinical features of fluid and salt retention can 
usually be controlled by diuretic therapy. Increased appetite and 
weight gain are common and may lead to obesity if not con
trolled by a strict diet (Chapter 16). Changes in menstrual cycle, 
acne, night sweats, myopathy, joint pains, and spontaneous pe
techial hemorrhages in the skin are also common side-effects of 
steroid therapy. 

Patients with widespread atheroma are, of course, at risk from 
progression of this disease. Reconstructive surgery to peripheral 
vessels, especially in the legs, or even amputation for painful is

chemic ulceration, has been necessary in some patients with pro
gressive peripheral arteriopathy. 
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14 
Psychiatric Aspects 
E.S. NASH AND D.K.C. COOPER 

INTRODUCTION 

Cardiac transplantation emerged in 1967 as a dramatic new way 
of saving the life of a dying cardiac patient'. It was not so much 
the radical nature of the procedure that triggered the reactions, 
but the removal and replacement of an organ that is seen by some 
solely as a physiological pump, but by others as the symbolic seat 
of love and loyalty^-\ 

Psychiatric experience in the fields of both heart and lung trans
plantation is indebted to contributions from two allied areas: firstly, 
the care of patients undergoing closed and open heart surgery, and 
secondly, exf>erience obtained from involvement in renal and liver 
transplantation programs. The psychiatric implications of closed and 
open heart surgery have been extensively documented'^. Of partic
ular relevance was Kimball's identification of nuclear patterns of 
emotional reaction in patients who were assessed preoperatively; 
these patterns were found to have predictive value. Of the four 
groups that he identified, namely (a) the adjusted, (b) the symbiotic, 
(c) the depressed, and (d) those denying anxiety, it was the members 
of the latter two who caused concern. Depressed patients had a high 
postoperative mortality rate, while those who denied anxiety had a 
high incidence of postoperative psychiatric complications. 

The second area, psychiatric experience obtained from involve
ment in organ transplantation since the first kidney transplant was 
performed in 1950, has centered around the issues of (a) selection 
criteria, (b) organ incorporation versus rejection, (c) postopera
tive psychosis, (d) the complications of immunosuppressive 
medications, (e) compliance, and (f) rehabilitation. 

Psychiatric experience in heart transplantation over the past 25 
years (and in lung transplantation for the past decade) has been 
similar; recipients require psychosocial screening, develop early 
and late postoperative emotional or behavioral disturbances and 
have to incorporate a new life-giving organ^ ", Thoracic organ 
transplant recipients have to face not only the physical challenges 
of organ rejection and systemic infections, but also the psycho
logical challenges of reorganizing family relationships and of re
entering employment. It is in all these areas that psychiatric 
insights have helped transplant teams. Each of these aspects will 
be considered in greater detail. 

The importance of the role of the psychiatrist is well illustrated 
by the early observation in Cape Town that no fewer than 26% of 
deaths or loss of cardiac allograft function were related, in some 
part, to non-compliance on the part of the patient'-, thereby 
drawing attention to the psychological problems such patients 
display. 

PATIENT SELECTION 

Patient selection is important because basic issues of social 
policy, the limits of medical responsibility, and major ethical and 
legal considerations are encapsulated in the decision to choose or 
reject patients'\ 

In the early years of cardiac transplantation, mental deficiency 
and overt psychosis were the only psychiatric grounds used to 
justify exclusion from a program''*. With improved survival, and 
the subsequent expansion of transplantation, resulting in an inade
quate number of donor organs, the selection of suitable recipients 
has become an important issue'\ The situation with candidates 
for lung transplantation is similar. Many centers now have a com
mittee of medical personnel who take medical, psychological and 
social criteria into account (Chapters 5 and 15). A preliminary 
screening inevitably occurs prior to the actual referral, which 
reflects to some extent the responses of the referring physician to 
the patient's personality and to the character of his or her family. 
Self-referrals for organ transplantation must be viewed with some 
caution, since this may be indicative of exhibitionistic traits in pa
tients seeking publicity. (The self-referral of donors, however, re
quires immediate psychiatric intervention, since this suggests 
suicide intent.) 

Many groups today carry out an initial screen using a self-
report questionnaire, e.g. the Millon Behavioral Health Inventory 
(MBHI), or symptom checklist"" that is completed by the patient. 
Although this will give helpful information regarding the 
patient's present psychological status, it may not necessarily 
predict post-transplant medical problems"'. Whenever the 
questionnaire, or clinical history, suggests significant past or 
current psychological concerns, the patient should be referred for 
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further psychiatric assessment. This will include an in-depth 
interview that reviews the patient's personal development, family 
background and history of psychiatric illness, as well as his 
or her attitudes to current illness, disability, death, and trans
plantation. 

During this interview it is of particular value to assess the 
patient's ego strengths, such as his or her capacity to: (a) under
stand the information offered, to think about problems in a ra
tional way, to communicate needs, and be motivated to regain 
health; (b) face reality, and not resort to excessive denial or 
fantasy; (c) maintain a stable mood, without wide emotional 
swings from elation to the depths of despair; (d) control basic im
pulses, such as anger, greed, sexuality and self-abuse; (e) use 
mature ego defenses in everyday life and under conditions of 
stress; (f) perform age-appropriate life tasks, e.g. education, em
ployment and social responsibilities; (g) make mutually reward
ing relationships and use social support; and finally (h) define 
his/her values, abide by these, and use social resources that rein
force lhe.se. These ego strengths are ba.sed on those described by 
Beard"andBellakf/a/."*. 

Dreams are useful cues to reveal unspoken concerns. It is also 
important to examine current mental functioning using a stand
ardized method''', which should include inquiry about depression, 
suicidal ideas and memory impairment, as well as assessment of 
intelligence, insight, and capacity to make sound judgements, 
with special relevance to the giving of informed consent. Formal 
psychological testing may be of assistance-"-', but critically ill 
patients are frequently not able to carry out such tests. Where 
there are language barriers, competent and empathic interpreters, 
who are familiar with the transplant program, are invaluable. 

Evidence of organic impairment may be found in patients with 
poor cerebral perfusion or chronic hypoxia or hypercarbia, but if 
this is associated with neurological deficits the impairment is 
likely to be permanent, and due to brain damage. Evidence of a 
disturbed personality, indicated by alcohol and drug dependence, 
an erratic work record, unstable interpersonal relations, and anti
social behavior, have been added in most programs to the original 
exclusion criteria of mental deficiency and overt psychosis". 
Affective disorders, anxiety, or problems with adjustment must 
al.so be investigated, but are not necessarily contraindications to 
acceptance for transplantation'^-- - \ The quality of the patient's 
psychosocial support is of great importance, and must also be 
taken into account (Chapter 15). This is particularly so in the oc
casional patient who has been fortunate in never before having to 
make a major adjustment in his or her life; such patients may find 
the adjustments forced on them by the need for thoracic organ 
transplantation particularly difficult, complicating their prepara
tion for operation and their convalescence. 

However, Kuhn et cil.-^ found that pretransplant psychiatric di
agnosis frequently reflected the patient's emotional reaction to 
current illness and. with the exception of behavioral inanagement 
problems, did not correlate with subsequent emotional responses. 
Indeed, most psychiatric distress after evaluation appeared 
to be related to the protocol (e.g. the waiting period, endo
myocardial biopsy, etc.) rather than to any pre-existing 
psychopathology. 

In patients being assessed for cardiac transplantation, the nature 
of the heart disease in itself may be a cue to the patient's 
personality and hi.s/her customary ways of adapting to stress. 

Since some candidates have a history of myocardial infarction 
(complicating coronary artery disease), they may well show fea
tures of the type A behavior pattern described by Friedman and 
Rosenman-'. Such individuals characteristically show ambitious-
ness, striving, overcommitment to work, time urgency and impa
tience-**. They strive to be 'good" patients postoperatively and are 
highly motivated to survive. Another identifiable group comprises 
those with cardiomyopathy linked to significant alcohol abu.se, 
which has been associated with shorter survival. Careful thought 
has to be given before a transplant is offered to patients with a 
history of unpredictability, which may include unstable work and 
relationship patterns. 

While patients with long-standing heart or lung disease, partic
ularly those who have tolerated previous operative intervention, 
are likely to handle the stress of the transplantation procedure sat
isfactorily, they may have difficulty in relinquishing a well-
established sick role; rehabilitation then becomes a major 
exercise. Factors that are predictive of a favorable outcome 
include a patient's ability to discuss the possibility of his or her 
own death, as well as having a clear use for the time gained by 
longer survival, reinforced by sound social support-'^. 

Olbrisch and Levenson^" carried out a survey of heart trans
plant programs with regard to the psychosocial evaluation 
process. There was considerable disagreement among programs 
as to when a patient was not suitable on psychosocial grounds. 
Wide discrepancies in the criteria used, and in the rate of patients 
refused on psychosocial grounds, were discovered. More than 
70% of all programs excluded patients for transplantation on the 
grounds of dementia, active schizophrenia, current suicidal 
ideation, history of multiple suicide attempts, severe mental retar
dation, current heavy alcohol use, and current use of addictive 
drugs. Lack of consensus was found for some exclusion criteria 
(cigarette smoking, obesity, non-compliance, recent alcohol or 
drug abuse, criminality, personality disorder, mild mental retarda
tion, controlled schizophrenia, and affective disorder). The pro
portion of patients rejected for transplantation on psychosocial 
grounds ranged from 0% to 37%, with an average of 5.6% in the 
USA and 2.5%' in non-USA programs. 

WAITING FOR A TRANSPLANT 

Once a patient has been accepted for a program, he or she has to 
await a donor heart"-'-. Patients referred from distant places may 
have to live temporarily near the hospital, and are often supported 
by only one family member. This alien environment can be stress
ful, especially if the patient has left a well-established support 
structure and has to wait many weeks or even months". Initial 
optimism may give way to anxiety, despair, and depression. 
Individuals who use acting-out, impulsive behavior have 
difficulty tolerating this phase; exclusion from the program, even 
at this late stage, should be considered. 

POST-TRANSPLANT COMPLICATIONS 

There is now a considerable literature on the psychiatric compli
cations of heart transplantation''""'' ''' and some early experience 
after lung transplantation'"'. 
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Immediate postoperative period 

In the early days of cardiac transplantation, many patients became 
psychologically disturbed during the initial postoperative period, 
just as they did in the early days of heart surgery''. These changes 
were attributed to the convergence of such factors as altered cere
bral circulation, prolonged anesthesia, overstimulation by 
the monitoring systems, the sensory deprivation of immobility, 
and the unfamiliar bland environment peopled by masked 
strangers. 

The acute psychosis that can occur in this phase bears the fea
tures of both 'organic' and 'functional' disturbance; symptoms 
include reduced level of consciousness, hallucinations, paranoid 
delusions, disorientation from time and place, and mood disturb
ance such as depression or undue euphoria. Unconscious anxiety 
and fantasies about the transplanted heart may be voiced in this 
contexf*'. In addition, there is some evidence that emotional 
factors can influence the immunologic balance of the body, 
thereby affecting the organ acceptance or rejection"*-. 

More recent reports from heart transplant centers indicate that 
there is now little disturbance in the early postoperative period, 
which is possibly indicative of improved patient preparation prior 
to the procedure-'. However, postoperative organic mental syn
dromes were reported in a high percentage of the early lung trans
plant patients""'; episodes of dementia were found particularly in 
patients who had undergone cardiopulmonary bypass, had high 
levels of cyclosporin, or who had to relocate to await surgery. 
Although many patients are persistently euphoric at having sur
vived the procedure, and are delighted with their increased vital 
capacity and physical strength, this state of well-being can be 
threatened by episodes of organ rejection or infection that may 
trigger depression and anxiety. If hospitalization is prolonged, 
boredom and social isolation may also take an emotional toll. The 
steroids required to combat organ rejection pose an additional 
hazard since they are known to produce depression and even 
psychosis-'^ 

Mild symptoms respond to a psychotherapeutic interview and 
program modification; more severe disturbances such as regressed 
behavior, irritability, paranoid fears, and suicidal feelings and 
ideas may emerge and require treatment with neuroleptic medica
tion such as chlorpromazine or thioridazine. Such drugs, however, 
have a relatively long half-life, and should be used with caution in 
debilitated patients; a butyrophenone, such as haloperidol, or a 
thioxanthine, may be preferable in such cases, Risperidol, a new 
antipsychotic, has a different side-effect profile from the neu
roleptics in that it does not carry significant risk of extrapyramidal 
side-effects. Antidepressants such as the tricyclic or tetracyclic 
agents should also be administered with caution^-'"*\ again as they 
are long-acting, may share a metabolic pathway for degradation 
with cyclosporin, and may have an arrhythmogenic effect. 
Shorter-acting non-tricyclics, such as trazadone and maprotiline, 
offer an alternative. In more recent years, several newer antide
pressants have become available, with relatively fewer side-
effects. These include (luoxetine. paroxetine and sertraline, which 
are selective serotonin reuptake inhibitors. Bupropinon, a uni-
cyclic, is also available. 

Regressed behavior, which is often triggered by medical com
plications, responds to empathic and firm handling by staff. As 
dependency on the staff lessens, it becomes necessary for the 

patient to practice autonomy in taking control of some aspects of 
treatment. Some patients are anxious about leaving the security of 
the hospital and require gradual weaning from the intensive-care 
unit and, later, the ward environment. The spouse and/or other 
close family members also need reassurance and instruction. The 
psychiatrist, clinical psychologist, or psychiatric social worker 
can help the surgical team understand the anxieties that inevitably 
occur during and after any hospitalization, particularly if the hos
pital stay has been for organ transplantation^''. It is also very im
portant to remember that disturbed behavior, confusion, and 
headaches may have a neurological cause, such as an intracranial 
bacterial, viral, or fungal infection, which occurs more frequently 
in the immunologically compromised host. Epileptic seizures, 
local pain, or paralysis are indications for immediate neurological 
investigation to rule out organic pathology, including infection. 
Neoplasia may account for late neurological/psychiatric 
disturbance''^. 

REHABILITATION 

The successful transplant recipient has survived a unique life ex
perience. During the past 50 years, cardiac resuscitation and 
cardiac surgery have introduced a new dimension of human expe
rience; the patients both 'die' and are 'reborn' or 'resurrected'^*. 
Some survivors of cardiac arrest admit to thoughts of resurrection 
and fantasies of rebirth"*"'''. Organ transplantation brings a new 
lease of life with the promise of improved health and renewed 
physical vigor. To quote Paul Coffey, an early British heart trans
plant survivor: 'Following the transplant, and being given a 
second chance of life, one has time to think about what really 
matters"'". The early risk of rejecting the transplanted heart or of 
other post-transplant complications, however, may initially inhibit 
long-term planning. 

Integration of the new organ into the body image is effected in 
various ways. The organ has to be "taken in" and become part of a 
healthy body representation. The heart is seen as a pump to the 
mechanically-minded patient, devoid of emotional significance, 
which can be replaced if worn out. At the other extreme, 
however, a few recipients unmistakably identify with the sex and 
personality of the donor. Reactions to the organ influence compli
ance with medication. Complete integration of the organ into the 
body image involves dealing at some level with feelings of guill 
and indebtedness for having received an organ at the cost of 
another life""-^'. 

Mai''- has observed that, in 18 of the 20 heart transplant sub
jects that he studied, significant denial with respect to the graft, 
the donor or both, was present in the 30-90-day period following 
surgery. Bunzel et al.^^ also investigated how heart transplant pa
tients cope with the fact that their own heart has been replaced by 
a donor organ from an unknown dead donor who was the target of 
disease, accident or even suicide. Three groups of patients were 
identified: (a) the complete deniers, who denied thinking about 
the donor; (b) the partial deniers, who were aware of avoiding 
thinking about the donor; and (c) those who coped, who accepted 
the death of the donor as reality and also reported having more or 
less close connections with the donor. Eighty-two percent of the 
patients interviewed accepted the donor heart immediately as 
their own. whereas the remaining 18% avoided talking and think
ing about the graft and donor. 
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Recipients of donor organs, particularly the heart, have to deal 
with fantasies about the donor. Louis Washkansky, the first heart 
transplant patient, received a heart from a female donor. He en
quired, 'Do you think ... that I might develop busts (breasts) like 
a woman? ... or become chicken-hearted?"''' Other male recipi
ents receiving hearts from female donors have also had this type 
of reaction, though, with the increasing frequency of the opera
tion, such fantasies are becoming rare. 

At almost every center the initial heart or lung transplants 
gained considerable media attention. The early transplant pa
tients' 'fame', even if only local, nourished the rehabilitation 
process and ensured a 'survivor mission' reaction which was 
useful in gaining their co-operation. For subsequent survivors the 
rehabilitation process has been a less dramatic affair, with 
mundane issues such as housing, employment, and restored 
marital relationships to be faced (Chapter 15). As thoracic organ 
transplantation has become more commonplace, however, the 
patient has had a greater exposure to the experiences of fellow-
recipients, and such interchange and sharing can be of great emo
tional support. Many centers have initiated support groups to 
enable patients to share their experiences and concerns. 

While euphoria and improved self-esteem are found in many 
patients following operation, the steroid facies, which still occurs 
in a few, may make the recipient feel self-conscious. In some pa
tients there are difficulties in concentration, emotional lability, 
and irritability, while, in others, features of mild organic brain im
pairment can be found'\ Occasionally, recipients may show a 
morbid interest in their surgical 'twins' who have received organs 
from the same donor (e.g. kidneys), and identify closely with 
them. 

Follow-up has to be carefully planned. On the one hand, trans
fer to physicians or surgeons remote from the transplant center, 
who have had little experience with transplantation programs, en
genders insecurity and negative transference reactions. This may 
jeopardize compliance with dietary instructions and medication -
and hence survival. On the other hand, follow-up by the patient's 
own doctor lessens the overidentificalion with fellow transplant 
patients and grief at their death. 

The return to the family means there has to be a reorganization 
of the family system-"'^''. Wives often feel insecure in adapting to 
a more active spouse, though marital relations may be jeopardized 
by inadequate sexual function, to which several causative factors 
may contribute"''". Although libido remains strong in post-heart-
transplant male patients, erectile rigidity and orgasmic ability, 
already often impaired by pretransplant debility, decline further 
after the transplant''". Marital and family counseling is sometimes 
required. 

Tabler and Frierson'''' documented sexual dysfunction in a 
number of patients following heart transplantation, such dysfunc
tion including impotence, ejaculation problems, altered libido, 
and avoidance of sexual opportunities. Contributing factors to 
these sexual difficulties were fear of death during coitus, effects 
of medication on interest and ability to function, body image con
cerns, depression, uncertainty about the sexuality of the donor, 
and altered roles and responsibilities within the family. They rec
ommended that members of transplant teains should: (a) obtain a 
routine sexual history during the evaluation of candidates; (b) be 
more aware of such sexual concerns; (c) aggressively treat clini
cal depression; (d) establish peer support groups for spouses of 

transplant patients; (e) provide didactic material on sexual issues 
after transplant; (f) adjust medications when sexual problems 
arise; and (g) address their own level of comfort in discussing 
sex-related topics with transplant patients. 

TEAMWORK 

Human organ transplantation is notable for its intensive interdis
ciplinary team work. It is a collaborative enterprise that requires 
the skills of a large number of health-care professionals. A key in
dividual is the liaison nurse or coordinator, who mediates 
between the team caring for the donor, who have to abandon all 
life-saving procedures, and the transplantation teams, eager to 
receive organs in good condition. He/she has an important role in 
sustaining the donor's family in their grief and obtaining consent 
for organ u.sage. Here, too, psychiatric skills play a major role. 
Newcomers to the service may find that the unique demands of 
the program tax their professional equilibrium, especially if they 
have unrealistic expectations of their roles. P.sychiatric assistance 
may be necessary for such individuals if team support is not 
enough. Frequent team meetings are valuable to allow members 
to express their feelings and ensure good communication and 
support. 

COMMENT 

Thoracic organ transplantation raises the cosmic issues of death, 
resurrection and immortality that transcend the mundane daily 
concerns of lymphocyte counts and blood cultures. Programs of 
this kind demand the best that an academic or a research center 
has to offer, and stretch the imagination in seeking how to extend 
productive lives. Psychiatrists and social workers have played a 
useful role in transplantation programs by assisting with selec
tion, and helping transplant teams handle the more complicated 
behavioral, emotional and family problems which regularly ac
company major procedures that aim to prolong life. Donor fami
lies may also need support in coming to terms with their grief and 
even anger. These families occasionally seek to find out the iden
tity of the organ recipients, since the survival of the recipients 
gives their loss some meaning. 

In addition, organ transplantation has opened up important 
ethical issues of selection, the finality of life, the definition of 
death, informed consent, and priorities in the allocation of scarce 
lifesaving resources''"''-. The giving and receiving of a body 
organ - a gift of enormous value - is the most significant aspect 
of human organ transplantation. It is not a private transaction 
between the donor and recipient, but rather takes place within a 
network of personal relationships that includes families, the 
medical teams, and society. 

Mauss''' has described the gift relationship as a series of 
implied obligations - to give, to receive, and to repay. In the 
context of organ transplantation it is life that is given up, re
ceived, and renewed. Thus, donor, recipient, and kin can become 
bound to one another emotionally and morally in ways that can be 
fettering as well as self-transcending. Organ transplantation has 
brought issues of gift exchange and social solidarity to the fore, 
and has shown how technical advances tend to outstrip contempor
ary psychological and social organization. Thoracic organ irans-
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plantation highlights the value medical science places on individ
ual human life, and the progress that is possible through the appli
cation of science with compassion. 
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15 
Medico-social Aspects 
\N. D. PARIS, S.E. THOMPSON, N.J. BRAWNER, M.L PENIDO, M.J. BRIGHT 
AND CM. ROBERTSON 

INTRODUCTION 

With the introduction of cyclosporin a new era in transplantation 
began. Improved immunosuppression was partly responsible for 
the exponential growth of heart transplant programs from 1984 to 
1987'. The first successful lung transplant was performed by the 
Toronto Lung Transplant Group in 1983 and. though less dra
matic, there has been a steady increase in the number of lung 
transplant programs since that time-. More importantly, the in
creased frequency of organ transplantation has been accompanied 
by iiTiproved long-term survival. At the five heart and lung trans
plant programs represented by the authors of this chapter we 
found combined I- and 5-year survival rates for heart («=654) 
transplantation to be 89% and 75*7̂ , and for lung («=196) trans
plantation to be 617i and 38%, respectively. 

Survival statistics alone, however, do not reflect the challenges 
patients undergoing transplantation must face. The enduring focus 
of attention for patients and families will be the 'process' they 
undergo, rather than the surgery itself-. 

Medical social work services have historically been available 
to patients and their families to help meet the challenges of trans
plantation. As a member of the transplant health-care team the 
social worker assists in the selection, monitoring and rehabilita
tion of transplant recipients. The patients and their families are 
assisted in their adjustment to the psychological, emotional, 
social, and financial impact of transplantation. For the social 
worker the challenge is to continue to be a liaison between 
the transplant team, the patient and the family, while developing 
greater skills in assessing and following prospective can
didates. 

Bright et al.-, Chrislopherson\ and others^ have identified a 
fairly predictable sequence of adjustment stages for early heart 
and lung transplant patients which include: (a) assessment, 
(b) awaiting donor, (c) immediate post-surgical, (d) recovery (first 
infection/rejection), (e) hospital discharge, and (f) early convales
cence. In this chapter some of these stages will be combined and 
reference will be made to the social work services provided for 
heart and lung transplant recipients during the selection, perioper
ative, and rehabilitation phases. 

ASSESSMENT PHASE 

Psychosocial 

The psychosocial assessment is the most important contact that a 
social worker has with a prospective candidate and his/her family. 
It should include an overall picture of the patient's personality 
and attitudes, mental stability and level of functioning, and 
current social matrix. In particular, a detailed history should be 
obtained of current or previous substance abuse, medical non
compliance, and psychiatric problems. Support system strengths 
and weaknesses, patient and family attitudes about transplanla-
tion, and the motivation and potential for post-transplanl rehabili
tation (physical, psychological and vocational) need to be fully 
evaluated. For lung transplant candidates their parlicipatiiin in a 
required post-assessment prctransplant pulmonary rehabilitation 
program provides an excellent opportunity to observe and further 
evaluate their behavior. The willingness with which they accept 
this requirement may in itself provide insight into their character, 
and into their potential post-transplant behavior. 

The importance of the psychosocial assessment in determining 
proper patient selection has been well documented. Historically, 
patients have been denied transplantation on the basis of a history 
of (a) poor medical compliance, (b) mental illness, or (c) current 
or recent evidence of alcoholism or drug abuse\ Recently, the va
lidity of some of the assumptions that have been made in relation 
to psychosocial factors and transplantation outcomes has been 
questioned. 

Renal transplant recipients with a prior history of heroin abuse 
did well when compared with other recipients''. Preoperative de
pression and psychiatric distress were found to have little predic
tive value in regard to mortality and morbidity after heart 
transplantation^''. Heart transplant recipients selected with liberal 
psychosocial criteria, and exposed to aggressive psychosocial in
tervention, had medical results at 1 year similar to those of pa
tients selected with less liberal criteria''. 

At many centers the policy with regard to alcohol or drug abuse 
is to defer patients with a current, continuing problem. However, 
patients are accepted once they have maintained 6 months sobri
ety or drug-free behavior. Following this policy at the Oklahoma 
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Transplantation Institute, no patient has resumed aieohol or drug 
consumption post-transpiant. although this group has been found 
to be significantly more likely to develop compliance or psycho
logical problems which were associated with increased morbidity 
(but nor mortality) after the first post-transplant year'". 

Patient non-compliance, while sometimes difficult to identify 
or quantify, especially pretransplant, is an important issue that 
must be explored. Non-compliance has been documented to be 
more common in younger patients (<40 years), those single or di
vorced (presumably lacking family support), those with a lower 
level of education (less than high-school diploma), and those with 
no career skills". Some believe that non-compliance may indi
cate depression, intellectual deficit, cognitive impairment, or am
bivalence about surgery and/or survival'-, while others report that 
non-compliance in regard to taking medication is mainly associ
ated with financial restrictions". 

Any history of failing to follow medical advice should be noted. 
If there are social reasons for this behavior, attention and effort 
must be focused on identifying the underlying issues and helping 
the patient to develop an effective plan of corrective action. When 
there is a psychological or intellectual basis for this non-compliant 
behavior, its potential for treatment must be assessed. 

The pretransplant psychosocial evaluation must also include, 
when applicable, an exploration of the possibility of the patient's 
return to work post-lransplantation, and any need for training or 
education. It is reasonable to expect that the majority of thoracic 
organ transplant recipients will be able to resume a fully func
tioning lifestyle. According to a 1987 UNOS (United Network for 
Organ Sharing) public opinion survey on heart transplantation, 
12% of respondents agreed that a patient's ability to return to 
work or other regular activities was second in importance only to 
patient survival (with which 83% of respondents agreed)'^. It is at 
this early stage that the expectations of the transplant team with 
regard to the patient's return of work post-transplant should be 
clearly stated. The center's policy regarding the support (or 
misuse) of post-transplant disability claims should be etiiphasized 
to the patient'"^. Studies have shown that a clearly stated policy 
which expects employment (coupled with social work interven
tion) results in 12-15% of patients securing new employment"'-'^. 

On occasion, patients and/or family members experience some 
degree of disbelief and even anger when informed of the diagno
sis of end-stage heart or lung disease and the need for transplanta
tion. At times this may result in a reluctance to be totally factual 
during the assessment, because of the underlying fear of being 
denied candidacy. Potential recipients who have limited expecta
tions of potential benefit, or view the transplant as merely a delay 
in the dying process, must be screened particularly carefully. 
Some lung transplant candidates (e.g. those with cystic fibrosis) 
may have difficulty in anticipating or imagining any meaningful 
post-transplant improvement because, due to the early age of 
onset of the disease and prolonged length of illness, they have no 
prior experience and little expectation of good health. 

Financial 

Before admission or transfer to the transplant service the social 
worker coordinates an assessment of the patient's financial 
history. In countries such as the USA, with a health-care system 

based largely on the patient's ability to pay, finances are a major 
issue. Ideally, a prospective candidate will have insurance which 
will cover 80-100% of medical expenses. In the absence of 
private or state insurance the patient may well have to rely on his 
or her own personal resources or local fund-raising efforts. When 
problems or potential problems are identified, the social worker 
may provide counseling services or refer the family to appropriate 
community resources. It is important to remember that insurance 
that covers pharmacy costs is as important as hospital and physi
cian benefits because of the expensive, and long-term, post-
transplant immunosuppressive regimen. 

PERIOPERATIVE PHASE 

The perioperative phase refers to the time from selection through 
early convalescence, and is characterized by contradictory emo
tions for the patient and family. Although patients may express 
relief about being accepted as a candidate, guilt and anxiety often 
occur once they realize that their return to health is dependent on 
another's death and the bereaved family's willingness to donate 
the organs. Alternatively, the patient may secretly wish for 
another's death. In some cases the patient will make known his or 
her idea of a suitable donor. Time spent awaiting a donor pro
duces a severe strain on even the best of relationships wilhin the 
family, or among friends. The social worker should be available 
to provide reassurance and emotional support and, when needed, 
to facilitate the ventilation of feelings'. Communication with pa
tients who have undergone transplantation is encouraged, and has 
proven especially helpful to candidates. 

The immediate post-surgical period is, if all goes well, a time 
of euphoria and relatively little stress which requires only 
minimal social work involvement. At some point most recipients 
will experience a real or suspected infection and/or rejection 
episode. It is because of this and the other side-effects of im
munosuppressive medication that a patient soon realizes that he or 
she may have traded one set of symptoms or problems for 
another. This is perhaps particularly true for the lung recipient, 
due to the increased risk of infection and the difficulty of diagnos
ing rejection after lung transplantation. 

In general, recovery and the preparation for hospital discharge 
may be a time of incongruous feelings (i.e. frustration and depres
sion about functional limitations and ongoing weakness, etc., ac-
coinpanied by excitement about leaving the hospital). At 
discharge a patient is expected to once again assume responsibil
ity for hi.s/her own physical and emotional care, which may result 
in conflicts with family members who have been fulfilling a 'care
taker' role during the patient's period of ill-health. Early conva
lescence is a furthering of this process, where a variety of family 
conflicts are likely to develop'". The amount of social work in
volvement at this time is dependent entirely upon the needs and 
wishes of the patient and family. 

Though successful discharge may mean resolution of many of 
the medical factors that precipitated admission to the hospital, 
what lies ahead may be uncertain. As a result, discharge is often 
an anxious (fearful) time for both patient and family, and they 
may react with confusion, shock, or denial'"*. Any early unrealis
tic expectations about transplantation and its influence on social 
relationships are likely to be evident at this time. 

138 



MEDICO-SOCIAL ASPECTS 

The social worker should be available to work with the patient 
and family lor any post-hospital counseling and/or referral needs. 
With improved medical results, and better pretransplant screening 
and counseling, discharge planning is a less important role for the 
transplant social worker than it once was. 

REHABILITATION PHASE 

Depending upon improved physical capacity, a transplant recipi
ent should be restored to a level of general health comparable 
with that of the general population-". For both heart and lung 
transplant recipients aggressive cardiopulmonary rehabilitation 
efforts begin once the patient is medically stabilized post-
transplant-' --. Successful long-term rehabilitation can be realist
ically claimed if a patient returns to (a) competitive employment, 
(b) school, (c) homcmaking duties, or (d) active retirement. 

Psychosocial problems identified at pretransplant assessment 
are likely to continue in some form, and will serve as a hindrance 
to a patient's rehabilitation potential. Therefore, the social work 
role during the rehabilitation phase should be clinically focused 
and directed towards reducing psychosocial problems and in
creasing the likelihood of returning to an active lifestyle. 

Only recently have psychosocial factors and their relationship 
to transplantation outcomes been subjected to critical evalu
ation*''. Patients with a history of substance abuse within 
6 months of acceptance for transplantation, even if currently ab
stinent, should be monitored closely because of the risk of recur
rence. Patients abstaining for longer than 6 months 
pre-acceptance are at risk of exhibiting previously undiagnosed 
psychological or compliance problems'". Psychological and non
compliance problems that existed pretransplant, whatever their 
form, are almost certain to recur post-transplant. Medication non
compliance may occur even in the previously compliant patient as 
the result of financial restrictions'\ 

Since it has not been conclusively shown that the presence of 
any post-transplant psychosocial problem will increase mortality, 
social work intervention should be based upon the assumption 
that attempting to resolve these issues will improve the quality of 
life for heart and lung transplant recipients, but not necessarily 
increase longevity. 

The rate at which transplant patients are gainfully employed is 
not synonymous with the medical results of transplantation, A 
recent multicenter study found 81% of heart transplant recipients 
were physically able to work, but only 45% were doing so'*. 
There are no comparable data available as yet for lung transplant 
patients. 

Obviously there are many barriers to employment post
transplantation. The factors typically associated with continued 
unemployment are: (a) potential loss of health insurance or dis
ability income if the patient becomes employed, (b) less than a 
high-school diploma, and (c) lengthy pre- and post-transplant dis
ability. However, heart transplant centers that refuse to support 
unsubstantiated (or poorly substantiated) disability claims post-
transplant have been successful both in encouraging patients to 
return to their former jobs (if available) and in stimulating an 
additional 12-15% of patients to secure new employment"''^. 

A difficult and often-ignored aspect of a patient's rehabilitation 
is the patient's perception of continued disability. The discrep

ancy between the physician's assessment and the patient's 
perception of work ability is problematic, and as yet unresolved. 
Whether this is a real or imagined incapacity on the part of the 
patient is uncertain. Neither vocational rehabilitation nor psy
chotherapy has shown much success in altering patient percep
tions, although this does not imply that they should be ignored. 

Vocational programs offer the support necessary to remove 
educational barriers, and counseling can help to reduce the stress 
and anxiety associated with change. However, for patients to 
achieve full rehabilitation potential consistent with their medical 
improvement will require meaningful social reform and. in the 
USA, full implementation of the Americans with Disabilities Act. 

COMMENT 

The complexity of the issues confronting transplant patients and 
their families requires both sensitivity and creative intervention 
strategies. The multifaceted nature of the social workers' knowl
edge and role allows them to function in a clinical capacity and 
provide supportive, educational and/or counseling services and, 
when needed, referral for community services. It is incumbent, 
however, on social workers that they document their clinical ex
perience and research knowledge. This will require them to refine 
outcome measurement tools and report the effectiveness of their 
intervention through publication. Solely reporting transplant 
patient or family needs is inadequate in an environment driven by 
the outcome mandates of insurance carriers, restructured organi
zations, and/or government regulations. Certainly, transplant 
social workers have already contributed towards these goals, but 
there remains much to be accomplished. 
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Nutrition and Diet 
M. KANOSKI 

INTRODUCTION 

Organ transplantation has become a therapeutic option for hun
dreds of victims of cardiac and pulmonary failure each year. 
Since the first human heart transplant was performed by 
Christiaan Barnard in Cape Town, in December 1967, medical 
centers have been performing transplant procedures worldwide. 
Heart and lung transplants have made survival and rehabilitation 
possible for individuals with end-stage cardiac and pulmonary 
failure who would otherwise have died or have remained severely 
disabled. However, the number of patients waiting for transplan
tation increa.ses each year, and many wait weeks or months before 
they receive a transplant. During this waiting period the patients' 
nutritional status can be maintained, or possibly improved, though 
repletion of the nutritional stores of a patient with end-stage organ 
disease may not be possible until a functioning organ is received. 

The nutritional care of transplant patients is unique to the pre
existing cardiac and pulmonary disease and postoperative 
therapy. Frequent reviews of the dietary requirements of the 
patient are essential, as they may differ markedly with changing 
clinical status. The nutritional status of transplant candidates and 
recipients significantly affects wound healing, surgical complica
tions, length of hospitalization, quality of life, and mortality'. 

Blackburn et al? noted a 53% incidence of significant malnu
trition in patients with cardiac disease who were usually in New 
York Heart Association (NYHA) class III or IV. Poindexter's 
report on the assessment of 54 patients who underwent heart 
transplantation demonstrated that 25 exhibited compromised nu
tritional status preoperatively\ Advanced cardiac failure may 
result in cardiac cachexia, evidenced by multiple organ 
insufficiency (from hypoxia), muscle and adipose tissue loss, 
hypoalbuminemia, malabsorption, nausea, vomiting, and 
anorexia. The risk of mortality and postoperative complications 
increases with each of these factors'*. 

Patients with advanced pulmonary disease usually present with 
weight loss. Possible mechanisms for this weight loss include im
paired gastrointestinal function, altered dietary intake as a result 
of early satiety, the presence of hypermetabolism, increased 
resting energy expenditure, and increased work of breathing''''. 

The degree of malnutrition in patients with respiratory disease 
usually correlates with deterioration in lung function. Depletion 
of the somatic protein stores is common in patients with chronic 
obstructive emphysematous pulmonary disease (COPD). Weight 
loss in COPD patients (who begin with normal weight) causes de
terioration in respiratory and skeletal muscle strength. Weight 
loss in COPD patients who are initially overweight, how
ever, usually improves respiratory muscle function and decreases 
arterial PacOj"'-^*. 

Patients with cystic fibrosis (CF) have difficulty absorbing fat. 
and require pancreatic enzyme replacement. Undernutrition is 
caused by unfavorable energy balance and there appears to be a 
direct correlation between the degree of undernutrition and the 
severity of pulmonary disease. Three major factors have been 
shown to lead to undernutrition: (a) reduced dietary intake caused 
by various factors, (b) malabsorption, and (c) increased energy 
expenditure. Girardet's research stressed that the resting energy 
expenditure (REE) in CF patients is higher than normal, even 
when pulmonary function is normal, and that it increases approx
imately 150% with deteriorating lung disease**. 

The above observations, combined with the known deleterious 
complications of immunosuppressive drugs and the stress of 
major surgery, support the need for nutritional intervention prior 
to transplantation, to improve the probability of a successful 
outcome. This chapter will discuss the primary areas of concern, 
and recommendations for nutritional therapy. 

NUTRITIONAL ASSESSMENT OF THE TRANSPLANT 
CANDIDATE 

At a time when candidates for transplantation are more numerous 
than donors, long-term pretransplant nutritional care becomes in
creasingly difficult, especially for those who require support by 
mechanical ventilation, a mechanical assist device, or an artificial 
heart. In order to treat nutritional abnormalities and malnutrition, 
such patients must first be identified. Accurate initial and follow-
up assessments by the dietitian will identify those patients at risk 
in each phase of transplant care. 
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With transplant candidates presenting in a wide variety of nu
tritional status generally deteriorating while awaiting transplanta
tion, routine pretransplant follow-up is essential to allow early 
intervention. Patients with better nutritional status at the time of 
transplant have a shorter length of hospital stay, and lower hospi
tal eosts'". 

The patient with slowly progressive disease (>6 months) may 
seem to have adjusted metabolieally. The severe malnutrition that 
may accompany chronic heart failure has been termed cardiac 
cachexia. The condition may exist for many months or years. 
Factors contributing to the pathogenesis of this syndrome are: 
(a) dietary, (b) metabolic abnormalities, and (c) excessive loss 
of nutrients". 

In cardiac patients, weight loss often appears ininimal. but is 
usually masked by the presence of fluid overload'-. Anthro
pometric measurements commonly detect a reduced lean muscle 
mass with varying degrees of adipose (calorie) reserves. Poor ap
petite, nausea and vomiting may reduce food intake at a time 
when all physical activities, including breathing, are placing 
greater nutritional demands on the patient. Abel el al. established 
that early malnutrition adversely affects cardiac function"'"*. In 
turn, impaired cardiac function from nutritional deficit further in
terferes with food intake, which creates a downward spiral of de
terioration until parenteral nutritional support is initiated". 

.Signs of a hypermetabolic state may include weakness, muscle 
wasting (in particular in the temporal region), severe weight loss, 
increased temperature, and hypoalbuminemia. The cardiovascu
lar system may exhibit decreased cardiac output, increased blood 
pressure, and increased heart rate. Altered respiratory function 
may include increased respiratory rate, presence of rales, and 
dyspnea. Gastrointestinal aberrations may include decreased 
gastric motility, early satiety, anorexia, steatorrhea, he

patomegaly, hepatic congestion, and ascites. Renal function may 
be impaired, and result in increased nitrogen loss and rises in 
blood urea nitrogen and creatinine levels. 

Pretransplant nutritional assessment should include biochemi
cal and anthropoinetric measurements, history of weight loss, and 
diet history. The appropriate biochemical and anthropometric 
measurements are well documented in the literature'. Nutritional 
assessment includes recording of age. sex, height, and weight, and 
estimations of serum albumin and/or prealbumin and 24-hour 
urinary urea nitrogen and creatinine, when appropriate-
(Table I). 

A thorough diet history, with estimated caloric intake levels, 
should be taken, to detect potential deficiencies, and may suggest 
methods tt) improve oral intake. The history should include usual 
home diet, utilization of any special food supplements, chewing 
and swallowing ability, and smell and taste perception, in addi
tion, limitations on the procurement of food products, meal prepa
ration, and eating arrangements should be evaluated. An attempt 
should be made to estimate dry weight (e.g. the weight 6 months 
prior to the onset of illness) and used to determine the patient's 
percentage weight change over a period of lime. Current weight 
should be compared with desirable weight standards. The esti
mated desirable weight is then used to determine basal energy ex
penditure (BKE)"'. When available, indirect calorimetry can be 
measured by a metabolic chart, to determine resting energy ex
penditure (REE). 

A standardized, easily performed, cost-effective assessment 
tool is important to the success or failure of nutritional interven
tion. The subjective global assessment (SGA) of nutritional status 
(Table 2) is a clinical technique that estimates nutritional status 
on the basis of medical history, which includes current weight and 
weight history, dietary intake compared with usual pattern. gas-

Table I Nutritional asse$.snient of the transplant patient 

Height (cm) Age: Sex: M/F 

Weight (kg) Actual: Usual weight: Weight 6 weeks ago: _ 

'7i change in weeks (based on Blackburn') 

Albumin Prealbumin Total protein Lymphocytes % 

Na Potassium Chloride CO^ 

Glucose A l C 

Hgb Hct WBC BUN Creatmine 

24-hour UUN 24-hour creatinine 

Nitrogen balance study 

Metabolic chart study 

Diet history 

Weight 6 months ago: 

tthukhurn's evahuilion ofweii'ht change'' 

Time Sif>nificant weight loss (9c) Severe weight loss {%) 

I week 
I month 
3 months 
6 months 

1-2 
.5 
7..5 

10 

>2 
>5 
>7.,'5 

> I 0 

' Values charted are tor percentage weight change. 
Percentage ueighl ctiange - (usual weight - actual weight) x l(K) (usual weight). 
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Table 2 Patient-generated subjective global assessment of nutritional status 

A. Hixiorv 
1. Viei^hl change 

1 weigh about pounds 
1 am about feet inches tall 
A year ago I weighed about pounds 
Six months ago I weighed about pounds 
During the past 2 weeks my weight has decreased _ increased not changed 

2. Food intake 
I would rate my food intake during the past month (compared to my normal) as 

no change changed (a) more than usual 
(b) less than usual 
(c) much less than usual 

only solids 
only liquids 

(d) very little of anything 

3. Problems with eating 
Over the past 2 weeks I have had the following problems that have kept mc from eating (check all that apply) 

no problems, just did not feel like eating 
no appetite, just did not feel like eating 
nausea 
vomiting 
diarrhea 
constipation 
mouth sores 
dry mouth 
pain 
things taste funny or have no taste 
smells bother me 
other 

4. Functional capacity 
Over the past 2-4 weeks I would rate my activity as generally 

0 = normal, no limitations 
I = not my normal self, but able to be up and about with fairly normal activity 
2 = not feeling up to most things, but in bed less than half the day 
3 = able to do little activity, and spend most of the day in bed or chair 
4 = pretty much bedridden (rarely out of bed) 

The remainder of the form will be filled in by your doctor, nurse or therapist. Thank you. 

Disease anil its relation to nutritional requirements 
Primary diagnosis 
Metabolic demand no stress low stress moderate stress high stress 

B Physical examination 
(For each trait, specify: 0 = normal, 1 = mild, 2 = moderate, ? •-

loss of subcutaneous fat (triceps, chest) 
muscle wasting (quadriceps, deltoid) 
ankle edema sacral edema ascites 

C. Subjective global assessment (SGA) rating 
(.Select one) 

A = well nourished 
B = moderately malnourished 
C = severely malnourished 

severe) 

trointestinal symptoms >2 week.s duration, functional status, and 
metabolic demands, as well as physical examination of muscle, 
fat and fluid status. Based on these features a patient is catego
rized as: (a) well nourished, (b) having moderate (or suspected) 
malnutrition, or (c) severely malnourished. The original SGA has 
been validated in surgical patients and transplant pat ients" . 

Caloric requirement 

The total estimated non-protein calorie requirements are calcu
lated for maintenance and stress (e.g. surgery, sepsis) (Table 3). 

In the patient taking oral nutrition, requirements vary from 20% 
to 5 0 % above BEE values ' ' . These addit ional requirements 
should be assessed on an individual basis. An extremely stressed 
patient receiving enteral or parenteral support may need up to 
7 5 % above BEE^. 

In severely cachetic patients, repletion of fat and muscle stores 
may not be achieved for several months. Normalization of serum 
albumin can require several weeks. Extended periods of therapy 
during the preoperat ive stage are impractical due to the 
uncertainty of organ availability and the severity of end-stage 
disease. 
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Table 3 Estimation of nutritional needs 

Basal energy expenditure (BEE) at weight = calories 

Male = 6ft + ( L .̂7 X dry weight in kg) + (5 X height in cm) -(6.8 X age) = 

Female = 655 + (9.6 X dry weight in kg)+ (1.7 X height in cm)-(4.7 X age) = 

Cachetic patients have an impaired tolerance to oral intake, and 
enteral (na.sogastric tube feeding) and parenteral (intravenou.s) hy
peralimentation support inay also be poorly tolerated. Such 
refeeding must be cautiously approached, to avoid the refeeding 
syndrome, in which inalabsorption and distressing diarrhea can 
occur. Support should ideally be initiated before the patient is se
verely malnourished, to allow gradual increases in caloric and 
fluid intake'-. Supplying the optimal nutritional support requires 
constant reassessment and tnonitoring. Overfeeding a patient can 
stress the heart, liver and kidney, thus eliminating the benefits of 
such support"*. 

Although BEE provides an effective estimate of average 
energy needs, the actual metabolic requirements of the individual 
patient may be difficult to assess. Resting energy expenditure 
(REE), a form of indirect calorimetry, is useful for determination 
of energy requirements and appropriate substrate utilization". 
Indirect calorimetry is used to measure actual oxygen consump
tion (V02) and carbon dioxide production (Vco^). The ratio of COT 
produced and O, consumed results in specific respiratory quotient 
(RQ) values. The specific RQ values are as follows: Carbohydrate 
1.0 (iTiaximum carbohydrate utilization is calculated" at 5 mg/kg 
per hour; protein 0.8; fat 0.7; mixed substrates 0.85. 

The RQ reflects the oxidation of a mixed fuel of fat, car
bohydrate, and protein. An RQ >I.O is thought to represent fat 
synthesis. With higher RQ values, COj production is increased 
and can result in increased respiratory demands, causing 
increased work of breathing for a compromised pulmonary 
patient. This would be appropriate if the exact energy requirement 
of a non-ambulatory patient were needed"". 

Protein requirement 

The protein requirement of any individual patient is based on lab
oratory and anthropometric findings (Table 4). Needs range from 
1.2 to 1.5 g of protein per kilogram of appropriate dry body 
weight'. Protein requirements may increase to levels of 1.5-2.0 g 
of protein per kilogram in the severely depleted patient - for 
example, the patient supported by an artificial heart. In the de-

Table 4 Nutrient needs 

Calorie Protein 

Lung 
Maintenance 
Repletion 

1.0-1.2 X BEE 
25-35 kcal/kg dry weight 

1.0-1.5 g protein/kg dry weight 
1.5-2.0 g protein/kg dry weight 

(Promote weight gain with CF patients) 

Heart 
Maintenance 1.2-1.5 X BEE 
Repletion 25-35 kcal/kg dry weight 

1.2-1.5 g protein/kg dry weight 
1.5-1.75 g protein/kg dry 

weight 

pleted patient, renal failure should be treated by dialysis rather 
than by protein restriction. 

NUTRITIONAL SUPPORT PRETRANSPLANT 

The obese patient 

The obese transplant candidate (>20% above desirable body 
weight due to adipose tissue) is also at nutritional risk. Protein 
status, eating habits, and family eating patterns are often poor. 
Detailed histories of diet, of nutritional status of members of the 
family, and of change in weight are helpful. If time allows, the 
patient should work with a dietitian and be guided toward gradual 
weight loss (0.5-2 kg/week) while maintaining adequate protein 
status. The patient should not be instructed to decrease weight 
without professional guidance and monitoring, as this often leads 
to severe protein and nutritional deficits. 

The patient in the early stage of cardiac failure 

The goal of nutritional support is to provide adequate calories, 
protein and other nutrients without overfeeding the patient. The 
New York Heart Association class 11 or III patient may show 
no problems with anorexia or weight loss. Education regarding 
nutritional requirements, suggesting a high-protein, high-calorie, 
moderate sodiuin intake, may be sufficient treatment at this stage 
(Table 5). 

The patient in advanced cardiac failure 

As cardiac function decreases, more inten.se support is necessary. 
Intake may vary daily, depending on gastrointestinal function and 
overall well-being. Cellular hypoxia, secondary to increasing 
cardiac failure, gradually leads to multisystem failure. 
Malabsorption occurs as the viscera become engorged with fluid, 
and the body is unable to utilize nutrients provided enterally'\ 
Gastrointestinal motility may decrease, resulting in constipation 
and/or diarrhea. Reduced renal blood supply results in conserva
tion of nutrients and water by the kidneys'. Free water, supplied 
in the form of nutritional support and medications, is retained 
unless diuretics are used. Diuretics deplete mineral and vitamin 
levels, requiring careful monitoring and supplementation-". 

Sodium restriction is commonly advised, yet should not com
promise adequate nutritional intake, particularly protein intake. A 
high-protein diet can contain as little as 87-176 mEq (2-4 g) of 
sodium. Small frequent meals, snacks, and high-protein shakes 
are recommended to increase total protein intake as much as 
possible. 

Calorie and protein counts and nitrogen balance studies can ac
curately indicate actual daily intake. If oral intake is consistently 
at or below the calculated BEE, additional support will clearly be 
necessary. Alternate routes of nutritional support, such as enteral 
or parenteral hyperalimentation, are often required. While enteral 
support is preferred, tolerance is generally poor. Peripheral 
venous hyperalimentation can be beneficial in supplementing oral 
intake in hospitalized patients. Central venous hyperalimentation 
is occasionally necessary, and should not be postponed until .serial 
laboratory studies indicate severe nutritional deficits. 
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Table 5 Constituents of recommended diet* 

The calorie level is calculated on an individual basis to achieve and maintain desirable body weight and should consider an activity factor for exercise if feasible. 

The total number of calories should be made up of: 
Carhohydmle: 45-55% 

33% from simple sugars in fruits 
67% from complex carbohydrate high fiber ( 3 ^ g/day) 
Limited concentrated sweets/sugar/alcohol 

Protein: 25-307f 
Far. 18-25% 

33% or less of calories from saturated 
33% monounsaturated 
33% polyunsaturated 

The daily diet should not contain more than approximately 200 mg cholesterol and 176-220 mEq sodium (4-5 g) 

'Recommendations listed are modified American Dietetic Association and American Heart Association guidelines. The moditications listed were deemed necessary after experience 
with transplant patients'. 

The patient with cardiac cachexia 

The patient with rapidly deteriorating cardiac function may 
develop cardiac cachexia while awaiting transplantation^. 
Nutritional treatment often includes a form of hyperalimentation. 
Although cachexia may be a compensatory mechanism to reduce 
oxygen consumption and decrease cardiac demands, at least 
minimal energy and nutrient needs should be supplied to maintain 
the patient's immune status and survivaF. The absolute quantities 
and relative proportions of carbohydrate, protein and fat desirable 
to maintain minimal nutritional support and reduce cardiac stress 
remain highly debated, and require further detailed investigation. 

The patient on a mechanical assist device or artificial 
heart 

The artificial-heart patient has postoperative metabolic stress in 
addition to pre-existing malnutrition. Increased cardiac output and 
nutrient distribution to atrophied tissues stimulates the anabolic 
process. Energy and protein requireinents will exceed those 
before implantation of the device. If the patient had been taking 
adequate nutrition prior to implantation, his or her nutritional 
needs may not increase so significantly. A high-protein, high-
calorie diet, with vitamin and mineral supplementation (and fre
quent 'snacks') is appropriate. 

Oral intake may require supplementation in the form of enteral 
or parenteral hyperalimentation. The gastroenterologist, dietitian, 
and nutrition support team should monitor tolerance and intake 
closely. Weekly calorie counts and nitrogen balance studies 
should be checked to assess adequacy of nutritional support. 

The patient with respiratory disease 

In patients with respiratory problems, respiratory muscles, as well 
as other somatic muscles, are catabolized to meet energy needs 
when nutrition is not adequate. With a reduction in weight and 
body mass, respiratory muscle mass decreases. When this occurs, 
a decrease is observed in the availability of substrates that are 
used for production of energy and cellular growth. Severe hypoal-
buminemia may be a contributing factor to pulmonary edema^", 
with a reduction in oncotic pressure and fluid shifts into the inter
stitial space. The primary goal is to minimize CO, production 

while providing adequate nutritional needs, and avoidance of 
excess kilocalories. which could prove detrimental to pulmonary 
function and contribute to hypercapnia in some patients". 

NUTRITIONAL SUPPORT IMMEDIATELY 
POST-TRANSPLANT 

Immediate postoperative care should be focused on establishing 
hemodynamic stability, hydration status, and respiratory function, 
and on monitoring complications related to the surgery. The goal 
of post-transplant nutritional support is to provide adequate nutri
ents to promote anabolism and prevent infection. Well-nourished 
patients able to begin a diet within 3—4 days after surgery usually 
do not need nutritional support. Others who are unable to begin a 
diet within this time-frame, or who were malnourished prctrans-
plant, may benefit from nutritional support. Nasogastric tube 
feeding is the preferred method of nutritional support. Total par
enteral nutritional support is indicated when a patient is unable to 
tolerate tube feedings. 

Post-transplant patients require increased amounts of nutrient 
for wound healing at a time when renal and hepatic function are 
frequently impaired, appetite may be poor, and side-effects of 
medications may result in gastrointestinal distress^. 
Postoperatively, the patient's diet is advanced to solid foods as 
tolerated, the goal being to provide a high intake of calories'*' 
(BEE X 1.5 = 1.75) and protein (1.2-1.5 g/kg dry body weight). 
For cachetic patients an injury factor of 1.2 for calories and 
1.0-1.2 g of protein/kg dry body weight would be more appropri
ate. Hyperalimentation may be continued to support a previously 
malnourished patient. Small frequent snacks between meals, in
cluding commercial liquid nutritional supplements, are continued, 
but may be modified to conform to new dietary restrictions. 

Biochemical values to be monitored include serum electrolytes, 
glucose, BUN, creatinine, albumin, and/or prealbumin. If BUN 
and creatinine rise, protein may need to be restricted. Intake is 
monitored by frequent calorie nutrient counts and nutritional 
assessments. 

The patient's nutritional status and intake ability dictate the 
extent to which dietary restrictions can be implemented during 
the first week post-transplant. The restriction on sodium intake is 
usually relaxed to 176-220 mEq (4-5 g) per day, and sugar 
intake, especially in the form of concentrated sweets, is limited, to 
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minimize the effects of corticosteroids on glucose metabolism. 
Cholesterol and saturated fat restrictions are also implemented. 

The protective isolation precautions used by some institutions 
may eliminate fresh fruit and vegetables from the patient's diet. 
Although aerobic Gram-negative bacilli are commonly found on 
such foods, they are no longer considered dangerous unless the 
patient is neutropenic' -'. Allowing fresh fruit and vegetables in 
the diet often improves intake, and has not been associated with 
increased infection rates--. 

LONG-TERM NUTRITIONAL CARE 

Long-term nutritional care is best provided by a dietitian in con
junction with follow-up appointments with the cardiologist/ 
pulmonologist or surgeon. The patient should be encouraged to 
record all food intake over a 3-day period at designated intervals: 
(a) immediately after discharge from the hospital, (b) after 
6 weeks, and (c) 6 months later. A careful review of such intake is 
helpful in determining compliance, and the necessity for further 
dietary education and guidance. Changes in the diet may cause 
confusion, and therefore should be explained. Patient education is 
critical for long-term compliance with any modification in daily 
dietary habits. 

Readmission or extended hospitalization is not uncommon in 
patients with organ tran.splants, due to episodes of infection or re
jection. Nutritional assessment, monitoring, and support are rec
ommended with any readmission. In the case of sepsis and high 
metabolic needs, a high-protein, high-calorie diet with supple
ments may be necessary to maintain adequate intake. Antibiotic 
therapy and poor oral intake add to nutritional risks. 

Drug-related nutritional problems 

The long-term nutritional care of the transplant patient must take 
into consideration drug-induced metabolic changes and the side-
effects of medications. Because of more effective immuno
suppressive drug regimens, the success of transplantation is 
increasing and recipients are living longer. Long-term post-
transplant complications are therefore emerging. Obesity, hyper
tension, hyperlipidemia, diabetes mellitus, and osteoporosis are 
common complications. Since these complications affect survival, 
a treatment program in the form of diet and exercise should be 
included. 

Corticosteroids affect carbohydrate, protein and fat metab
olism, as well as adipose distribution in the body. Changes in car
bohydrate metabolism can result in steroid-induced diabetes 
mellitus. Appetite and craving for sweets are also stimulated, con
tributing to obesity and abnormal blood sugar levels. Protein ca-
tabolism results in muscle wasting, thinning of the skin, 
dissolution of vertical bone matrix, and poor wound healing'^^. 
The influence of steroids on fat tissue results in loss of subcuta
neous fat from extremities and excessive deposition in the trunk 
areas-'. Excessive fat in the trunk has been associated with an in
creased risk of atherosclerotic disea.se-"*. 

Prednisone's antagonistic effects on vitamin D lead to changes 
in the body's calcium balance, contributing to osteoporosis, and 
its mineralocorticoid effect is associated with hypertension-^. 
Zinc depletion, contributing to delayed wound healing, is another 

possible long-term effect-'. These side-effects are reduced when 
low-dose prednisone therapy is administered, in conjunction with 
cyclosporin, though the incidence of hypertension may increase. 
Nutritional support aimed at reducing these effects of cortico
steroids is a primary goal of post-transplant dietary care. 

Cyclosporine therapy may be associated with hypertension, 
renal and hepatic dysfunction, and an increased risk of viral infec
tion-'. The intake of foods with high protein quality (e.g. meat 
and milk) and restricted sodium is recommended to counter these 
side-effects. 

Azathioprine therapy may be associated with hematologic 
changes, gastrointestinal problems, hepatitis, or pancreatitis. 
Dietary modifications play an important part in the care of pa
tients with gastrointestinal problems, and should be based on 
individual symptoms. 

Tacrolimus (known as FK506 during the research phase of its 
investigation) is one of the newest immunosuppressive agents 
available for patient use (Chapter 10). Its use may be associated 
with hyperkalemia, hyperglycemia and hypermagnesemia. In ad
dition, loss of appetite, along with nausea and/or vomiting, has 
been observed in some patients. Dietary modification .should be 
based on individual symptoms and tolerance, but when gastro
intestinal symptoms are severe, patients may benefit from taking 
liquid supplements (2 ounces every 2 waking hours). 

Reconnmended diet for the heart or lung transplant 
recipient 

Total caloric intake, as well as the types of carbohydrate, protein 
and fat taken, are controlled to minimize the short- and long-term 
nutritional complications that may be associated with immuno
suppressive therapy. Calorie intake should be adjusted to achieve 
and maintain ideal body weight, and may in turn prevent com
plications of hypertension and carbohydrate intolerance. A low-
cholesterol, low-saturated-fat diet with limited sugar and no 
concentrated sweets, and a moderate restriction of sodium of ap
proximately 2-4 g per day is recommended. Dietary sodium is 
primarily restricted to reduce the sodium and fluid retention 
induced by steroid therapy. Potassium restriction may be neces
sary due to cyclosporin therapy. Cholesterol restriction is recom
mended on the basis that it may reduce the high incidence of 
atherosclerotic disease seen in patients with transplants (Chapters 
13 and 35). Intake of polyunsaturated fat is increased to achieve 
at least a balance with saturated fat. 

The pretransplant nutritional status of the patient will be an im
portant factor in the strictness with which this diet can be applied 
in the early post-transplant period, though the long-term goal in
cludes all of the restrictions listed. Specific recommendations for 
this special diet are listed in Table 5. 

Vitamin and mineral supplementation may be necessary if 
dietary compliance is strictly followed. For example, if the patient 
avoids all red meats in order to reduce cholesterol and saturated 
fat, the intake of iron should be monitored carefully and iron sup
plements given if necessary. Detailed adjustments for food prefer
ences should be made for each patient. Adequate amounts of extra 
lean (>95% fat-free), high-quality protein sources are encouraged 
to offset muscle wasting. A high intake of skim or 1% fat milk is 
beneficial as a source of protein, calcium and vitamins A and D. 
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However milk intake should be limited if renal failure results in 
hyperkalemia. 

If the patient is underweight, it is important to increase body 
weight so that there are adequate fat and protein reserves for 
periods of infection or rejection. Conversely, once desirable body 
weight is attained, it is equally critical to prevent excessive 
weight gain, since obesity can lead to increases in blood choles
terol, triglyceride and glucose levels and in blood pressure, all of 
which are risk factors for coronary disease. 

Whenever possible, nutritional counseling should include both 
the patient and his/her family members. Emotional support can 
enhance compliance with drug and nutritional therapy. This is im
portant, as non-compliance with the drug regimen and other in
structions has been documented as a major contributory factor to 
mortality in some recipients-"'. 
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A Commentary on Quality of Life after Thoracic Organ 
Transplantation 
M.M. EDGAR 

INTRODUCTION 

Survival of a patient and graft after transplantation was once 
thoughi to be the measure of a successful transplant. Today 
quality of life (QOL) issues are regarded as just as important as, if 
not more important than, simply the survival of the patient. Mai' 
suggests that 'Ouality of life, probably more than any other aspect 
of a transplant program, is the acid test of the success and efficacy 
of the operation.' 

At the time of writing, one of my childhood idols, the former 
baseball star Mickey Mantle, has just had a liver transplant. 
Organ transplantation has become commonplace at most major 
medical centers across North America, Europe and Australasia. 
The facts appear incontrovertible that organ transplantation does 
increase the recipient's lifespan. Unfortunately, in today's climate 
of bureaucracy and health economics, most medical decisions are 
as much a product of the business administrators as they are of 
the physicians. In other words the cost-benefit of any therapy is 
becoming increasingly analyzed and questioned. 

ExaiTiples of this growing awareness of the cost of health care 
are numerous throughout the Western world, particularly in the 
USA. 

'U.S. health care is the biggest industry in world history. In 
1995, the United States is expected to spend an estimated $1 tril
lion on health care. The United States represents about 5% of the 
world's population; however, according to estimates by the World 
Bank and the World Health Organization, more than 40% of 
world health care expenditures occur in the United States' (World 
Bank, 1993. quoted by Kaplanl 

"The system costs too much, and the accelerating costs have 
the potential to ruin the entire economy (affordability problem). 
Despite ihese high costs, there are significant numbers of people 
who have too little or no health insurance (access problem), and 
the United States is unable to demonstrate that its high expendi
tures on health care result in better outcomes for patients (ac
countability problem)''. 

In February 1994 the state of Oregon began a plan that ex
cluded payment for medical treatments for certain conditions 
where thi'.re was considered little or no evidence that the therapy 

improved the patient's longevity or improved his or her QOL. 
End-stage cancer and AIDS were included as disease processes 
for which there is no treatment that is known to be effective. 
Therefore, it behooves each and every health-care provider to be 
able to document to the fullest extent possible that the treatments 
offered (including organ transplantation) will increase longevity 
and/or will iinprove the patient's QOL. Increasing attention is 
therefore being paid to assessing QOL. 

WHAT IS MEANT BY 'QUALITY OF LIFE' 

In 1902 it was suggested to the readers of Mark Twain that 'the 
value of life must be discerned from the individual's perspec
tive''. Is there, therefore, a satisfactory method of measuring such 
QOL when it is such a subjective observation? The answer 
remains uncertain, but many conscientious attempts have been 
made to do so. It may clearly be preferable if we know the patient 
before the transplant, and his or her own preconceived expecta
tions and notions about transplantation, and what he or she is 
hoping to accomplish post-transplant. Only then will we be in a 
position to know if indeed those expectations have been achieved. 

There is a growing body of evidence that pretransplant expecta
tions have a profound bearing on estimates of QOL post-
transplant. In an article by Leedham, et al.^, preoperative positive 
expectations were demonstrated to affect physical health after 
transplantation. Many explanations for this finding are possible, 
but it suggests that helping the patient pretransplant to become 
more optimistic about the outcome of transplantation could be 
helpful, and could indeed affect the outcome positively. The old 
adage that 'you get what you expect' may be very true. 

Molzahn^, in her review of the literature pertaining to QOL 
after organ transplantation, commented: 'It is generally known 
that these procedures increase the length of life, but less is known 
about the quality of that life.' She drew attention to several issues 
that remained to be addressed, including 'definitions of quality of 
life, dimensions of quality of life, expectations of quality of life 
and clinical assessment of quality of life'. Four years later these 
same issues remain in the forefront of QOL discussions. 
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'The major problem with QOL research is that nearly every re
searcher has defined the term dif'Ferently"'. 'The hrst issue per
tains to defining QOL. Although thousands of publications have 
been written on the topic, the definition of QOL is not at all clear. 
Most researchers define QOL in terms of happiness or satisfaction 
with life. However, the terms "happiness" and "satisfaction" 
differ from each other, with happiness generally referring to a 
transient feeling of pleasure, and satisfaction referring to an 
assessment of a life situation. 

•Quality of life is a complex concept; there is no agreed 
definition nor is there a universally used measuring instrument' 
(McDowell and Newell, 1987 quoted by Mai'. Quality of life 
may, therefore, be exactly what you think it is; nothing more 
and nothing less. It may be just like 'beauty' - in the 'eye 
of the beholder". We all appreciate there are certain things 
that cannot be measured by any method except personal 
choice. 

My bias for a philosophical definition of QOL is best expressed 
by Kaplan' in his presidential address to the Division of Health 
Psychology of the American Psychological Association. It is en
titled The Zigi^y Theorem: toward an outcomes-focused health 
psychology. In the cartoon. Ziggy confronts a wise man and asks 
him. 'Tell me. old wise one. what is the meaning of Life?' The 
wise man replies. 'Ah. yes ... the meaning of life. Life, my 
boy, is doin' stuff!' The shocked Ziggy responds, 'Life is 
doing stuff? That's it?' The wise man then reflects, 'As opposed 
to death, which is not doin" stuff." Ziggy reacts. 'It 's a more 
elementary theory than 1 expected, but one you can't argue 
with!" 

Over the past 20 years Kaplan has developed a 'general health 
policy model'. "The model separates aspects of health status into 
distinct components. These are life expectancy (mortality), func
tioning and symptoms (morbidity), preference for observed func
tional states (utility), and duration of stay in health states 
(prognosis)." 

'A model of health outcomes necessarily includes a component 
for mortality. Death is an important outcome that must be in
cluded in any comprehensive conceptualization of health. In 
Ziggy's terms, death is the most extreme and most permanent 
state of "not doin' stuff". Thus, death serves as an anchor against 
which to evaluate levels of wellness"'. 

'Researchers generally agree upon three important properties 
of quality of life; it is a multifactorial, subjective, and temporal 
concept"'. 

Schipper el al.'' suggested four areas that contribute to QOL: 
'(i) physical and occupational function, (ii) psychologic stale, 
(iii) social interaction, and (iv) somatic sensation"'. Bunzel etalJ. 
however, considered nine areas that contributed to life quality; 
•physical, emotional, mental, vocational, and sexual status, 
financial situation, leisure activities, partnership, and overall life 
quality." 

In fact, 100 life areas have been identified to constitute quality 
of life**. However, it appears an insurmountable task to measure 
each area. That researchers often attempt to sum up the results of 
a QOL assessment as a single score on a single scale illustrates an 
effort to simplify a complex subject that probably defies such 
simplification. Nevertheless, if we are to assess the results of our 
therapeutic procedures, we must make an effort to come up with 
some relatively simple scale. 

METHODS OF MEASURING QUALITY OF LIFE 

Numerous questionnaires have been designed in an effort to glean 
information from which QOL can be evaluated in patients who 
have undergone various procedures, not confined to organ trans
plantation, Appendix A reproduces one such questionnaire devel
oped by Lim et al.''. This provides a good and rapid assessment of 
QOL in post-myocardial-infarction patients and, with appropriate 
word changes, could be used for patients with other clinical con
ditions, including those after organ transplantation. 

Many such 'good' methods have been designed to assess 
quality of life (Appendix B). By 'good' it is meant to indicate that 
the method gives us information we believe to be true, but which 
otherwise we would not be able to present in an objective format. 
Many of the questionnaires or 'instruments' suggest substantial 
reliability, but we must be cautious in interpreting the results ob
tained. Whether you choose to take showers or baths )nif^ht be a 
reliable indicator of the presence of schizophrenia. Unfortunately, 
it might equally be related to whether or not you have a shower. 
Thus, most instruments report significant reliability, but may not 
be measuring what the investigators think they are. One needs to 
be reminded of the teaching that an IQ is what an IQ test meas
ures - nothing more and ntithing less! Perhaps the same can be 
said for QOL. 

RESULTS OF QOL STUDIES IN THORACIC ORGAN 
TRANSPLANT PATIENTS 

Numerous QOL studies have been carried out on; (a) patients 
awaiting transplantation of hearts and other organs'"* ' ' , (b) pa
tients with heart transplants (all of which studies reported im
proved QOL for virtually all patients whose surgical outcome was 
successful)'*^'"'"-', and (c) patients, both adults and children, who 
received heart-lung transplants'' '---\ Certain authors have con
centrated attention on pediatric recipients''' --. There appear to be 
no such studies as yet on patients who have undergone lung 
transplantation. 

Dracup and colleagues'-, in a study of QOL in patients with 
advanced heart failure, concluded; 'These findings support the in
clusion of quality of life as an outcome measure in any evaluation 
of treatment efficacy and suggest the interventions to improve the 
quality of life of patients with advanced heart failure need to be 
targeted at reducing depression and hostility and increasing daily 
activity levels.' 

Levenson and Olbrisch-"* compared psychosocial evaluations of 
organ transplant candidates in terms of process, criteria and out
comes. In summary, cardiac programs, when compared with renal 
and hepatic programs, were the most stringent" in criteria for ac
ceptance and in rates of refusal. Muirhead el al.'^ observed that 
•patients awaiting heart transplantation, although dissatisfied with 
quality of life, maintain positive psychological and social 
adjustment." 

Wray and colleagues--^ concluded that 'early postoperative 
findings indicate an improvement in quality of life after heart or 
heart-lung transplantation but longer-terin follow-up is now 
necessary.' 

Jones et al.~^ reported longitudinal results on QOL and psycho
logical adjustment after heart transplantation, and concluded that 
there was 'no evidence of mood disorder and a high level of well-
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being in this sample of cardiac transplant recipients up to four 
years after transplantation.' 

In 1990 Rosenbluin et al.'^ followed 200 heart transplant re
cipients for as long as 10 years after heart transplantation and 
monitored their QOL. 'The most commonly reported complaints 
were generalized weakness (54%). fatigue (42%), and low back 
pain (37%) ... analysis of the individual items of the Sickness 
Impact Profile (SIP) revealed highly prevalent dysfunctional be
haviors such as decreased sexual activity, decreased housework, 
abnormal sleep patterns, and decreased endurance." Rosenblum 
suggested a program of physical and occupational therapy 'such 
as endurance training, body care and movement, and home activi
ties/housework". Interventions in these symptom constellations 
might prove beneficial in circumventing these QOL issues at a 
later date. 

Bunzel el alJ, however, in a QOL study on heart transplant 
patients, 'found an absolute increase in quality of life". 

Riethcr's group-' measured outcomes in liver and heart trans
plant patients, and concluded that 'both groups showed significant 
improvements after transplant in neurocognitive functioning, de
pressive symptoms, and quality of life'. 

In contrast, however, Baumann et al.''^ demonstrated that al
though "life improved for the majority post-transplantation, re
cipients continue to experience work problems, financial 
burdens, family role changes, life-style changes, and side effects 
associated with long-term drug treatment". 

COMMENT 

Hypothesis, theory, reliability, and validity of instruments (ques
tionnaires) all contribute to an assessment of QOL, and indeed 
confirm that it is to soine extent a measurable entity. However. 
Lofton-** advises the transplant patient to ask questions to help 
clarify what it might be like to have a surgically successful trans
plant yet still feel 'I think I am merely dying a bit slower now." 
He emphasizes how an organ transplant changes the patient's 
whole perspective on life. 'I hate it when people say "At least 
you're alive''. I find myself more understanding of people 
who take their own life when they suffer serious medical 
problems." Lofton delivers an insightful message to anyone 
involved in organ transplantation, and his article is recom
mended reading for all involved in the care of transplant patients. 
From time to lime we should put aside the science and research, 
and take the time to listen to a real patient. His is a sobering 
message. 

An old principle of treatment and research might be applicable 
to QOL researchers. This is the KISS principle, i.e. Keep It 
Simple, Stupid! Not infrequently it appears to the writer that 
lawyers, physicians, researchers, and, indeed, most educated indi
viduals complicate subjects unnecessarily, In 25 years of working 
with people it never ceases to amaze me what we try to find out 
without actually asking the direct question. How do you really 
know what a patient wants from life and expects from a trans
plant without asking? It may be sufficient simply to ask the 
patient whether he or she would undergo the procedure (i.e. the 
organ transplant) again. As Bunzel et alJ say: 'When one under
stands life quality as a subjective experience ... the only sensible 
source of information is the patient." 
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APPENDIX A: EXAMPLE OF A QOL QUESTIONNAIRE 

An adaptation of a questionnaire directed towards an assessment 
of QOL after acute myocardial infarction utilized by Oldridge et 
al. and adapted by Lim et al.'' In the interest of brevity, and in 
order to give the reader a general outline of the salient points, 
aspects relating to tiine periods have been omitted. For example, 
in the original questionnaire item I in full reads 'In general, how 
much of the time during the last two weeks have you felt frus
trated, impatient or angry?" 
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Responses to all questions were to be differentiated as: (1) 
None of the time, (2) A little of the time, (3) Some of the time, (4) 
A good bit of the time, (5) Most of the time, (6) Almost all of the 
time. (7) All of the time. 

Questions 

1. How much of the time have you felt frustrated, impatient or 
angry? 

2. How often have you felt worthless or inadequate? 
3. How much of the time did you feel very confident and sure 

that you could deal with your heart problem? 
4. How much of the time did you feel discouraged or down in 

the dumps? 
5. How much of the time did you feel relaxed and free of 

tension? 
6. How often have you felt worn out or low in energy? 
7. How happy, satisfied or pleased have you been with your per

sonal life? 
8. How often have you felt restless or as if you were having 

difficulty trying to calm down? 
9. How much shortness of breath have you experienced while 

doing your day-to-day physical activities? 
10. How often have you felt tearful or like crying? 
11. How often have you felt as though you were more dependent 

than you were before your heart trouble? 
12. How often have you felt unable to do your usual social activi

ties or social activities with your family? 
13. How often have you felt as if others no longer have the same 

confidence in you as they did before you had the heart 
problem? 

14. How often have you experienced chest pain while doing your 
day-to-day activities? 

15. How often have you felt your heart problem limited or inter
fered with sexual intercourse? 

16. How often have you felt unsure of yourself or lacking in .self-
confidence? 

17. How often have you been bothered by aching or tired legs? 
18. How much have you been limited in doing sports or exercise 

as a result of your heart problem? 
19. How often have you felt apprehensive or frightened? 
20. How often have you felt dizzy or light-headed? 
21. How much have you been restricted or limited as a result of 

your heart problem? 

22. How often have you felt unsure as to how much exercise or 
physical activity you should be doing? 

23. How often have you felt as if your family is being overprotec-
tive toward you? 

24. How often have you felt as if you were a burden on others? 
25. How much of the time have you felt that you could manage 

chest pain if and when you had any? 

APPENDIX B: QOL INSTRUMENTS OR METHODS 

This is not designed to be a comprehensive list of QOL instru
ments or methods. For a further listing of psychological testing 
instruments and reliability and validity information on each, the 
reader is referred to Bums Mental Measurements Yearbooks or 
Tests In Print (both published by the Buros Institute of Menial 
Measurements, University of Nebraska, Lincoln, Nebraska). 

Health Concerns Questionnaire (Spoth & Dush) 
General Health Que.stionnaire (Goldberg) 
The Nottingham Health Profile 
Sickness Impact Profile 
Quality of Life After Acute Myocardial Infarction (Oldridge) 
Perceived Quality of Life Scale (Patrick et al.) 
Health Behavior Scale (Miller el al.) 
Profile of Mood States (McNair et al.) 
Cardiac Health Knowledge Scale (Hanvik) 
Hospital Anxiety and Depression Scale (Zigmond) 
Coronary Prognostic Index (Norris) 
UCLA-Social Support Inventory (Dunkel) 
Specific Activity Scale (Goldman) 
The Heart Patient's Psychological Questionnaire (Jan Van Dixhoom) 
State-Trait Anxiety Inventory (Speilberger) 
Social Readjustment Scale (Holmes and Rahe) 
The Psychosocial Adjustment to Illness Scale (Derogalis) 
Karnofsky Performance Status Scale (Karnofsky) 
Life Stressors and Social Resources Inventory 
Coping Responses Inventory (Moos) 
Strait-Trait Anger Expression Inventory (Speilberger) 
Psychosocial Pain Inventory (Heaton et al.) 
Coopersmith Self-Esteem Inventory (Coopersmith) 
Coping Resources Inventory (Hammer and Marting) 
Problem Solving Inventory (Heppner) 
Millon Behavioral Health Inventory (Millon) 
Brief Symptoms Inventory (Derogatis) 
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Experimental Dewelopment and Earif Clinical 
Experience 
aK.C. COOPER 

INTRODUCTION 

Clinical heart transplantation was made possible by the consider
able experimental work carried out earlier this centur}', which em
braced mainly the teclinical, piiysiological and immunological 
aspects of the procedure. Tiiis chapter endeavours to review 
briefly the evolution and results of experimental surgical tech
niques utilized by cardiac transplant research workers; a compre
hensive review appears elsewhere'. 

Experimental work on cardiac transplanxation evolved through 
several overiappiiig phases, lo the earliest experiments animals 
were given a second, often parasitic, heart which enabled certain 
physiological, pharmacological and pathological studies to be 
made. Initially the neck was chosen as the locus, though tlie 
abdomen and inguinal regions were occasionally used. The subse
quent evolution of surgical techniques permitted the insertion of 
the donor heart into the chest as an auxiliary pump in circuit with 
the recipient organ. With the advent of hypothermia and the 
punif^oxygcnalor, total excision and replacement of the recipi
ent heart became more feasible. Finally, after technical and 
physiological problems had been studied and minimized, efforts 
were made to combat the immune response with immunosuppres
sive agents. 

TRANSPLANTATION OF AN ACCESSORY HEART 

The first reported attempts at cxperimcotal heart transplantation 
were by Carrel (Figure 1) and Guthrie in 1905^-'- The principal 
technique they used is inadequately described as 'anastomosing 
the cut ends of the jugular vein and the carotid artery to the aorta, 
the pulmonary artery, one of the vena cava and a pulmonary vein. 
Although contractions of the donor atria appeared immediately, 
effective contractions of the ventricles did not begin for approxi
mately 1 hour. The experiment was interrupted after a further 2 
hours when coagulation occurred in the cavities of the heart. 

The crucial factor of donor coronary perfusion (viviperfusion) 
was simplified in 1933 when Mann and his colleagues developed 
a technique of cervical transplantation'^ (Figure 2). Numerous in
vestigators have .subsequently used modifications of the Mann 

Figure 1 Alexis C.irrel y;:is awarded the Nobel Prize for Physiology and 
Medicine in 1912, primarily for liis work on the anastomn.^is of Wood vessels 

technique to study problems of heart transplantation and the re
sponse of the denervated heart to pharmacological agents and 
physiological stresses'. One such modification remains a standard 
model in many laboratories, including our own, for experimental 
animal studies on acute rejection and immunosuppression 
(Figure 3). 
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Hgure 2 Tecliiir-jiie of expefinieat.ii heier^itopic iururl iraoi-plarslciiiixi In Ihtr 
neck (Maiiii '̂i ^J. iy33,i\ i J,V = m[eMi;ii jiwuLii- veiti; R.C.C.A. = liiiiu 
i4MT:riior: •,:;"in>tllt i.irun'v 

^^''% 
y Slmis 

Hgure 3 Modification of the Mann experinientai cer\icai lieieroiopic iieaii 
transplanlation technique'' iss used In oiirov/n laboratory 

From their results, Maiip, niid his co-i!ivesijgal;ors concluded 
that a funclioning cardiac allograft was no less •resistam' than a 
renal allograft, the graft fdiling lo survive due to the same 'bio
logic factor' which also prevented survivai cf odicr homo (alio) 
transplanted tissues and organs. Such a iransplariied hi'jirL 
however, proved a valuable test objeci for the investigation of 
various physiological problems. For example, the effect of the in-
Iravenous administration of liiyroxine to the host animal was in-

Figure 4 Tecliiiique of experimenlal heterotopic ticarl iriinsplaiitatioii in (lie 
atxiomen (Abboll etal. 1964)' 

vcstigated; the detiervaled doiior iieort was dernoiistraied lo be-
more sensitive lo the aeeeieradng inilueiice of the drug i>incc 
eeatrai nervous syslciri mOuencc was iidiibitnry-

In more recent years, techmques for tranbplaiUing rhe auxiliary 
donor lieart into rhe abaomeo of die leeipieril have been de
scribed, priiieipaily for the siuJ)' of the immune response and its 
modification IJV therapeutic agents (Figure 4); using oiiciusurgicai 
Icchiiiques it remaios an iniportani experimental niudcl in rats-̂ -'\ 

THE TRAfySPLANTED HEART AS AIM AUXILIARY 
INTRATHORACIC PUMP 

lii 1946, Demikhov (Chapter 6(3. Figure I) began extensive Ntudies 
on transplantation oi the heart into the thorax. These irivolved ihe 
.addition of a second hean (oeeasionaily with an aiiached loix* of a 
lung) as an auxilia-y |)urnp, as well as orthotopic transplantation of 
Ihe heart widi and wiihout both lungs'. The ambnious iiarore of 
Dcniikhov's attempts can be apprecia.ted best wheti it is remem
bered diat supportive Techniques, such as hypothermia and car-
diopuhiionary bypass, had noi }C! been developed. 

In all, Detnikhov described 24 variants of bis technique to 
place an additional heart within the thorax, performing 2.50 opera
tions on dogs iitili/.ing most of the fnajor vessels wilhin the chest 
cavity. Few animals surxived more Ihan a few days, most of the 
early deaths being associated with teehiiical problems. The best 
results with regard to fuiietiontd activity of (he transplanted heart 
and preservation of its structure were obtained after operations 
using the lechnique illusiraied in Ihgurc 5. Ph}'sioloHieally the 
transplanted he.-irt was distinguished by ihc compartitivc con
stancy of its rhythm and by its grearer resistance to the action of 
toxic do.ses of various cardiac glycosides. The physiological and 
pharmacological responses of the denervated, transplanted heart 
are discussed more fully m Cliapter 27, 
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lENT 

l e f i Subcla»<o<i 
_ Afiefy 

The entire segment of the recipient's heart thus excluded from the 
circukition was ihcn excised. 

Demikhov performed this procedure on 22 occasions, and in 
1955 was successful in obtaining good cardiac function in two 
cases for periods of just over 11 and 15 hours respeclively. In all 
but one case, death resulted from technical problems. These were 
amongst the first reported experiments, however, where aoiiiials 
survived for a few hours solely on the activity of a transplanted 
heart. 

irachio-
zepnai:':. 

Figurt 5 •feciiiikjiic ot •iiscfJion oi ;!..: hctcroloDic h'sMi ir ;h: chest as an 

In 1964, Reenitsma* described a method of in.serting an addi
tional intrathoracic heart as an auxiliary pump, which was similar 
in principle to that later developed and used clinically in the het
erotopic heart transplant program in Cape Town'-̂ *-'. The donor in
ferior vena cava was anastomosed to the recipient's right atrial 
appendage, followed by anastomosis of the two left atrial ap
pendages, and cfld-to-sidc anastomoses of the two pidmonary ar
teries and aortae. Function as an auxiliary pump was maintained 
for a maximum period of 72 hours. 

One year later. Sen and his colleagues described a further tech
nique in which the transplanted heart supported only the systemic 
circulation of the recipient". This auxihary heart functioned in 
one animal for 48 hours, when it was surgically excised and the 
animal supported solely by its own heart once again, thus demoo-
stratiiig the heterotopic heart transplant as a temporary left ven
tricular assist device. 

ADVENT OF SUPPORTIVE TECHNIQUES 

With the advent of methods of supporting the recipient durhig the 
operative procedure, workers in this field became more ambitious. 
Significant early attempts were made by Neptune and his 
colleagues, using hypothermia'-, by Webb and Howard'-''-'* and 
by Goldberg and co-workers'-""-"', both using mechanical 
pump- -oxygenator support. 

In 19.59, Cass and Brock reported six attempts at autotransplan-
tation and homotransplantation using a modification of 
Goldberg's technique, where both atria were left Intact in the re
cipient, thus simplifying the procedure'', .-'Xnastomoses of the 

ORTHOTOPIC TRANSPLANTATION OF THE HEART 

Oil 25 December 195! - a date nhich sureiv iclls us a great deal 
about diis surgeon -- Demikhov made die hrsi recorded .iitempi lo 
replace ihe heait alone-. Without the avaiiahihly ai liypoihei-niia 
or pump-oxygenator support, the technique was neeessarily coiiv 
piicaicd. Tfic pryccihirc consisiwi of cnd-lo-su'c anasiumoses 
between the corresponding thoracic aortae. superi-..'r and inferiDi 
venae cavae, and pujrnonary arteries. The two inferior pulmonary 
veins of the donor v.-ere joined logecher and couoecied lo tfie re-
cipieni's ieri: atrial appendage. After thc^c anastomoses the as
cending part of the recipient's ihoracie aorta and pulmonary 
artery w-ere ligated, and the rccipicnths left atrium, was indrawn at 
lis border -Aith the venirick* by means of ;i purse-string suture. 

Figure ti FiiciUid Li>»er, wlio vvi.>fketl widi N-:,>r"n-.ii! Sriuitiway a! Suiriiuril 
tvledit-al Schcicl sner tv.imy yens, and pcrfen'ijed iin'.Lii of Itic early expefi-
mcntai ivurk on bcart irajispianiatioa. tic siib!.ei|ueiitly set up Uie heart lran»-
piani program ai she Medical College of Virginia 
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achieving long-term siirvivaL and comribiiting sxtensivcly to our 
knowledge of lliis suhjecl-'"-". Ifi Ehe experinienral animal the 
Sran^piaiiteci heart was found lo have the capacity to increasc 
carcliac output under a variety of pliysioiogical stresses; a normal 
cardiac output was demonstrated I year after Hiioiransplanlation 
and 5-ii-vears after autotransplarilalion; evidence of uuloiioniic 
remaervahon of the heart after aulotransjilricialiein was obtained. 

Beginning '.n 1962, Wilhrian jod his colleagues produced the 
firsf of se\'eral papers on the subject of rayocardiai slriictiire and 
fiuiction foHowiiig aututransplaiitation of the iieart'-', including 
autolranspUuitation in Ihe primate-'". 

USE OF PROFOUND HYPOTHERMIA 

Orthotopic transplanration performed in puppies under profound 
hypothermia, rather than with a pump-oxygeiiator, was described 
by Kondo and his colleagues in 1965-''. Total body cooling by 
iced water immersion of both recipient (to I6-17°C rcctally) and 
donor (to 27-29'''C) was carried out, allowing complete circula
tory arrest of the recipient for the 45-minute operation. Heart 
massage was begun immediately after the anastomoses were com
pleted. After being warmed to 26-28°C by body immersion and 
flushing of the chest cavity whh warm saline, the heart was elec
trically defibrillated, and rewarming continued until the lempera-
tiire returned to normal. One animal remained alive and well 
112 days after operation. 

Figure 7 Norman Siiiiinwav. s-nc of the major pioneers of heart irtiitspianla-
tion. Wiich of the expcrnrieiiirji work ihal led U> itie iiiitialion i)f ciiiiital lieurl 
rraiispi;irir:ilion was ca.rr!c!! itul m .Stiumway's laboratory at Stanford Medical 
School 

atria, aorta and pulmonary artery were now all that were required. 
Tliis procedure was described independently 1 year later at 
vStanford Medical School by Lower (Figure 6) and Shimiway 
(Figure 7), who obtained the first eonsislcolly successful results'*. 
With further modifications made tjy Baruard", the technique is 
oow used in the clinical operation of ortliotopic heart transplanta
tion, and is described in detail in Chapter 24. 

It was, therefore, not until I960 that the major experimental 
advance was made, when Lower and Shumway reported that five 
out of eight consceuLivc dogs undergoing transplantation had 
lived for 6-21 days"*-'". During convalescence the dogs ate and 
exercised normally, the pulse rate was variable and increased 
moderately with exercise, and only a few hours before death the 
ECG remained virtually normal, showing no evidence of arrhyth
mia or conduction defects. After death, microscopic examination 
of sections of myocardium demonstrated severe myocarditis, with 
massive round-cell infiltration, patchy necrosis, interstitial hemor
rhage, and edema. The authors concluded that in all likelihood the 
graft would have continued to function for the normal life span of 
ihe animal if the immunologic mechanisms of the host had been 
suppressed. 

These investigators and their colleagues subsequently studied 
aulotransplantation-^'"'- and allotransplantation''*"'' of the heart, 

CARDIAC TRANSPLANTATION IN MAfy 
ATTEMPT USING A XENOGRAFT 

, FIRST 

By the mid-1960s a considerable fund of knowledge had been ac
quired. The increasing success of experimental cardiac transplan-
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Figure 8 Sir Roy Calne. of Cambrids/e i •(iivei'--.!iy, v,ii« wib respcn • for 
the iotroduclion of azalhioprine as an irniiiuiiOhiippre^hive agent in li lan-
lalion. Later, wilh David White, he carried ou; iruich c-f tlie experiniei ,'ork 
on cyclosporine. and was the first lo ir-.e thii drug in n clinical ti , iant 
program 

taiioi! ied Hardy (Figure 9) and hs:- colleagues at tite UTiiver«;ity of 
Mississippi to consider bean irdospkiniaiioii in man. This groisp 
had considerable experience of cardiac and lung iTansplantation in 
aniriiiiii, and fiacl carried out the firs! lintg tr-ainsplant in nian-'" 
(Chapter 43). 

In 1964 they reported their attempt to transplant the licart of a 
large chimpanzee into the chest of a 68-ycar-old man with hypei^-
tcnsivc cardiovascular disease, widespread atheroma, and evi
dence of previous myocardial infarction-''. Before operation l!ie 
patient deteriorated suddenly and passed into terminal shock. He 
was talcen to the operat ing room, and supported by a p u m p -
o,5tygenator just us effective heart action ceased. As no human 
donor was available, and as some of the members of the group 
had been impressed by the early results of ftidney xenografts from 
chimpanzees to man reported by Reemtsma et alJ'\ the heart of a 
96 lb (43.6 kg) chimpanzee was used for orthotopic transphmta-
tion. .After defibrillation the donor heart beat regularly and force
fully, but it soon became apparent that the rather small heart 
would not be able to support the circulation unless its rate were 
increased. The heart was paced at 100 per minute to maintain a 
systoMc blood pressure of 60^90 mniHg. About 1 hour after the 
removal of the bypass catheters, however, the heart was judged 

Figure 9 James Hardy, who, in 196,i, led the team that performed ihe 
worltfs first single lung transplant and, in the foHowing year, the first heart 
transplant. In diis latter operation he used a chimpanzee as donor 

incapable of accepting a large venous return without intertnilteot 
decompression by manual massage. Further support was aban
doned. 

THE FIRST HUMAN-TO-HUMAN HEART TRANSPLANT 

i \ . ier neaih 4 e c u s and mu. h fuither cvfoniiient d \,nr; anoiher 
ilhaiipr s IS r c o i t e d Baia.i .1 iFipuie IOJ and hi^ ccll.Mync- ecr-
(or tut ' ! int: i|-,l liom.ui .••lii.iiiaii he..it tiiUisj h.ni i t i" • o r a 
'i'^-} ^ar r.ld man »Mth !-chc..iie h^air disc , s . ui (jryot..' i -Jnnu 
H.i-puai ii- ( ..[If r •» II ,in d<i- n.j hi nl i lu 2 ' DiL.'in! ci lh'(', 
lire 'ipctatJ'.e pmicdiuf '..xas Uu, r-s.ial. an I the p.eie.ii = .aih.i-
|. [ icaib uaii-piauieu hCii.-t k m . t i o m d viti%t.iLt..i.'-, thr:..igli^.ii, 
the e.iriv p".h)p,' '".!iue ciaiisi h'liraiiio.si jipfe^oDu n.e, \ lib a, .,-
ihiupiiiie jud "inco'.ii I'jjdi LILL nian» pati .nts v.Lo i t l lowed, 
ho'\e».c ' , he ile.'tl.ioeii pneuiivtiia. a-'id dieil on ihe ! Htf-, p isi~ 
<ipi-r,nnc dav Ai .Milop-e. his iran.\pi,ait»'d licail siios'.ed if^aruie^ 
»'f mil 1 [0 neiilerjie a^ute lejecteMi (Fieiu'e I 1 T" 

Ihe lir«,t p.jlietil v%ho could ' c a b ^ t ' i a l h be iL .LonicJ ^^ a 
"loniz-ieini sur\i%oi n a ' operated .-it iri Cape Town 1 monrh 
laier I his h')-\eur old paii'-iit li\cd an a e i n c and hill l i l e l c T i n r t 
I rvea i s , until he died from the Intliert.* undescnbcd ei>nipiie.tln»n 
ul ehioiiK rejctli ui'". 
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Figure 10 Chrisliaan B 
hiiman-to-humao heart tra__. 
DccEinber 1967 

this pcri-irmcd 
_kispi idl !ii Ciipo . 

nrst 
0 in 

Fil; II f'tisi-nioileiii jp • . . nan-
to- lan heart transpiani ...._ _ __̂  .. jcen. 
Hî  _ Hliniogic icaioic'; sT niiki to moderate acute rejection were present on 
microscopic examination 

EARLY CLINICAL PROGRESS 

The initial eiitliiisiasm for hc-art transplanfatioii waned as the 
problems of acute rejcclioii and infection became apparent lo 
those who had embarked upon a transplant program without a full 
understanding of the coniphcations which might be involved. 
Four centers, those of Stanford University'"' and the Medical 
College of Virginia*' in the USA, Hopital La Pitie in Paris'*', and 
Groote Schuur Hospital in Cape Town*-', continued with planned 
programs of heart transplantation. 

With improved patient selection based on experience, and 
improved postoperative care, in particular with regard to the 
administration of immunosuppressive drugs and the prevention, 
diagnosis and treatment of infectious complications, the resuh,s in 
these centers slowly improved. The introduction of the technique 
of percutaneous transvenous endomyocardial biopsy to diagnose 
acute rejection, by Caves and his colleagues in 1973-''*-*'', 
contributed much to the successful management of patients with 
cardiac allografts, allowing timely increases in immuno
suppression or, of equal importance, the avoidance of over-
immunosupprcssion. 

The introduction of ihe opei^ation of heterolopie heart trans
plantation by Barnard and Losman in 1975'' added a further surgi
cal technique, with some advantages and some disadvantages 

over orthotopic transplantation, which could be used by those 
treating patients with terminal myocardial disease. 

During the late 1970s eaixliac transplantation came lo be ac
cepted as a definitive form of therapy rather than as a chnical re
search program. As a result, in the hue 1970s and early 1980s 
several other groups in North America and Europe initiated clini
cal heart transplant programs. 

INTRODUCTION OF CYCLOSPORINE 

Following the discovery of the imiBunosuppressive effects of cy
closporin A by Borel (Figure 12) in 197&'*, and extensive experi
mental studies at several centers, notably Cambridge in the 
United Kingdom^^ and Stanford in the US.A*, cyclosporin was 
introduced into a clinical cardiac transplantation program in 
1980'*'. Until this lime, immunosuppression had been achieved 
with a combination of azathioprine'*", corticosteroids"', and anti-
lymphocyte globulin"', which was probably first used in cardiac 
transplantation in 1968 (Barnard, C.N., personal communiealion). 

Prolonged survival of heart and heart-lung transplants in non-
human primates was achieved using immunosuppressive regi
mens in which cyclosporin played a major role**. Based on these 
studies, the initial clinical programs suffered from incorporating 
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Figure 12 Jean Boie!, of Sni 3ii:»vi. Sivit/erUinu. wno diH-overed 
the iiriniu(iO:ii>pprev,ive propeii•e^ uf liie drug. cyclo!;porir:C A 

an excessively high dose of C3'Ck;sporiii in ihe pre- and early post̂ ^ 
[raiisplani period, and pnanv paiicrirs sufferea morbidity 
or even death from corsiplications uf evciosnorsti iherapv. in 
particular renal failure. 

With experience, fiov/ever, the dose of cyclobporin was 
gradually rcihiccd, and the potcniia! cornpiicarjons iiiiriimizcd. 

The siibsequciit good resuits obtained v.ith a combination of a 
lower dose of cyclosporin with azatluoprine aiid kiw-dose cui'-
ticustcroids, reserving aniilymphcscyte gkibiilin and. rnore 
recently, ihc monoclonal antibody 0KT3^^' primarily as treatment 
for rejection episodes, has encouraged many centers worki-\vidc 
to embark on heart transplantafiot! pi'ogranis. 
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19 
Selection and Management of the Potential Candidate 
for Cardiac Transpiantaticin 
LW. STEVENSON 

INTROPUCTION 

The potential benefits of transplantation were already recognized 
in 1968, as reflected in the statement from the Bethesda con
ference chaired by Francis Moore': 'Cardiac transplantation, still 
in an early stage of development, shows promise for the future 
treatment of many people with severe heart disease' At that time 
there were 20 survivors of 50 heart transplant procedures. Since 
then, cardiac transplantation has evolved from an experimental to 
an accepted clinical procedure, endorsed by Medicare in 1986 as 
'best therapy' for end-stage heart failure. The cuixent survival rate 
is 80-85% at 1 year and 60-70% at 5 years^. There have been 
over 30 000 heart transplants performed in the world, involving 
over 250 heart transplant centers. 

When transplantation was an experiment, patients were 
selected from those facing imminent death. The indications were 
obvious, and the contraindications could be liberally defined by 

the investigators. Improving results led to consideration of can-
did.'ites for whom the immediate need i'or transplant was less 
urgent, but the longer waiting times required earlier anticipation 
of that need. At the same time, continuing refinement of immuno
suppression diminished the immediate negative impact of many 
conditions sucli as diabetes and older age, which were initially 
criteria for exclusion due to associated higher ri,sks of post-
transplant complications. These changes have widened the 
channels into an ever-expanding pool of potential candidates 
(I'igure 1). It is currently estimated that up to 40 000 people each 
year in the United States would potentially benefit from cardiac 
transplantation, an estimate surprisingly consonant with the 
10 000-40 000 estimated in 1968. The original estimate of poten
tial donor heart availability at that time, however, was 45 000 
yearly in the United States, compared to the 2000-2500 actually 
achieved yearly for the past 5 years. Interestingly, their original 
esdmate of cost was $50 000 in 1968 dollars', which is only 

General indication 
Severe heart disease 
despite all other therapies, 
leading to high risk of 
death within 1 year 

General contraindication 
Any noncardiac condition that 

would shorten life expectancy or 
increase the risk for rejection, 

infection, or other life-
threatening complication 

of immunosuppression 

Patients predicted to have 
improved survival and quality 
of life after transplantation 

Fignre 1 Intersecting circles demonstrate ttie principle of selection for cardiac transplantation of candidates who demonstrate indications without serious con
traindications. As results of transplantation have improved, the indications broaden and the conlraindications become less strict 
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slightly lower than the absolute figure currently negotiated for 
some contracts in 1995 dollars. 

As cardiac transplantation has evolved, other medical and 
surgical alternatives to transplantation have also developed. Heart 
transplantation now represents only one facet of the therapies 
which should be offered by centers dedicated to the heart failure 
population. A left ventricular ejection fraction ^ 2 5 % no longer 
means that a new heart must be substituted in order for a patient 
to survive with a good quality of life. Surgery for reversible 
ischemia, distorted ventricular geometry, and valvular disease is 
successful in some patients despite poor left ventricular function 
and symptoms of heart failure' \ Medical therapy has had 
dramatic impact on the symptoms of heart failure, with less but 
still significant impact on survival, challenging previous assump
tions of when left ventricular dysfunction becomes 'end-stage'*""*. 

APPROACH TO THE PATIENT REFERRED FOR CARDIAC 
TRANSPLANTATION 

The most common diagnosis in adults referred for transplantation 
is dilated heart failure, due in almost equal proportion to coronary 
artery disease and non-ischemic dilated cardiomyopathy. Primary 
restrictive cardiomoyopathy, primary valvular disease, and con
genital heart disease account for slightly fewer than 10% of all 
candidates-, with rare cases of cardiac trauma or tumor. The 
general approach to the identification of indications and con
traindications is applicable regardless of etiology (Table I). but 
most of the specific considerations below focus on advanced heart 
failure with low left ventricular ejection fraction. 

Table 1 Approach to the potential candidate for heart transplantation 

.•\J(iress potentially reversible components of lican failure 
Tailor medical therapy to relieve congestion 
Evaluate functional capacity 
Assess risks of deterioraticni or sudden death 
Identify indications for transplant 
Exclude contraindications to transplantation 
Determine candidacy for transplantation: now, when needed, or conditional 
Maintain and re-evaluate 

Factors which are potentially reversible 

All patients should undergo extensive investigation to identify the 
primary cause and any potentially reversible factors contributing 
to decompensation (Table 2). Occasionally a systemic cause of 
disease is identified which will preclude cardiac transplantation 
due to expected effects on other organs after transplantation. A 
low left ventricular ejection fraction may in some cases reflect 
major areas of hibernating or stunned myocardium, which may 
demonstrate improved function after revascularization with coro
nary artery bypass grafting or catheter-based interventional 
procedures^'. Angina is frequently absent, and thallium redistri
bution after reinjection or prolonged delay is not always present. 
Areas of glucose uptake in regions with decreased flow may 
identify viability otherwise not evident. A history of multiple 
reoperations or chronic diabetes mellitus may predict worse 
outcoine. The quality of distal vessels appears critical for success, 
particularly in this population. 

Table 2 Potentially reversible factors in heart transplantation 

Inlrinsk factors 
Recent-onset cardiomyopathy 
Extensive myocardial ischemia with potential for revascularization 
Secondary viral infection superimposed on primary disease 
Major alcohol consumption 
Tachycardias 
Metabolic factors: thyroid disease, electrolyte disturbances, obesity 
Anemia or other high-output state 

Ftutors of iherapv 
Ineffective drug regimen: 

ineffective doses or combinations of vasodilators 
inadequate diuresis 

Non-compliance: 
with drug regiinen 
with salt and Huid restriction 

Concomitant drug therapy causing: 
increased lluid retention 
depressed cinitractility 

Recent practice surveys frotii metropolitan transplant centers 
suggest that no more than 3-10% of potential transplant can
didates with coronary artery disease may be appropriate re
vascularization candidates''. There is even less information 
available regarding valve replacement in patients with severely 
reduced ejection fractions, although it is generally considered 
indicated in any patient with significant aortic stenosis, and recent 
experience suggests that mitral valve reconstruction may be feas
ible and helpful in some patients'. Vigorous searching for surgi
cally reversible conditions is warranted, however, due to the 
implications both for the patient whose own heart may improve 
without transplantation and for another patient who may receive 
the donor heart which is spared. 

Considering the limitation of donor hearts, an operative risk for 
an alternative procedure which is higher than for the satne pro
cedure in a patient with good ventricular function is not itself an 
indication for cardiac transplantation. Those who survive often 
demonstrate gradual improvement after 'salvage surgery", or at 
least stabilize sufficiently to undergo elective transplantation after 
discharge. Reliance upon 'transplant back-up' for post-
cardiotomy shock, however, may be dangerous, as outcomes are 
uncertain for such patients. Patients requiring mechanical assis
tance to bridge from post-cardiotomy shock have been reported to 
have poorer outcome than patients receiving a primary bridge'"' ', 
although those surviving to transplantation have subsequent 
survival comparable to elective transplantation. 

Recent cardioinyopathy, defined as less than 6 months of 
symptoms in the absence of major coronary artery or primary 
valvular disease, may improve spontaneously in up to 50% of pa
tients, whether or not associated with a recent viral infection or 
with myocarditis on endomyocardial biopsy. When the clinical 
severity of symptoms leads to referral for transplantation, major 
improvement defined as Ŝ O, 15% increase in left ventricular ejec
tion fraction occurred in 27% of patients in one series'-, inost 
often in those with the least elevation in filling pressures and least 
mitral regurgitation at the time of referral. For patients with this 
defined improvement, subsequent prognosis is excellent, although 
exercise capacity may remain somewhat impaired by diastolic 
dysfunction". Recent-onset cardiomyopathy which does not 
itnprove, however, confers worse short-terin prognosis than for 
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Figure 2 Survival for 297 patients with primary dilated cardiomyopathy re
ferred for cardiac transplantation. The survival with chronic cardiomyopathy 
was not different from the total survi\'al of all patients with recent-onset car
diomyopathy, but this recent-onset group could be divided into; (a) those with 
3=159; ejection fraction improvement to I'MK'c and (b) those with no im
provement, for whom survival was significantly worse (/; = 0.()(KI9)'-

patients with more chronic disease (Figure 2), particularly in pa
tients under 33 years'-. Occasionally, young patients present with 
a fulminant picture of acute cardiac and other organ failure, 
usually in association with a viral syndrome, from which the 
chance of complete recovery may exceed 50'/{, although high-
dose catecholamine support, and occasionally mechanical ven
tricular support, may be necessary for 5-10 days. The incidence 
of this syndrome varies from year to year and is usually highest in 
the winter months. 

Cardiomyopathy presenting within the last trimester of preg
nancy or initial post-partum months may have a slightly higher 
chance of improvement than cardiomyopathy of other etiol
ogies'^. Symptoms often improve remarkably after assisted di
uresis post-partum of the excess volume of water accumulated 
during pregnancy. Heart failure presenting earlier in pregnancy 
often reflects exacerbation of previous conditions. 

Patients with known heart failure due to cardiomyopathy or 
coronary artery disease often demonstrate prolonged deterioration 
after respiratory and viral syndromes, perhaps as a result of the 
negative inotropic effects of cytokines, the accompanying tachy
cardia, or increased metabolic demands. Many patients are first 
referred for transplantation within weeks after such an episode. 
Restoration of fluid balance and adjustment of vasodilator therapy 
frequently allows recovery to previous levels of compensation 
within the next few months. 

Approximately 10% of cardiomyopathy in the United States 
has been attributed to heavy alcohol consumption, although the 
incidence may be underestimated'^. Consumption of two drinks 
daily, which is common in the general population, may be 
sufficient to worsen heart failure of other primary causes. 
Occasional dramatic improvement in the left ventricular ejection 
fractions of patients with old myocardial infarctions is sometimes 
explained later by the patient's retrospective admission of heavy 
alcohol consumption prior to referral. Complete abstinence from 

alcohol should be mandated for at least 3-6 months prior to trans
plantation candidacy, both to demonstrate the irreversibility of 
decompensation and to ensure the patient's ability to avoid 
excessive alcohol consumption after transplantation, although 
modest consumption is then acceptable. 

Tachycardia is increasingly recognized as a primary cause of 
cardiomyopathy in both adults and children"*. Supraventricular 
tachycardias and relatively slow ventricular tachycardias may not 
be initially recognized. Atrial fibrillation, present in approx
imately 20% of patients referred for cardiac transplantation, is 
frequently associated with excessive ventricular rates during exer
tion. Conversion to sinus rhythm usually leads to clinical im
provement, but has also frequently been associated with major 
improvements in left ventricular ejection fraction'^. Amiodarone 
is the safest and most effective antiarrhythmic agent in this 
population, of whom more than half may still be in sinus rhythm a 
year after cardioversion on amiodarone'**. Atrioventricular node 
ablation and pacemaker implantation may be considered when 
atrial fibrillation is refractory and the rate cannot be well 
controlled. 

Obesity has been implicated as a primary cause of cardio
myopathy. Weight loss is achievable and frequently easier during 
heart failure, even though activity is curtailed. Weight loss itself 
allows more effective distribution of limited cardiac output hut, in 
addition, is frequently associated with significant improvement in 
left ventricular function''*, such that cardiac transplantation need 
not be considered. This should be emphasized to all potential 
transplant candidates. A pattern of weight maintenance is also 
critical to avoid morbid weight gain after transplantation, which 
limits rehabilitation, contributes to osteoporotic complications, 
and has been associated with transplant vasculopathy. 

Tailored therapy prior to transplantation 

At the time of serious consideration for transplantation, most 
patients have a left ventricular ejection fraction <257c (Table 3) 
(although this is not necessary for acceptance, see below), and 
symptoiTis of heart failure which limit daily liie. These symptoms 
arc dominated by elevated intracardiac filling pressures which on 
the left side cause orthopnea, paroxysmal nocturnal dyspnea 

Tabic 3 Profile of 265 patients disdiarged after referral with class I\ 
symptoms and ejection fraction <25% 

Ejection fraction (9f) 18 ± .S 
CHF duration (months) ,̂ 3 ± .̂ 4 
Left ventricular end-diastolic dimension (mm) 75 ± H) 
Mitral regurgitation (O-.l) 2.0 ± O.X 
Tricuspid regurgitation (0- .1) 1.7 ± 0.9 
Serum sodium (mEq/1) 1.34 ± 5 

Hemodynaniivs Inilicil On rt'vist'J thctapy 

Right atrial pressure 
Systolic blood pressure 
Pulttionary wedge pressure 
Systemic arterial pressure 
Cardiac index (1 min ' ni -) 
Heart rate (beats/min) 

1.3 ± 7 
lOft + 14 
27 ± 9 
8 5 + 1 1 
1.9 ± 0 . h 
94 ± 17 

7 ± 4 
96 ± 13 
17 ± 1 6 
76 ± 10 

2.5 ± 0 . 5 
91 ± 15 
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(PND), and immediate dyspnea on light exertion (IDLE). (In con
trast, dyspnea occurring only after several minutes of moderate 
exertion is more often due to the failure to increase cardiac output 
to levels adequate for aerobic metabolism during increased 
demand.) Elevated right-sided cardiac tilling pressures cause the 
symptoms of systemic venous congestion, which can be manifest 
as gastrointestinal discomfort, anorexia, early satiety, ascites, and 
peripheral edema. Most patients have a history of recent hospital
izations during which intravenous diuretics, often in conjunction 
with a brief course of an intravenous inotropic agent, such as 
dobutamine or milrinone, have caused only a temporary clinical 
improvement, following which the congestion rapidly recurs. 

The majority of patients at the time of referral are already 
receiving standard 'triple therapy", which includes digoxin, di
uretics, and angiotcnsin-converting-enzyme inhibitors, which 
have in some cases been reduced or stopped due to hypotension. 
Although effective doses of vasodilators have been established in 
trials of mild-moderate heart failure''-^, the use of different doses 
or different combinations frequently improves clinical status in 
patients with more severe heart failure**-". For all potential can
didates, transplant evaluation provides a vital opportunity to 
redesign the medical regimen, which is of central concern regard
less of whether or not the patient is ultimately found to be a 
candidate for transplantation. 

Therapy for severely symptomatic patients is dominated by the 
need to reduce congestive symptoms, and thus the filling 
pressures which cause those symptoms. The first challenge is to 
recognize the excess volume present in most of these patients-'. 
Although many patients have ^-5 liters of excess fluid at the time 
of evaluation, the lungs are usually clear of rales in chronic heart 
failure, and peripheral edema and/or ascites occur in fewer than 
MV'/f of these patients. Orthopnea and jugular venous distension 
are the most reliable clinical indicators of volume overload, and 
almost always indicate the need for further therapy. 

Previous therapy to relieve congestion has often been hampered 
by concern that therapy to decrease volume status will further 
depress cardiac output. This misconception is often strengthened 
by small rises in creatinine and blood urea nitrogen during diuresis, 
which is more often a direct result of reflex responses to decreased 
atrial distension than an indication of falling cardiac output. The 
majority of patients with chronically dilated heart failure-- will 
achieve their highest cardiac outputs with pulmonary capillary 
wedge pressures in the range of 12-15 mmHg. Forward stroke 
volume often increases by .10-50%. due largely to forward 
redistribution of mitral regurgitant flow-\ 

Resting hemodynamic compensation is maintained on standard 
doses of diuretics and vasodilators despite low left ventricular 
ejection fractions in most patients with left ventricular dys
function, who have not been shown to benefit from hemodynamic 
monitoring to achieve more precise goals when already clinically 
compensated. Cardiac transplantation is rarely indicated in such 
patients except for other indications such as refractory angina or 
arrhythmias. Adjustment of vasodilators or diuretics can be 
guided by clinical assessment in some patients with mild hemo
dynamic abnormalities. When severe symptoms persist after 
empiric therapy, however, further intervention can frequently still 
restore compensation (Table 4)-". 

In the Bethesda conference on cardiac transplantation, the 
summary of general recommendations specifies that functional 

Table 4 Suggested indications for invasive monitoring of hemodynamics 
during therapy of congestion 

Congestion with conconiituni liypoperfusion suggested by: 
Mental obtundation 
Pulse pressure < 2f>'/^ 
Cool extremities 
Deelining renal t'unetion 
Hemodynainie intolerance to ACL2I 
llikely when systolic blood pressure < 90 mmHg or serum sodium 

< n.1 mEq/l) 

Congestion in the presence of: 
.•\ctive ischemia 
Symptomatic ventricular arrhythmias 
Suspected active pulmonary disease 
Impaired baseline renal function 

Congestion persisting or recurring despite all of: 
ACEI as tolerated 
Combination high-dose diuretics 
Sodium and water restriction 

Serious consideration of heart transplantation for symptoms of heart failure 

.4Ct{l ^ angioIcnsin-co[ivL'ning-on/.yinc inhibitors 

Status should not be assessed until patients have undergone 
aggressive therapy with combinations of vasodilator and diuretic 
therapies-"*. "Therapy should be adjusted until clinical congestion 
has been resolved or until further therapy has been repeatedly 
limited by severe hypotension (generally systolic blood pressure 
<80 mmHg) or marked azotemia. Patients should not be con
sidered to have refractory hemodynamic decompensation until 
therapy with intravenous followed by oral vasodilators and di
uretic agents has been pursued using continuous hemodynamic 
monitoring to approach hemodynatiiic goals.' 

Hemodynamic monitoring allows the coupled optiinization of 
both volume status and vascular resistances using simultaneous 
diuretic and vasodilator therapy, which can rarely otherwise be 
achieved safely and completely once decompensation is severe 
(Table 5). Hemodynamic status is often easiest to optimize 
initially during titration of intravenous vasodilators, such as nitro-
prusside. Intravenous inotropic agents, such as dobutamine. have 
also been used, but are less predictive of ultimately successful 
tnaintenance on oral regimens because the inotropic component 
cannot currently be duplicated with available oral drugs. Use of 

Table 5 Tailored therapy for advanced heart failure 

1. Measurement of baseline hemodynainies 
2. Intravenous nitroprusside and diuretics tailored to hemodynamic goals 

PCW < 15 mmHg 
SVR < 1200 dynes cm ' 
RA < 8 mmHg 
SBP > 80 mmHg 

3. Definition of optimal hemodynamics by 24—48 h 
4. Titration of high-dose oral vasodilators as nitroprusside weaned 

Combinations of: captopril, isosorbide dinilrate. hydralazine as 
needed as alternative or addition 

5. Monitored ambulation and diuretic adjustment for 24-48 h 
6. Maintain digoxin levels 1.0-2.0 ng/dl, if no contraindication 
7. Detailed patient education 
8. Flexible outpatient diuretic regimen including PRN metolazone 
9. Progressive walking program 

10. Vigilant follow-up 
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longer-acting inotropic agents is occasionally necessary for pro
longed intravenous support, but the long half-life complicates 
monitored weaning onto oral agents. In addition to restoring clini
cal stability, reduction of left ventricular filling pressures over 
several days often demonstrates reversibility of pulmonary 
hypertension which during acute therapy appeared fixed. 

The oral regimens established by tailored therapy often consist 
of relatively high doses of angiotensin-converting-enzyme in
hibitors. Some data suggest that the best survival may be obtained 
in this population when angiotensin-converting-enzyme inhibitors 
are combined with oral nitrates'*. Patients with the most severe 
decompensation, as indicated by very low scrum sodiums and/or 
inability to tolerate sufficient doses of angiotensin-converting-
enzyme inhibitors to optimize loading conditions, often derive 
sustained benefit from the combination of hydralazine and oral 
nitrate therapy*. 

Tailoring of therapy for hemodynamic goals in class IV heart 
failure often leads to dramatic improvement in hemodynamics 
and clinical status (Table 3). Prolonged maintenance of hemo
dynamic goals has been associated also with measured reductions 
in atrial sizes and mitral and tricuspid regurgitation, and with 
improvement in peak oxygen consumption (Table 6)-^-' . In com
bination with patient education, progressive exercise, and meti
culous ongoing care by an experienced heart failure team, this 
approach has been shown to reduce the rehospitalization rate by 
over 75%'^''. The impact of this care extends not only to the 
patient who can postpone transplantation, but also to the patient 
who can await transplantation in greater comfort and a more fa
vorable condition for surgery, and perhaps most importantly, to 
the larger majority of patients for whom transplantation is not an 
option. 

Table 6 Outcome of tailored therapy in patients referred for cardiac 
transplantation 

Table 7 Outpatient therapies for potential heart transplant candidates 

NYHA Class 
Orthopnea (0-4 scale) 
Jugular venous distension (0-4 scale) 
Edema (0-4 .scale) 

Atrial overload 
l^eft atrial volume (cc) 
Right atrial volume (cc) 
Mitral regurgitant units 
Tricuspid regurgitant units 

Peak Vo, (ml kg ' min ') 

Hospital/6 months 

Pre-referral 

3.3 
3 
3 
1 

100 
85 
33 
36 

11 

2.0 

Post-referral 

2.4-
0.2* 
0.5* 
0.1* 

65* 
52* 
13* 
18' 

15* 

0.2* 

'!> < 0.05 compared to baseline 
Adapted from refs 26 and 27 

Adjunctive outpatient therapies for heart failure 

On the foundation of tailored therapy, other therapies may offer 
additional benefit in selected patients (Table 7). The use of adren
ergic blocking agents has been shown to improve ejection fraction 
and clinical status in some patients with heart failure, but their 
benefit in decompensated heart failure has not been demon-
strated^s^". The limited experience in advanced heart failure 
involves patients who were free of apparent volume overload or 
congestive symptoms when the drug was cautiously initiated in 

Rouline use 

Angiotensin-
converting-
enzyme 
inhibitors 

Digoxin 

Diuretics 

Nitrates 

Potassium 

Exercise 

Selected use 

Anticoagulation 

Hydralazine 

Amiodarone 

p-blockers 

Magnesium 

AICD 

Nocturnal oxygen 

DelrlnienUil 

Amrinone. milrinone 

Flosequinan 

Prostacyclin infusion 

Diltiazem. nifedipine 

Type I anti-arrhythmic 
agents 

Non-steroidal anti-
inflaminatory agents 

Uitiler clinical 
imesti)iaiioii 

Carvcdilol 

Vesnarinone 

Home dohutamine 

Pimobendan 

.Amiodipinc 

Ibopamine 

.Ml rec antagonist 
Coenzyme QUI 
v.-Carnitine 
Ultratiltration 
Nocturnal CPAP 
(continuous 
positive airway 
pressure) 

very low doses^". While patients frequently experience some 
fatigue during initiation of these drugs, administration should 
usually be stopped if accompanied by fluid retention unrespon
sive to diuretics. Withdrawal should be considered, although it is 
controversial, in patients presenting with severe decompensation 
while receiving these agents. Amiodarone has been associated 
with similar increases in ejection fraction, possibly related to 
similar decreases in heart rate". Unlike other antiarrhythmic 
agents studied in heart failure, amiodarone does not appear to 
increase mortality-*''"; in fact, several lines of evidence suggest 
that amiodarone may actually improve survival in advanced heart 
failure. This effect appears to be independent of the degree of 
baseline arrhythmia and to result in decreased heart failure 
endpoints, as well as sudden death'-. 

Multiple non-glycosidic oral inotropic agents have been 
investigated in heart failure populations, often with deleterious 
effects at the doses used. There is not yet any consistent evidence 
that any such agents decrease mortality in the population for 
whom cardiac transplantation would otherwise be considered. 
Intermittent or continuous ambulatory infusions of dobutamine 
have appeared beneficial in some patients, but sustained benefit 
has not been proven. 

INDICATIONS FOR CARDIAC TRANSPLANTATION 

The goal of cardiac transplantation is to maximize the benefit 
derived from each donor heart transplanted (Figure 3). Benefit is a 
function of both quality and length of life, with different relative 
values assigned by different patients. If the goal were instead to 
maximize overall survival after transplantation, the optimal recip
ient would be a healthy young athlete, who would himself derive 
negative benefit from the procedure. For the patient who remains 
critical in an intensive-care unit despite consideration of all other 
medical and surgical options, the expected benefit of transplanta-
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tion for both fiiiictioo and survival is obvious. For the paiieirt who 
remains unstable, in or out of the hospital, with recurrent symp-
tom.s of coDgestion, the beiieht is also obvious. 

A major challenge of selection is the identification of the 
ambulatory paticot at home who has sufficient clinical limitation 
or .sufficient rislc of tleterioratioD and death to warrant the risks 
and limitations of cardiac transplantation. Many of the adverse 
prognostic factors validated in large heart failure trials are 
consistently present in the patients considered for cardiac trans
plantation. Factors proposed more specifically in severe heart 
failure relate to cardiac and hemodynamic parameters, the 
substrate for arrhythmias, and the systemic cardiovascular and 
neuroendocrine integration-'* *''"'. 

Symptoms of heart failore 

The presence of class IV symptoms of heart failure was originally 
considered lo indicate 'end-stage' heart failure, and thus repre
sented the major indication for transplantation. Since tlie early 
days of transplantation, however, medical thcrttpy has evolved 
such that even patients with class IV symptoms can often improve 
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to regain good quality of life. Although survival remains limited, 
it has also improved (Figure 4). While the Citended prognosis of 
advanced heart failure remains worse than that of transplantation, 
the limitations both of donor supply and of lifespan after trans
plantation require that indications for transplantation be based on 
the expected increment in 1-2-ycar prognosis, with frequent 
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York Heart Association class III (n = 139) or class IV symptoms (n = 265). 
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etal. in 1983" and the CONSENSUS trial in 1987'" 

reassessment. Considering the 70-80% 2-year survival after 
transplantation at major centers, it has been suggested that cardiac-
transplant candidates should have a predicted 2-year survival of 
=S50% without transplant"". 

Left ventricular ejection fraction 

Left ventricular ejection fraction below 20-25% has also been 
suggested to confer an unacceptable risk of mortality*-. While this 
is certainly true when a population covering the spectrum from 
mild to severe disease is included, the prognostic value of left 
ventricular ejection fraction once it is below 25-30% is less clear. 

" 100-
M 

1 -

? 80 
3 

«̂  3 
0 60 
f * i 

» 
2 40 
3 

CO 
.o 20 
o b 
Q. 

I -~^ 

>ô  
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Figure 5 Relationship of left ventricular ejection fraction to actuarial sur
vival without urgent transplantation (urg tx) in 500 patients presenting with 
New York Heart Association class III or IV symptoms 1988-1993 in one 
center. Left ventricular ejection fraction over 30% was associated with better 
survival but, once below 30%, progressively lower ejection fraction did not 
portend worse survival 

If only those patients with class 111 or IV symptoms are con
sidered, the left ventricular ejection fraction is not very helpful 
once it is lower (Figure 5)'*\ Interestingly, potential transplant 
candidates with massive left ventricular dilatation have a 
significantly worse prognosis than those with moderate dilatation, 
even when etiology of disease and degree of hemodynamic com
promise are comparable''''. Even for presentation with class IV 
symptoms and left ventricular ejection fraction =s20%. prognosis 
after discharge on tailored medical therapy is not uniformly 
dismal, 45% surviving without death or urgent transplant". 
(When comparing the outcome of other therapies to transplanta
tion, it is important to consider the patients who are saved by 
'urgent' transplantation as failures of alternative medical therapy, 
who would presumably have died had they not been hospitalized 
and supported until transplantation.) 

Peak oxygen consumption 

Measurement of peak oxygen consumption during exercise pro
vides an index of overall cardiovascular reserve that is useful both 
to quantitate functional limitation and to estimate prognosis 
(Table 8). In mild-moderate heart failure of the Veterans 
Administration Heart Failure trials, a peak oxygen consumption 
<14.5 ml kg'' min^' predicted worse survival whether left ven
tricular ejection fraction was above or below 28%''\ The experi
ences of Szlachic and Likoff in other populations confirmed the 
measurement of peak oxygen as an independent prognostic 
guide''^''^. Mancini el al^^ provided the initial validation of peak 
oxygen consumption as a criterion for transplant candidacy froin 
her analysis of 114 potential transplant candidates, suggesting 14 
ml k g ' min-'. Other experience has identified values between 10 
and 14 ml k g ' min"' (Figure 6A)-'''''", 

Some differences between programs may reflect varying 
practices of excluding patients with obvious resting symptoms. In 
addition, bicycle exercise yields peak oxygen consumption values 
slightly lower than treadmill exercise. Synthesis of the currently 
available information suggests that patients who are unable to 
perform exercise, or who can achieve peak oxygen consumption 
of <10-I2 ml kg ' inin ', have the worst prognosis. The impor
tance of indexing to predicted values remains controversial 
(Figure 6B). Patients with peak oxygen consumption over 
16-18 ml k g ' m i n ' have 2-year survival similar to that of 
cardiac transplantation, in the absence of other confounding 
factors such as active ischemia or rapid deterioration (Table 8). 

Many patients are unwilling to accept the burdens and risks of 
immunosuppression unless a major improvement in functional 
capacity is anticipated in addition to the survival benefit. For 
some patients with stable heart failure by clinical criteria^' '̂ -, 
quality of life may not be significantly improved after transplan
tation'^'. Despite a left ventricular ejection fraction usually 
within normal liinits, exercise capacity after transplantation is 
limited by multiple cardiac and systemic factors. Peak oxygen 
consumption, and other measures of exercise capacity such as 
the 6-minute walk distance, are often similar between patients 
with stable heart failure and cardiac transplant recipients, in the 
range of 50-70% of values predicted on the basis of age, size, 
and gender". The perception of prolonged fatigue after exertion 
is less easy to quantify, but appears less common after trans
plantation. 
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The current guidelines for cardiac transplantation focus on 
peak oxygen consumption as the basis for predicting improve
ments in survival and functional capacity after transplantation-''' 
(Table 9). While considerable debate surrounds the issue of 
whether to adjust for age- and gender-predicted maximal values, 
the threshold of peak oxygen consumption below which trans
plantation is indicated is generally adjusted upward for younger 
candidates and downward for older candidates. Functional capac
ity and prognosis should ideally be assessed after the impact of a 
revised medical regimen can be appreciated''' " . In practice, 
however, functional capacity and prognosis are usually assessed 
at the conclusion of a hospitalization for transplant evaluation, 
and interpreted in the light of improvement expected from 
changes in the medical regimen. 

A patient referred, for example, after months of repeated hos
pitalizations for congestive symptoms might have a peak oxygen 
consumption of 11 ml kg~' min-' after evaluation, but the effec
tive diuresis of 10 kg of fluid and enhanced vasodilator regimen 
might allow further symptomatic improvement and peripheral 
muscle reconditioning due to relief of exertional dyspnea. On the 
other hand, the same result would be an indication for listing of a 
patient referred on a stable regimen of angiotensin-converting-
enzyme inhibitors, diuretics, and digoxin with an initial pul
monary capillary wedge pressure of 14 mmHg, who is unlikely to 
improve significantly with any changes in medical therapy. 

Restrictive cardiomyopathy 

A severely reduced left ventricular ejection fraction is neither 
necessary nor sufficient indication for transplantation (Table 9). 
Although the majority of patients referred have ejection fractions 
below 25%, patients may also have severe symptoms of conges
tion due to restrictive disease in which the ventricle is minimally 
dilated and the ejection fraction is 30-45%. Such patients may 
have severe difficulty maintaining fluid balance even with meti
culous salt and fluid restriction. Amyloidosis needs to be 
excluded in such patients, even in the absence of a characteristic 
echocardiographic appearance. When restrictive disease has pro
gressed slowly over many years, liver function should be care
fully assessed, because these patients may be among the few to 
develop true irreversible "cardiac cirrhosis". 

Hypertrophic cardiomyopathy 

Cardiac transplantation is rarely indicated for hypertrophic car
diomyopathy when still in the hypercontractile stage. Diuretics 
and agents that decrease contractility can generally control con
gestive symptoms. Dual chamber pacing, myomectomy, and 
mitral valve replacement should be considered. In the minority of 
patients who progress to 'burned-out' cardiomyopathy, con
gestive symptoms and exercise intolerance may become severe, 
with only modest reduction of contractility to ejection fractions in 
the range of 30-40%, due to concomitant impairment in compli
ance. The natural history of these patients has not been well es
tablished, but their clinical limitation suggests that quality of life 
and outcome may be sufficiently compromised to warrant cardiac 
transplantation. 

Other indications 

Transplantation is occasionally indicated for reasons other than 
heart failure. Intractable angina may be an indication when multi
ple revascularization procedures have failed and no further 
attempts at surgical or catheter-based intervention are feasible. 
The left ventricular ejection fraction is usually below 30% in such 
patients, because those with better left ventricular function are 
generally candidates for some revascularization procedure. 
Transplantation is occasionally performed in patients disabled by 
recurrent discharges from automatic implantable defibrillators 
despite all attempts at catheter ablation and chemical control. 
Unusual trauma or isolated intracardiac tumors are rare 
indications for transplantation. 

CONTRAINDICATIONS TO CARDIAC 
TRANSPLANTATION 

Evaluation for transplantation includes a careful search for any 
non-cardiac condition that limits life expectancy or increases the 
risk of complications from the procedure, particularly from 
immunosuppression-'*''^ (Table 10). Although this component of 
evaluation might logically take place after a patient has demon
strated indications for transplantation, in practice it is often more 
efficient to perform it simultaneously. Furthermore, in patients 

Table 9 Selection criteria for benefits from transplantation 

I. Accepted indicutions for transptantution 
1. Maxima] Ko, < 10 ml kg ' min ' with achievement of anaerobic metabolism 
2. Severe ischemia consistently limiting routine activity not amenable to bypass surgery or angioplasty 
3. Recurrent symptomatic ventricular arrhythmias refractory to all accepted therapeutic modalities 

II. Probable indications for cardiac transplantation 
1. Maximal Vo, < 14 ml kg ' min ' and major limitation of the patient's daily activities 
2. Recurrent unstable ischemia not amenable to bypass surgery or angioplasty 
3. Instability of fluid balance/renal function not due to patient non-compliance with regimen of weight monitoring, flexible use of diuretic drugs and salt 

restriction 

III. Inadequate indications for transplantation 
1. Ejection fraction < 20% 
2. History functional class III or IV symptoms of heart failure 
3. Previous ventricular arrhythmias 
4. Maximal VOj > 15 ml kg-' min ' without other indications 

Adapted from ref. 24 
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Table 10 Contraindications for cardiac transplantation 

Cienemi elif>ihilir\ 
Absence of any non-cardiac condition that would itself shorten life expectancy or increase the risit of death from rejection or from complications of imiriunosup-
pression, particularly infection 
Specific conlniimlications 
Approximate age limit of 60-65 years (various programs) 
Active infection 
Active ulcer disease 
Severe diabetes mellilus with end-organ damage 
Severe peripheral vascular disease 
Pulmonary function (FEV,, FVC) < 60%* or history of chronic bronchitis 
Creatinine clearance < 40-50 ml/min' 
Bilirubin > 2.5 mg/dl. transaminases > 2 x normal' 
Pulmonary artery systolic pressure > 60 mmHg' 
Mean transpulmonary gradient >I5 mmHg' 
High risk of life-threatening non-compliance 

Inability to make strong commitment to transplantation 
Cognitive impairment severe enough to limit comprehension of medical regimen 
Psychiatric instability severe enough to jeopardize incentive for adherence to medical regimen 
History of recurring alcohol or drug abuse 
Failure of establish stable address or telephone number 
Previous demonstration of repeated non-compliance with medication or follow-up 

' Ma> need to provide optimal hemodynamics with nitroprusside and/or dobutamine for 72 h to determine reversibility of organ dysfunction caused by heart failure 

who initially appear too well tor transplantation, but may de
teriorate, transplantation can be performed more expeditiously 
when eligibility has already been established. 

The appropriate candidate for cardiac transplantation is sick 
enough to need a new heart, but sufficiently well in terms of 
overall condition and non-cardiac organ function to expect a good 
result. Age limits are controversial and usually expressed in 
relative rather than absolute terms. Highly selected older patients 
have good 1-year survival, but large series demonstrate decreased 
longer survival in older patients'^''". The older candidates are 
usually evaluated very carefully for evidence of diseases which 
commonly cause comorbidity in this age group. 

Active systemic disease 

Considerations regarding the etiology of disease are important to 
exclude patients with active systemic disease such as lupus ery-
theinalosus, rheumatoid arthritis, or scleroderma, which could 
cause disease after transplantation. In most programs, amyloidosis 
is a contraindication due to the tendency for systemic progression 
and recurrence in the allograft"*. Chagas' disease may reactivate 
after cardiac transplantation, but is a common disease in South 
America, where suppressive therapy has been successfully used 
after transplantation''''. 

Considerable emotional debate may develop regarding patients 
with chronic conditions with the potential to deteriorate after 
transplantation, as some patients at high risk will nonetheless do 
well after transplantation. The severe shortage of donor hearts 
curtails the systematic validation of each apparent contra
indication. As described by Copeland, selection must therefore 
reflect 'a combination of empirically derived contraindications 
with limited natural history and considerable common sense'*'". 

Diabetes mellitus is no longer an absolute contraindication for 
transplantation, although, in the early days, patients were ex
cluded for abnormal glucose tolerance tests. Increasing severity of 
disease in terms of duration and insulin doses renders candidacy 
less likely. Initiation and augmentation of immunosuppression 

render glucose control very difficult, and hyperglycemia pre
disposes to infection. Patients with diabetes are evaluated care
fully for evidence of other organ damage such as proteinuria and 
nephropathy, peripheral neuropathy, retinopathy, and small-vessel 
peripheral vascular disease, which are generally grounds for 
exclusion. Adult survivors of juvenile-onset diabetes are 
generally excluded for one or more of the above conditions. 

Psychosocial factors 

Failure to adhere to a rigorous regimen of medications, biopsies, 
and clinic visits remains a major factor in rejection and mortality 
for all organ transplant recipients''"'-. Heavy psychological and 
financial burdens of chronic heart failure followed by transplanta
tion, combined with labile mood changes during glucocorticoid 
augmentation, can precipitate lethal episodes of overt suicidal be
havior or, more coinmonly, passive attempts to commit suicide 
through withdrawal of immunosuppression. Considerable debate 
surrounds the importance of various psychiatric and psycho
logical conditions. Similarly, the importance of family support 
varies from patient to patient. Relative weaknesses in one area 
may be compensated by other strengths. The multiple factors 
relating to the patients and their support systems may best be 
combined into a profile from which the chances for long-term 
compliance can be assessed (Table 10). One of the many reasons 
that effective transplantation programs include integrated heart 
failure programs is the opportunity for reassessment of patients 
with a non-compliance history, who might later demonstrate 
sufficient compliance on complicated medical therapy to warrant 
acceptance*'. 

Previous malignant disease 

The incidence of malignancy is increased in organ transplant 
recipients and other patients on chronic immunosuppression''^, 
presumably due to impaired policing of potentially oncogenic 
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viruses and malignant clones, particularly of lymphomas, which 
may occur up to 40 times more frequently in transplant recipients. 
Transplantation is generally not performed within 3-5 years of 
neoplasms other than superficial skin lesions. A history of tumors 
with a predilection for recurrence, such as breast cancer and renal 
cell cancer, requires vigorous screening for recurrent disease. 
There is a growing population, however, of patients with success
ful transplantation late after successful chemotherapy with 
adriamycin-containing regimens for lymphoma, particularly 
Hodgkin"s lymphoma. 

Irreversible pulmonary hypertension 

Multiple criteria for selection of recipients are profoundly 
affected by hemodynamic compromise, which may need to be 
addressed before candidacy can be confirmed (Table 10). 
Demonstration of sufficiently low pulmonary vascular resistance 
may require several days of vigorous reduction of left-sided 
filling pressures with vasodilators and diuretics, occasionally 
requiring support with inotrope-dilators also. Early pulmonary 
hypertension presents a heavy burden to the donor right ventricle, 
even if pulmonary pressures later decrease. Acute right heart 
failure continues to be a major factor in early postoperative 
morbidity. 

Pulmonary hypertension is generally evaluated not by one 
number alone, but by a combination of calculations, including 
pulmonary vascular resistance, which should generally be 
reducible to below 240-300 dyne-s-cm -\ pulmonary artery 
systolic pressure which should be reducible to levels below 
50-60 mmHg, and transpulmonary gradient. The gradient, cal
culated as the mean pulmonary artery pressure minus the pul
monary capillary wedge pressure, usually shows least change 
during pharmacologic therapy*"' and should be below 
12-15 mmHg. Although evaluation in some centers includes 
acute titration of intravenous nitroprusside to systemic blood 
pressure tolerance'"'^, reversibility of pulmonary hypertension in 
patients with pulmonary capillary wedge pressures chronically 
above 25 mmHg may be easier to demonstrate after sustained 
reductions in filling pressures over several days. The average 
patient with symptoms at rest, or with minimal exertion, has 
chronically elevated ventricular filling pressures and some 
reversible elevation in pulmonary pressures (Table 11). A brief 
trial of prostaglandin El may occasionally help to demonstrate 
reversibility after other modalities and assist in planning of post

operative hemodynamic management. Nitric oxide appears to be a 
potent pulmonary vasodilator, but its use should be tempered with 
caution, as it frequently leads to elevation in left-sided filling 
pressures, most likely due to increased right-sided cardiac output 
to the failing left ventricle. Heterotopic transplantation ("piggy
back' of the new heart on the old) has at times been employed for 
irreversible pulmonary hypertension, but this procedure has been 
associated with a 1-month mortality of 25% compared to ](Wr. 
and is now rare'"''^ 

Impaired pulmonary function 

Pulmonary function testing should be postponed until after hemo
dynamic optimization in patients with obvious resting congestion. 
Both obstructive and restrictive patterns may be observed with 
pulmonary congestion'"''. Maintained reduction of tilling pressures 
and volume status, often for several days, allows optimal per-
fonriance. General thresholds for acceplibility have been 50-70'^ 
of predicted forced vital capacity and forced expired volume. 
Cessation of smoking is generally required by most programs for 
at least 3 months, both to reduce perioperative pulmonary com
plications and to decrease the chance of postoperative smoking, 
which may increase the risk of early graft coronary artery 
disease"'. Compliance with smoking cessation may be assessed 
with unscheduled urinary nicotine levels. Regardless of pul
monary function test results, a history of chronic sputum pro
duction and 'smoker's cough' is sometimes considered a 
contraindication due to risks of pulmonary infection during 
immunosuppression. No organized data have been collected on 
post-transplant outcome for patients with mild intrinsic asthma, 
which has generally not been considered a complication un
less it has required intensive chronic therapy or multiple 
hospitalizations. 

Hepatic dysfunction 

Hepatic function is also optimized by vigorous diuresis and 
vasodilator therapy to reduce right-sided filling pressures and tri
cuspid regurgitation. This is important not only to establish trans
plant candidacy, but to minimize coagulopathy which may 
become profound after cardiopulmonary bypass during transplan
tation. All patterns of abnormal liver function have been observed 
with 'passive congestion". Depressed cardiac output is much less 
important for hepatic function, except when circulatory collapse 

Table 11 Preoperative reversibility of pulmonary hypertension during tailored therapy* prior to transplantation in 100 patients later receiving 
transplantation 

/nilial PVR > 240 d\ne-s-cm Initial PAS > 50 mniHn Initial TPG > 15 mmHji 

No 
Yes 
If yes, reversible' 
Not reversible 

59<7r (9%) t 
41% (.S%) 
25% (11%) 
16% (0%) 

35% (6%) I 
65% (8%) 
41%. (3%) 
24% 110%) 

86% (7%) ^ 
14% (7%) 
8% (17%) 
6% am) 

Numbers in parentheses indicate ."̂ Oday mortality after transplantation/ 
PAS = pulmonary artery systolic pressure; PVR = pulinonary vascular resistance; TPG = transpulmonary gradient (mean pulmonary artery pressure I7iinus pulmonary capillary wedge 
pressure) 
"Reversibility determined after 72 h of therapy tailored to reduce pulmonary capillary wedge to \5 mmHg. followed occasionally by a trial of prostaglandin E,. if necessary. 
' Reproducibility of this post-Iransplant survival may depend in part on the vigor with which pultiionary congestion is prevented preoperatively. the preservation and age o( the donor 
heart, and early postoperative hcinodynamic management. 
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leads to "shock liver", when elevations of transaminases into the 
thousands may occur. This pattern should be allowed to recover 
during support with either devices or drugs prior to transplan
tation to avoid postoperative hepatic failure. 

Renal dysfunction 

Unlike pulmonary and hepatic function, renal function is more 
dependent on adequate cardiac output. In fact, even when cardiac 
output is adequate, renal function may decline temporarily after 
brisk diuresis of chronically congested patients, perhaps due to 
sudden decompression of distended atria and resultant reflex 
increase in renal vasoconstriction", and perhaps compounded by 
decreased atrial natriuretic peptide secretion". Several days of 
inotropic infusions may be required to optimize function in some 
cases. Creatinine clearance of at least 50 ml/min is preferred, but 
lower rates may occasionally be accepted if clearly the result of 
acute decompensation, with normal renal size on ultrasound and 
absence of proteinuria. Disproportionate elevation of blood urea 
nitrogen is common. Patients with creatinine over 2 mg/ml, blood 
urea nitrogen over 50 mg/dl, or preoperative dependence on 
inotropic infusions, are at particularly high risk for early post
operative renal dysfunction, which may in some cases be 
decreased by the use of antithymocyte globulins rather than 
cyclosporin in the immediate postoperative period. 

The critically ill patient 

Evaluation presents a particular challenge when performed in a 
candidate seen first in critical condition. When the patient's major 
organ and cerebral function are acutely compromised, decisions 
regarding medical risk and patient commitment are based on 
experienced guesswork and emotional bias. Peripheral vascular 
disease is often under-appreciated, while renal and hepatic dys
function believed (or hoped) to be reversible may become major 
impediments to postoperative recovery. A common ordeal is the 
decision regarding a young patient with a previous history of non
compliance or substance abuse for whom there is no time to 
confirm a commitment to reform. Some patients in critical con
dition must be refused transplantation, with the cost of immediate 
disappointment preventing the tragedy of protracted postoperative 
misery prior to death, and the tragedy of the premature end of a 
donor heart. Transplantation for otherwise doomed patients, 
however, is often the most rewarding, with the infinite relative 
increment in both quality and length of life (Figure 3). Increasing 
availability of mechanical support may allow many such patients 
to achieve stabilization and rehabilitation before transplant, fol
lowing which the chance of favorable post-transplant outcome 
may be highest. 

Documented risk factors 

Collaboration between transplant programs is now yielding 
increasing information regarding the likelihood of good post-
transplant outcomes. Of the two major multicenter experiences, 
the International Society for Heart and Lung Transplantation 
Registry has established older age, left ventricular ejection frac
tion <11%, mechanical support while waiting, and female gender 

as risk factors for death after transplantation-. It should be noted, 
however, that some risk factors for post-transplant death also 
identify high risk without transplantation. The Cardiac Transplant 
Research Database provided the first multivariate analysis of 
death, demonstrating older age, elevated serum creatinine, low 
cardiac output, and mechanical ventilation prior to transplantation 
to be associated with worse survival, while female gender was 
associated with more rejection but equivalent survival''\ A sep
arate study of program attributes found the most important 
program factor in patient survival to be the previous experience of 
the transplant cardiologist, with strong contribution from the 
transplant nurse coordinator^". 

CANDIDATES ON THE WAITING LIST: MANAGEMENT 
AND RE-EVALUATION 

The average waiting period for candidates has increased from 
6 weeks for all candidates in 1984 to over 6 months on average. 
Patients waiting at home frequently do not undergo cardiac trans
plantation for over a year after listing, particularly if they have 
blood group O. During the prolonged waiting time, outpatients 
require careful management and re-evaluation for both deterior
ation and improvement. As recommended by the Consensus con
ference on transplantation, waiting candidates should be seen at 
least monthly by the heart failure/transplant cardiologist at the 
center where the transplant will be performed''. Assessment of 
clinical stability by history, particularly evidence of congestion, 
examination of postural vital signs and jugular venous pressure, 
and laboratory monitoring of electrolytes, renal and hepatic func
tion, and anticoagulation are critical to ensure that the candidates 
are in optimal condition for transplantation. More frequent visits 
with the primary physician are often necessary. 

Medical management for transplant candidates is dominated by 
the same principles developed to decrease the need for trans
plantation and provide alternative hope to ineligible patients. 
Maintenance of low filling pressures not only serves to minimize 
congestive pulmonary and abdominal symptoms and improve 
nutrition, but also reduces the risk of postoperative pulmonary 
hypertension, prolonged intubation, coagulopathy, and hepatic 
dysfunction during the postoperative course. Patients should be 
compliant with a regimen which includes, in most cases, restric
tion to =s2 g of sodium and =s2 1 of fluid daily, and always a daily 
weight diary which guides patient adjustment of diuretic dosage. 
The spectrum of medications in this population is shown in 
Table 7. 

Anticoagulation 

The issue of anticoagulation for patients with low left ventricular 
ejection fractions and dilated ventricles remains controversial. It 
is accepted that patients with an additional risk factor such as 
atrial fibrillation, history of previous embolic event, or pedun
culated thrombus need anticoagulation, with the strongest risk 
factor being atrial fibrillation, associated with a yearly embolism 
risk as high as 18% in the presence of heart failure". In 120 trans
plant candidates without any of these risk factors, the incidence of 
embolic events during a mean follow-up of 300 days without anti
coagulation was 4%^*. The official National Practice Guidelines 
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for Heart Failure do not at this time recommend routine anti
coagulation for heart failure patients without other risk factors''. 
The decision reflects the estimated balance of risks of embolic 
events, which can lead to tragic strokes and death, and the risks of 
hemorrhage, which can rarely lead to intracranial hemorrage or 
other life-threatening events. The risks of bleeding are low when 
anticoagulation is monitored closely and doses decreased for 
amiodarone and impaired hepatic function. Perioperative bleeding 
is often greater after Coumadin therapy despite administration of 
vitamin K prior to the transplant. 

Ventricular dysrhythmia 

Non-sustained ventricular tachycardia occurs in 50-80% of pa
tients with heart failure severe enough to warrant evaluation for 
transplantation''". Although sudden death occurs in 15-30% of 
these patients, its relationship to previous non-sustained ven
tricular tachycardia remains controversial. The risk of sudden 
death is increased in heart failure patients with a history of 
syncope, which is an indication for admission and evaluation. 
Therapy for asymptomatic non-sustained ventricular tachycardia 
has generally not been undertaken unless the runs are long and 
rapid. Type I antiarrhythmic agents appear to increase the risk of 
sudden death in heart failure patients, and are rarely used except, 
occasionally, to decrease the frequency of discharges from an 
implantable cardioverter-defibrillator. Therapy with amiodarone 

does not worsen and may improve survival in severe heart 
failure'-, with benefits for ventricular function and heart failure 
endpoints as well as sudden death. The GESICA trial studied pa
tients with an overall mortality of 55% at 2 years, similar to that 
of ambulatory transplant candidates with class IV history, and 
found a 28% decrease of itiortality with amiodarone'-. The dif
ferences between this trial and the Veterans Administration trial 
may reflect in part the different disease severity". Perioperative 
pulmonary and hemodynamic problems attributed to prolonged 
amiodarone use have been described in other surgical popu
lations, but have rarely occurred after transplantation'". 

Hospitalization 

Candidacy is a dynamic state from which movement is possible, 
particularly during the lengthening waiting periods (Figure 7). 
Deterioration to require hospitalization has in the past occurred in 
up to 30% of candidates during the first 6 months, and may be 
more frequent with growing adherence to more defined criteria of 
disease severity before listing'''. Hospitalization may be indicated 
to prevent imminent death, or to prevent serious organ system 
deterioration which could compromise the outcome of trans
plantation (Table 12). Progressive right heart failure, and wor
sening renal or hepatic dysfunction, could be indications for 
hospitalization even if the candidate finds them compatible with 
life at home. Escalating fluid retention can increase perioperative 

Initial evaluation' 

xxxxxxxxxx 
xxxxxxxxxx 
xxxxxxxxxx 
xxxxxxxxxx 
xxxxxxxxxx 

Full evaluation* 

"Too well" 
xxxx 
xxxx 

xxxxxxxxxx 
xxxxxxxxxx 
xxxxxxxxxx 
xxxxxxxxxx 

Ineligible 

Accepted for transplant 
\fVY XXXXX 

xxxx 
xxxx x)c 
xxxxx 

xxxxx 
x x x x ^000^ YYYYY 

xxxx ^ 
Outpatient ^ 
candidates 

xxxxx 
xxxxx 

xxxx 

Trail of compliance 

Inpatient 
candidates 

Figure 7 Progress through evaluation and continual re-evaluation for cardiac transplantation, demonstrating the dynamic nature of candidacy. The relative fre
quencies of outcomes will depend upon the local policies regarding complete and partial evaluation of candidates (*) who appear to be ineligible or 'too well' for 
transplantation 
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Table 12 Frequent indications for admission of waiting candidates 

General con.siilerulion.s 
To prevent death at home 
To prevent conditions which jeopurdi/e perioperative outcome 

Si>ecific con.sitk'nilions 
Unstable angina 
Syncope 
Frequent Implantable cardioventer dehbrillator discharges 
Suspected embolic event 
Congestion refractory despite good compliance to increased diuretics, which: 

la) renders patients bedridden 
(b) causes marked hepatic congestion 
(c) may worsen borderline pulmonary hypertension 

Systolic blood pressure persistently < 70-75 mniHg 
Pulse pressure < 12 mniHg, particularly with cool extremities 
Creatinine > 2.0 and rising 

pulmonary hypertension, prolong intubation requirements, and 
worsen coagulopathy, but also seems to be associated anecdotally 
with increased risk of unexpected death at home, which may in 
part be related to the difficulties of controlling potassium, both 
high and low, during fluctuating diuresis and electrolyte replace
ment. Although patients with the most severe compromise can 
expect the greatest improvement from transplantation, peri
operative condition is a critical determinant of postoperative 
outcome, and should be optimized. 

For the hospitalized patient the escalating approach includes 
hemodynamic inonitoring for 24-48 hours when major changes 
are made in vasoactive therapy, although prolonged maintenance 
of indwelling lines should be avoided due to the risks of infection. 
Low-moderate doses of dobutamine, dopamine, and phospho
diesterase inhibitors, alone or in combination, are frequently ad
equate to stabilize patients to a level compatible with ambulation 
with an intravenous pump. The full agonists, epinephrine and nor
epinephrine, can be useful to increase cardiac output in an einer-
gency setting, but the continued need for these agents should 
usually trigger consideration of a mechanical assist device. 

Mechanical support 

The indications for mechanical support continue to evolve. The 
hemodynamic criteria often suggested for heart failure were 
actually originally proposed for the very different setting of post-
cardiotomy shock needing intra-aortic balloon counterpulsation"". 
These criteria include cardiac index <2.0 I min ' rn'-, pulmonary 
capillary wedge pressure >20 mmHg, systolic blood pressure 
<9() mmHg and systemic vascular resistance >2100 dyne-s-cm '', 
which are typical of many heart failure patients who can be not 
only stabilized but also discharged after adjustment of medical 
therapy. The clinical impact of hemodynamic parameters varies 
greatly, particularly in relation to the duration of compromise, but 
at the tnost severe end of the spectrum, mechanical support would 
generally be indicated for continued inability to maintain a sys
tolic blood pressure >75 mmHg, cardiac index 3=1.5 I min ' m •̂ , 
and pultTionary venous saturation >50% on maximal pharmaco
logic support. (Severely elevated filling pressures, on the other 
hand, generally indicate the potential for improvement from 
further adjustment of medical therapy). More subtle trends of de
clining cardiac index and renal function on maximal therapy are 

difficult to interpret, but are at least as iinportant as the absolute 
measured numbers'". 

Patients who require mechanical support in the absence of 
coronary artery disease may be considered for direct placement of 
left ventricular assist devices without intervening therapy with an 
intra-aortic balloon, from which the benefit is controversial in this 
population. Patients with coronary disease who demonstrate con
tinued dependence on intra-aortic balloon counterpulsation may 
eventually also be considered for placement of a left ventricular 
assist device, which allows ambulation and rehabilitation prior to 
transplantation. Over 300 left ventricular assist devices, both the 
HeartMate and Novacor models, have been implanted in the 
United States"^. Complications include infection, usually through 
the drive line, bleeding, and throinboemboli from the heart and 
from the device itself, which may be less cominon with the 
HeartMate due to the endothelialization of the titanium surface. 

Recent experience with left ventricular assistance as bridging 
to transplantation has shown approxiinately 70% survival to 
transplantation. In an uncontrolled trial of candidates with cardiac 
indices below 2 1 min ' m~' on intravenous inotropic agents and 
balloon counterpulsation, survival after transplantation was 90% 
for recipients who had been bridged, compared to 70% for those 
compromised patients surviving without bridging (Eric Rose, per
sonal communication). The good outcome for bridged patients 
after transplantation results from better preoperative status, but 
inay also reflect the selection by death of the highest-risk 
transplant candidates during the period of inechanical support. 

Re-evaluation 

The long waiting periods also allow demonstration of itnprove-
ment in some patients able to wait at home. The highest period of 
risk for outpatients may be the first few months, after which some 
of the factors which led to deterioration and referral may resolve 
spontaneously, and the benefits of optimal inedical therapy may 
be realized. The Bethesda Conference and the Consensus 
Conference on Selection both emphasize the itnportant of 
periodic re-evaluation of waiting candidates'' -''. Suggested criteria 
for re-evaluation include an assessment of clinical stability and 
demonstration of improved exercise capacity ineasured by peak 
oxygen consumption (Table 13). Up to 30% of ambulatory pa-

Table 13 A.ssessment of clinical stability for re-evaluation of waiting 
candidates 

C///ii((i/<Trrcri(i 
1. Stable fluid balance without orthopnea, elevated jugular venous 

pressures, or other evidence of congestion on the flexible diuretic 
regimen 

2. Stable blood pressure with systolic at least XO mmHg 
3. Stable serum sodium (usually >1.33 mEq/l) 
4. Stable renal function (blood urea nitrogen usually <60 mg/dh 
5. Absence of symptomatic ventricular arrhythmias 
6. Absence of frequent angina 
7. Absence of severe drug side-effects 
8. Stable or improving activity level without dyspnea during self-care or 

1 block exertion. 

Exercise criteria (if initial peak oxygen consumption <14 ml kg ' min ') 
1. Improvement in peak oxygen consumption of >2 ml kg ' min ' 
2. Peak oxygen consumption of >I2 ml kg ' min ' 
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COMMENT 

The personal dedication of the early teams for heart trans
plantation, combined with the advances in surgical techniques and 
immunosuppression, have established this as the best current 
therapy for patients with truly end-stage heart disease. Once 
referred for transplantation with New York Heart Association 
class IV symptoms and an ejection fraction less than 25%, even 
when patients can be maintained out of the hospital, survival 
without urgent transplant is less than 50% at 2 years''\ compared 
to a 60% chance of surviving 6 years and a 35% chance of sur
viving 10 years after transplantation with current protocols'^. Most 
recipients achieve a good to excellent quality of life, although less 
than 50% return to full-time employment**'. 

As originally projected at the time of the first Bethesda con
ference on transplantation over 25 years ago, however, the 
promise of transplantation has not been fulfilled'. Despite arduous 
efforts the donor heart supply is limited to 2000-2500 yearly in 
the United States, compared to the 40 000-45 000 originally pro
jected in 1968. Over 70% of these hearts are being used for 
patients wailing in hospitals. It has been said that heart transplan
tation is currently to heart failure what the lottery is to poverty 
(attributed to Arnold Kats and others). 

Left ventricular assist devices currently offer hope for those 
hospitalized patients who might otherwise not survive until trans
plantation. Although now employed only as 'bridges' to trans
plantation, increasing refinement and experience suggest that 
permanent ambulatory devices may extend a highway even to pa
tients ineligible for transplantation. At the other end of the spec
trum of heart failure, there is now increasing evidence that early 
intervention can reduce development of heart failure**'"'\ Even 
after symptoms of heart failure have appeared, new approaches to 
both medical and surgical therapy may prolong the period of 
cardiac and clinical compensation'•'*'^". In particular, recognition 
of the contributions of mitral regurgitation and left ventricular 
distortion to the progression of heart failure has .stimulated the de
velopment of new surgical approaches to cardiac remodelling. 

A beneficial side-effect of cardiac transplantation has been the 
increased medical and public focus on the problem of heart 
failure, which affects over 3 million patients in the United States, 
almost I million of whom have class JII-IV heart failure. The 
magnitude of the miseries and costs of this problem warrant 
increasing focus on innovation and collaboration at all levels of 
research and clinical care. 
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20 
The Problem of Pulmonary Hypertension in the 
Potential Cardiac Transplant Recipient 
J.M. CHEN AND R.E. MICHLER 

INTRODUCTION 

Despite advances in perioperative management, right-sided cir
culatory failure (RSCF) remains a significant source of morbidity 
and mortality early after cardiac transplantation. Perioperative 
RSCF, while clearly multifactorial in nature, has traditionally 
been associated with prctransplant pulmonary hypertension, as 
suggested by elevated pulmonary hemodynamic indices revealed 
on prctransplant cardiac catheterization. While severely elevated 
values of such indices represent a contraindication to cardiac 
transplantation at many centers worldwide, there currently exist 
no standard guidelines regarding the validity and importance of 
these preoperative abnormalities for postoperative outcome. The 
purpose of this chapter is to review the problem of pulmonary 
hypertension and the potential cardiac transplant recipient - its 
diagnosis, management and manipulation, and long-term clinical 
significance. 

Severe preoperative pulmonary hypertension is thought to 
result in post-transplant RSCF due to a marked increase in after-
load presented acutely to the donor right ventricle. Since Griepp 
and colleagues first reported a relationship in 1971 between ele
vated preoperative pulmonary vascular resistance and the risk of 
death from acute right ventricular failure post-transplant, numer
ous studies have confirmed this association'. Indeed, preoperative 
pulmonary hypertension has not only been associated with overall 

post-transplant morbidity from acute right heart failure and all-
cause perioperative mortality, but also has been associated with 
other sources of postoperative morbidity, including post-
transplant infections and arrhythmias--'-. 

Despite this, sub.stantial controversy has persisted regarding the 
power of individual hemodynamic indices to predict perioperative 
mortality (and RSCF) accurately. Transplant physicians have tra
ditionally placed an emphasis on calculated estimates of pul
monary hypertension (pulmonary vascular resistance (PVR), 
pulmonary vascular resistance index (PVRI) and transpulmonary 
gradient (TPG)) in the preoperative evaluation of cardiac trans
plant candidates in an effort to assess the right ventricular after-
load that will be presented to the transplanted heart- '". The 
equations from which these indices are derived are outlined in 
Figure I. 

As shown, a substantial degree of co-dependence exists among 
these variables; PVR and PVRI differ by a factor of body surface 
area, and PVR and TPG differ by a factor of cardiac output. 
Addonizio and co-workers have favored PVRI on the basis that it 
represents the PVR 'indexed' to body surface area, thus theoreti
cally eliminating bias due to body size and weight (especially im
portant in the pediatric population)''. Proponents of the 
transpulmonary gradient have suggested that PVR (and thus 
PVRI) may prove unreliable due to inherent inaccuracies in the 
method of thermodilution, particularly at low cardiac outputs'". 

Pulmonary vascular resistance (PVR, Wood Units (WU)) 
PVR = fPA mean - PCW) 

CO 
Pulmonary vascular resistance index (PVRI, Wood Units -m^ ) 

PVRI = rPA mean - PCW) = PVR BSA 
CI 

Transpulmonary gradient (TPG, mm Hg.) 
TPG = PA mean - PCW 

Figure 1 Equations for the calculation of pulmonary hemodynamic indices 
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Table I Compilation of the literature regarding individual preoperative pultnonary hemodynamic indices as predictors of postoperative mortality 

Enclpoinl 

Reference 

Addonizioeri j / . (1987)* 
(pediatric) 

Kirkl inf /u/ . (1988)' 
Kirkline-fd/. (1988) ' 
Er lcksonf/u/ . (1990)' 

Bourge( 1991)^5 

Anguitat'fH/. (199l)'*]| 
Coslard-Jackle and Fowler (1992)"ll 

Bando e! al. (1993)'"** (pediatric) 

MuralicKi/ . (1993)^+ + 

tt 

73 
8 
48 
33 
132 
63 
104 

182 

57 
288 

67 

425 

Index studied 

PVR < 6 WU 
PVR > 6 WU 
PVRI < 6 WU m-
PVRl>6WUm-
PVR (continuous)t 
PVR (continuous)tt 
TPG<vs> 12 (probability) 
PVR < vs > 3 (probability) 
PVRI <vs> 3 (probability) 
PVR<4 
PVR>4 
PVR < vs > 5 and/or TPG < vs > 12 
PVR<2.5(«= 143) 
PVR>2.5(n= 145) 
TPG< 15(Ai = 240) 
TPG> 15(H = 45) 
PVRI<5()i= 151) 
PVR1>5(«= 130) 
PVR < vs > 4 
TPG<vs> 15 
(I)TPG< 15 and PVR < 5 (n = 
(II) TPG < 1 5 a n d P V R > 5 ( M = 
(III) TPG > 15 and PVR < 5 (n 
(IV) TPG > 15 and PVR > 5 (n 

332) 
= 15) 
= 46) 
= 32) 

RSCI-

7 
4 
0 
11 

30-day morlaliry 

NS 
NS 
NS 
7,4% 
19% 

NS 
50% 
9,9% 
13.3% 
21.7% 
25.0% 

/ -year nurrtalifv 

5% vs 24% (6 months)/5%: 

38% vs 87% 

49%^ 

Mortality 

4 
1 
0 
5 
54 
29 

vs36% (1 year) + 

6.9% (0) 
17.9% (9) 
11.3% (5) 
20.0% (4) 
8.6%. (2) 
17.7% (7) 

• PVRI > 6 WU m- correlated with bolli death and RSCF, p < D.DOI. 
t Where an elevated PVR was deierniined as a continuous variable for risk analysis; t t where an increased PVR was associated with mortality by multivariablc comparison. 
+ ^% vs 24% monalily at 5 months {p = 0.(X)3) and .•!* vs 35<7, at 1 year (/> = O.IXX).')) lor TPG < vs > 12. 
!) (I = 0.06 for PVR < 4 vs > 4. 
I Where actuarial survi\a! curves at I year and 18 months for those with either PVR or TPG less than threshold were compared with those greater than Ihreshold values (/?<0.()l) 
II For an endpoint )̂f: incidence of 90-day [Mortality (no. of patients who died from RSCF) - PVR comparison p < 0.02; TPG comparison / ' < 0.02; PVRI comparison p < 0.05 
** For TPG < vs > I.S, p ~ 0,01 by univariate analysis, p = 0,03 by multivariate analysis; for PVR < vs > 4, /J - not signilicant over entire experience. 
t ^ Group 1 vs group III, p < OO.*!; group I vs group IV, p < ().().*>. 
NS - not signilicant 

The transpulmonary gradient, it is argued, is flow-independent 
and thus may better reflect resistance to flow across the pul
monary bed**. In contrast, others have argued that the gradient 
across the pulmonary bed is itself flow-dependent, and thus 
requires that total flow (or its estimate as represented by cardiac 
output) be included in its definition. 

Table 1 summarizes reports in the literature that analyze the 
utility of calculated hemodynamic indices as predictors of both 
right heart failure and perioperative mortality-' '. As shown, the 
relative acuity of individual indices to predict either 30-day mor
tality or right heart failure remains unclear. In an effort to 
compare the.se indices quantitatively, we recently evaluated data 
from 476 patients transplanted at the Columbia-Presbyterian 
Medical Center from 1983 to 1994 using standard historical 
threshold values to divide patients into cohorts with elevated and 
non-elevated preoperative profiles". These findings were then 
correlated with 30-day all-cause mortality. 

Quantitative comparison among these cohorts was established 
with receiver operating characteristic (ROC) curves, traditionally 
plotted as graphic representations of the relationship between sen
sitivity and specificity (the true-positive and false-positive rates). 
The area under these ROC curves (AUC) not only represents the 
probability that normal and abnormal test results are associated 
accurately with the presence or absence of a given outcome, but 
also reflects a means by which the discriminating ability of indi

vidual indices may be compared'"''"'. Representative ROC curves 
and their AUC are depicted in Figure 2. We found no statistical 
difference in the AUC for PVR. PVRI or TPG in the prediction of 
30-day mortality, suggesting that none of the tests was superior in 
its ability to predict perioperative mortality. The high degree of 
co-dependence of the variables may explain these findings, and 
further suggests that different combinations of such elevated 
indices would likely have similar results. 

REVERSIBILITY 

Once the diagnosis of preoperative pulmonary hypertension has 
been confirmed by cardiac catheterization, some have suggested 
that patients may be subdivided further into those with 'fixed" or 
'reactive' components to their pulmonary hypertension, the 
relative proportions of which may be elucidated using pulmonary 
vasodilator therapy such as sodium nitroprusside""*. Those 
patients, it is argued, with a high degree of 'reactivity' to their 
pulmonary hypertension (i.e. who have a substantial drop in their 
PVR, PVRI or TPG froin an elevated value to a non-elevated 
value with vasodilator provocation) may have a large 'reversible' 
component and, as such, may have a perioperative mortality 
comparable to patients who have no preoperative pulmonary 
hypertension. Conversely, tho.se patients whose pulmonary hyper-
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0.4 OJ 
1- Specificity 

Figure 3 Bar graph repj-eseraing Ihe etlect of preopcralive 'reveriibi'iily' on 
30-day tiiiirlalily (PHTN = puliiumary hyptTteiisiori; NTP = nitroprussidc 

0.4 0.6 
1 - Specificity 

0.4 0.6 
1- Specificity 

Figure 2 
PVR, (B) 

Receiver operating characteristic curves and their areas for (A) 
PVRT and (C) TPG as predictors of 30-day all-cause mortality 

tension responds less well m.ay have a larger 'fixed' component 
that may, it is postulated, adversely affect their post-transplant 
outcome. 

The largest study in the literature to date regarding the use of 
nitropriisside io the evaluation of patients for cardiac transplanta
tion examined 293 patients and revealed four distinct cohorts of 
patients separated on the basis of risk stradfication for 90-day 

mortality". Wc examined a similar cohort of 181 patients with 
elevated preoperative pulmonary hemodynamic indices who 
under went vasodilator challenge with nitroprusside preopera-
tively, using 30-day perioperative mortality as the end-point of 
the study (Figure 3)'^. The conclusions of these investigations 
were three-fold. First, those patients with irreversible pulmonary 
hypertension had a nearly four-fold increase in their incidence of 
mortality when compared with those without preoperative pul
monary hypertension. These differences were statistically 
significant. Second, those patients with reversible hypertension 
appeared to demonstrate a 25% reduction in their incidence of 
30-day mortality when compared with those patients who were 
non-reversible. These differences, while clinically relevant, were 
not statistically significant. Finally, tho,se patients with reversible 
hypertension still exhibited a marked increase in the incidence of 
mortality when compared with padents without preoperative pul
monale hypertension. These differences demonstrated statistical 
significance for the parameter TPG, and borderline significance 
for PVR and PVRI, with p-values between 0.05 and 0.1. In sum, 
these data suggested that while 'reversibility' with nitroprusside 
therapy was associated with improved overall 30-day mortality, it 
was not associated with improvement to a level comparable to 
those patients who did not have preoperative pulmonary 
hypertension. 

VASODILATOR CONDITIONING 

Some investigators have suggested that continuous low-dose 
nitroprusside therapy may help to 'optimize' those padents with a 
substantial reactive component to their pulmonary hypertension. 
However, this modality is limited by the adverse systemic effects 
of nitroprusside, the most pronounced being severe hypotension 
from peripheral vasodilatation"^". Recent enthusiasm has arisen 
regarding other pulmonary vasodilators and cardiac inotropes that 
may have actions specific enough to the pulmonary vasculature to 
limit their systemic effects-*^'''. Table 2 summarizes the literature 
regarding these agents. 

Adenosine, while potentially superior to nitroprusside (NTP) io 
its ability to lower TPG, and comparable in its ability to lower 
PVR, has been shown (a) to have little effect on cardiac output 
and (b) to increase pulmonary capillary wedge pressure, rendering 
it a poor modality for long-term use in patients with congestive 
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Table 2 Compilation of the literature regarding vasoactive agents used in the preoperative pulmonary hemodynamic evaluation of transplant candidates 
(DBA = dobutamine; NTG = nitroglycerin) 

Af^ent studied 

NTP 

No. of 
patients 

13 

Response 

P V R < 4 ( n = A) 

PVR 4.8 - ^ 2 . 5 

Comment 

Nitropmsside (NTP) 
Kawaguchi^-rrt/. (1989)" 

Simonsen(l990)-'- NTP 23 

Coslard-Jackle and 
Fowler (1992)" 

Nitric oxide (NO) 
Semigranr t i i / . (1994)" 

Adat iaf / i j / . (1995)-" 
(pediatric) 

Adenosine 
Haywood <•/«/. (1992)'" 

Am ri none 
Boiling f /n/ . (1988)-' 

Deebc /u ; . (1989)" 

Prostaglandin El 
Murali (•/«/. (1991)-' 

NTP 

NO 

NTP 

NO-)iigh LAP 

NO-low LAP 
Ach-high LAP 
Ach-low LAP 

Adenosine 

NTP 

Amrinone 

Amrinone 

'Conventional' 
therapy 

NTG 
NTP 
PGEl 

78 

40 

32 

16 

16 

6 

5 
3 
4 

21 

18 

27 

22 

16 

8 
7 
29 

DBA 

Muralipra/. (1992)-• 

Ibererfra;. (1993)" 

Combination therapy 
Zalest?fa/. (1993)-" 
(pediatric) 

Enoximone 
NTG 

NTP 

PGEl 

PGEl 

I I 
9 

12 

39 

13 

DBA 7 
DBA and NTP 9 
DBA/NTP 8 
and/or Amrinone 

One RSCF, two biventricular failure in each 
group 
No side-etfect.s noted 
NTP given introperative and post
transplantation also 
No side-et'fects noted 

PVR < 2.5, SBP > 85 ^ 3.8% 90-day 
mortality 
PVR < 2.5. SBP < 85 -^ 27.57r 90-day 
mortality 
PVR > 2.5, no effects on SBP -> 41 % 
90-day inortality 

PVR: 3.2-^ 1.7 (p< 0.05) 
TPG: II -»7(/J<0.05) 
PVR: 3.3 ^ 2 . 1 (;j<0.05) 
TPG: no change 
PVRl: 14.9-» 7.6 (/)< 0.05: 
TPG: 45 ~^21(j)< 0.05) 
PVRl 
PVRI 
PVRl 

36 -^ 31 (p < 0.05); TPG: 64 ^ 62 
12.9 -» 12.2 (NS); TPG: 43 -^ 42 (NS) 
33.2 H. 32.3 (NS); TPG: 64 ~> 63 (NS) 

i.PVR4l%, iTPG35% 

i PVR 42%. i TPG 9% 

PVRI: 6 - ^ 2.4 (;; = 0.001) 

TPG: 19-^ 10 (;; = 0.001) 
PVR: 5.8-^ 2.5 (p = 0.0001) 

TPG: 19-* 11 (;) = 0.0001) 
PVR: 5.1 -> 3.3 (p = 0.003) 

TPG: 1 8 ^ I3(/' = 0.03) 

TPG: 16 -> 15(NS); PVR: 4.1 -> 3.5 (p < 0.005) Hypotension, headache 
TPG: 18-^ 16(NS); PVR: 5.4-^ 3.6 (/)< 0.01) Hypotension 
TPG: 17-^ 13(/? < 0.001); PVR: 4 . 9 ^ 3.0 (/)< 0.001) Hypotension, headache, flushing, nausea, 

vomiting 

2 patients had postoperative RSCF 
7 patients had significant hypotension 

No noted side-effects of NO, NO inost 
effective in patients with LA hypertension 

No effects on cardiac output, but increase in 
PCW with adenosine 
MAP < 60 in 21% of NTP patients 

Two patients with thrombocytopenia 
requiring transfusion 
89% of total 27 were 'responders" 
Two patients with thrombocytopenia 
requiring transfusion 

TPG: 16-^ 17; PVR: 3 . 5 ^ 1.2 (p< 0.001) 

TPG: 18-»21;PVR:5.8-^3.9(;7<0.0I) 
No change in TPG; PVR 4.3 -» 3.7 (p < 0.01) 

TPG: 20-^11 (p< 0.01); PVR: 6.2 ^ 3.9 
(p<O.OI) 
TPG: 18-> 12 (/7< 0.01); PVR: 5.1 -* 2.7 
(p<0.01) 
PVR: 5.3 -* 2,7 (p < 0.005) 

Increase in premature ventricular complexes 
(PVC) 
Nausea, vomiting, increase in PVC 
Nine transplanted, no RSCF, but nausea, 
vomiting, hypotension in eight patients who 
were non-responders to PGEl 

Given 6-day course of PGEl, restudied 7 days 
later; side-effects included edema, joint pain, 
headache, abdominal pain. 
Eight transplanted, no RSCF but also given 
PGEl post-transplant 

Combined drug study: 
TPG: 18.5-> 12.0 
PVRl: 1 0 ^ 4 

Ach = acetylcholine, LAP = left atrial pressure, NO = nitric oxide 
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heart failure-". Amrinone has been shown in long-term therapy 
studies to be more effective in reducing PVR and TPG than con
ventional triple-drug therapy with digoxin, diuretics and ACE-
inhibition, despite a potential risk of thrombocytopenia'" -•'. 

In short-term therapy preoperatively, prostaglandin EI (PGEl) 
has been demonstrated to be more effective than nitroglycerin 
(NTG) and NTP in reversing pulmonary hypertension, and to 
achieve postoperative mortality rates comparable to patients 
without preoperative pulmonary hypertension-^--''. However, 
although PGEl is hypothesized to have a 90% clearance in the 
lung on a single pass (thus theoretically limiting its systemic 
effects), it has also been shown to result in significant hypo
tension, and increased facial flushing and nausea when compared 
with NTG, NTP dobutamine (DBA) or enoximone-\ 

Nitric oxide (NO) has been demonstrated to have substantially 
fewer systemic effects when compared with other vasoactive 
agents, and to induce a reduction in hemodynamic indices to a 
comparable degree to NTP-'-*. Studies using NO in the pediatric 
population have described a greater degree of reversibility for 
those patients with elevated left atrial pressures prior to adminis
tration-'-**. Adatia and colleagues have suggested that pre
operative evaluation with NO challenge may further help to 
establish which pediatric patients would better benefit from 
heart-lung rather than heart transplantation-*. Interestingly, 
evaluation of NO in the adult population, however, has demon
strated an increase in left ventricular filling pressures in patients 
with severe heart failure, a finding that may potentially limit its 
long-term preoperative use-'-'*. 

In addition, Zaies and co-workers have also suggested that 
because of both the poor left ventricular systolic function and ele
vated diastolic pressures in patients with end-stage heart disease, 
a more substantial decrease in pulmonary hemodynamic indices 
may be revealed with additional inotropic support-''. Their results 
in pediatric patients with combined DBA, NTP and amrinone 
therapy, while not compared specifically to vasodilator therapy 
alone, indicate potential new methods for preoperative evaluation 
with combination therapy-'*. 

OUTCOME 

The question remains how to utilize these data regarding pre
operative hemodynamic indices and reversibility with vasodilator 
challenge in the pretransplant evaluation. For example, does 
reversibility truly identify those with fixed elevated pulmonary 
indices, and should such patients be denied cardiac transplanta
tion, or be referred for heart-lung transplantation? Or, as 
Kawaguchi has suggested, is perioperative mortality more 
reflective of graft viability and overall graft ischemic time than 
reversibility of hemodynamic indices in the potential recipient^"? 
In attempting to answer these questions, the natural progression 
of preoperative pulmonary hypertension both prior to and follow
ing cardiac transplantation must be evaluated. 

Grant and colleagues have documented that patients with 
marginally acceptable or slightly elevated pulmonary hemo
dynamic indices may improve on maximal inedical therapy, and 
thus should be studied serially pretransplant to establish can
didacy for transplantation^'. These findings have also been 
confirmed by Boffa and co-workers, who similarly noted changes 

in pulmonary hemodynamic indices over time, the magnitude of 
which, however, was unpredictable preoperatively'-. 

Postoperatively, patients with previously documented pre
transplant pulmonary hypertension (PVR > 6) have been noted to 
resolve their pulmonary hypertension by the first week post-trans
plant, as evidenced on two-dimensional echocardiogram and right 
heart catheterization". Bhatia et al. evaluated post-transplant he
modynamic changes over time for patients with preoperative pul
monary hypertension, and reported a continual decrease in 
hemodynamic indices throughout the first year''. Eighty percent 
of such patients demonstrated normalization of a previously ele
vated PVR when studied at 1 year post-transplant. Interestingly, 
they further reported right ventricular remodeling in the trans
planted heart in response to the increased afterload. as evidenced 
by the gradual development of right ventricular dilatation and tri
cuspid regurgitation at I year postoperatively despite a resolution 
in pulmonary hypertension". 

Similarly, Corcos et al. have described a resolution of elevated 
right-sided circulatory pressures documented at 1 week post-
transplant by 6 months post-transplant in most recipients'''. Von 
Scheldt and co-workers further evaluated long-term post-
transplant hemodynamics in a cohort of 37 patients and found no 
substantial changes in PVR from 12 to 84 months (no pre
operative hemodynamic data given), suggesting a stabilization of 
hemodynamic indices for those long-tertn survivors of cardiac 
transplantation'\ In a cohort of pediatric recipients, Gajarski 
et al. described a resolution of elevated PVRI by the first post
transplantation biopsy, the absolute value at which time, interest
ingly enough, was not statistically different from PVRI values 
achieved during vasodilator challenge preoperatively'-. 

SURGICAL ALTERNATIVES 

Empirically, the most substantial morbidity associated with RSCF 
after cardiac transplantation occurs within the first 30 days. 
Numerous strategies have been attempted in an effort to decrease 
the perioperative morbidity for this select group of transplant 
recipients. Donor/recipient size mismatching, with a deliberate 
oversizing of the donor heart, has been employed based upon the 
premise that the oversized right ventricle would be more suited to 
tolerate the increased afterload of the pulmonary hypertensive 
recipient. In two separate investigations, Coslanzo-Nordin et al.^'" 
and Yeoh et al.^^ evaluated the deleterious relationship of cardiac 
allograft size mismatching and post-transplant function. Costanzo-
Nordin el al. demonstrated a significantly greater risk of death for 
recipients of oversized donor hearts, independent of preoperative 
TPG values"". Similarly, Yeoh et al. described a compromise in 
long-term cardiopulmonary function (as evidenced by peak exer
cise oxygen uptake) in those patients with preoperative pulmonary 
hypertension who were recipients of oversized donor hearts ". 

Another surgical option based on the same principle is hetero
topic heart tran.splantation. In related investigations, Villanueva et 
al.'^ and Kawaguchi et al.'" assessed the utility of heterotopic heart 
transplantation in patients with severe preoperative pulmonary hy
pertension. Villanueva and colleagues described a decrease in PVR 
and TPG for both heterotopic transplant study patients and ortho
topic transplant control patients: these iinprovements were main
tained for the first year postoperatively"*. Kawaguchi et al. 
similarly reported a reduction in postoperative PVR for both 
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heterotopic and orthotopic heart transplant recipients'". However, 
heterotopic transplant recipients in this cohort had a significantly 
increased rale of pulmonary complications and infections, presum
ably due to the anatomic position of the transplanted heart. In addi
tion, heterotopic recipients were noted to have a higher incidence of 
biventricular failure and graft ischemia. 

These studies indicate that operative strategies to overcome the 
potential post-transplant RSCF may not provide benefits in peri
operative mortality enough to outweigh the procedural morbidity. 
The natural long-term course of patients with an elevated preoper
ative pulmonary hemodynamic profile suggests that those patients 
who survive the perioperative period may undergo a normaliza
tion of elevated right-sided pressures due to right ventricular re
modeling in response to the increased afterload. 

COMMENT 

What, then, is the value of an elevated preoperative pulmonary he
modynamic profile, and what is its utility in the overall pretrans-
plant evaluation'.' Naeije et al. have suggested that PVR calculations 
are insufficient to describe the functional state of the pulmonary cir
culation in patients with advanced congestive heart failure'*'. This 
finding has further been confirmed by Marti and co-workers, who 
have documented that an elevated PVR per se may not directly 
influence the incidence of graft dysfunction""'. Further, in a multi-
variable analysis by Morley and Brozena. only right atrial pressure 
and a calculated 'high risk score' (incorporating parameters of both 
left- and right-sided circulatory function) were significantly associ
ated with 1-year post-transplant mortality, despite a strong univari
ate association of PVR with I-year mortality^'. 

These findings suggest that, while generally useful as part of 
the entire pretransplani evaluation, preoperative pulmonary hemo
dynamic profiles must be viewed with caution. There does not 
appear to be agreement regarding threshold values for pulmonary 
hemodynamic indices beyond which cardiac transplantation is 
absolutely contraindicated; rather, threshold values (based on 
theoretical estimates of the norm) have previously been arbitrary 
in definition. Pulmonary hemodynamic indices represent a 
spectrum of values traditionally thought to have a direct linear 
relationship with postoperative mortality; the higher the value, it 
was postulated, the more likely postoperative mortality. Data de
scribed herein, however, refute this notion, and instead suggest 
that the relationship between an elevated preoperative index and 
postoperative mortality is but an association - direct but not 
exact, and by no means linear. 

For example, can a patient with a preoperative PVR of 15 
Wood Units undergo successful transplantation? Can a patient 
with a preoperative PVR of 2 Wood Units develop RSCF? 
Anecdotal data would support both of these scenarios. The pre
operative pulmonary hemodynamic profile must therefore be 
evaluated as but one part - albeit important - of the entire pre-
transplant evaluation. Clearly, those candidates with severely ele
vated pulmonary hemodynamic indices are at great risk for 
postoperative complications. However, these risks must be 
weighed in concert with all other potential physiologic and 
psychological risks of transplantation. 

At our institution no absolute threshold values are employed as 
inclusion or exclusion criteria for transplantation; this represents a 
policy that has evolved over our nearly two decades of experi

ence with cardiac transplantation. Those candidates with an ele
vated preoperative pulmonary hemodynamic profile currently 
undergo vasodilator challenge with nitroprusside and additionally 
may receive either repetitive nitroprusside conditioning or long-
term dobutamine therapy. It is our hope that, as these and other 
substantial preoperative risk factors for post-transplant morbidity 
and mortality are more effectively elucidated, complex algorithms 
will be developed that help to assess the cumulative risk of trans
plantation for the individual patient. These, in addition to investi
gations evaluating both waiting time and postoperative mortality, 
may then potentially unveil the true problem of pulmonary hy
pertension for the potential recipient. 
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21 
Mechanical Circulatory Support Before Heart 
Transplantation 
J.S. SAPIRSTEIN AND W.E. PAE Jr 

INTRODUCTION 

Cardiac transplantation has become a standard therapy for 
carefully selected patients with incapacitating end-stage cardio
myopathy. Since the introduction of the procedure, refinements in 
organ procurement, surgical technique, and immunosuppression 
have prompted the loosening of recipient inclusion criteria, while 
at the same time generating better survival. The large numerical 
discrepancy between organs available for cardiac transplantation 
and potential recipients is well recognized'. Today the number of 
patients for whom transplantation is clinically indicated -
between 10 000 and 40 000 in the USA alone- - far exceeds the 
supply of donor organs. Between 10% and 40% of waiting 
recipients die before a suitable heart becomes available\ and 
donor supply will probably remain the major impediment to 
broader use of this procedure. Efforts to expand the donor pool in 
the future are being made"*; currently many patients can lengthen 
their status as appropriate allograft candidates with mechanical 
circulatory assistance. 

INDICATIONS AND PATIENT SELECTION 

Mechanical circulatory support is indicated when the heart can no 
longer safely meet the perfusion requirements of the body. 
Devices such as the intra-aortic balloon pump (lABP) are cur
rently used routinely for relatively short-term support of end-
stage cardiomyopathic patients awaiting an allograft. Bridging to 

transplantation with ventricular assist devices (VAD) and total 
artificial hearts (TAH) has been successfully performed for over a 
decade^', and mechanical circulatory support systems specific
ally designed for chronic bridging are now commercially avail
able. There is a wide spectrum of devices available today to treat 
a patient with a failing heart. The best support system, though, 
will always be that device which can provide the best potential 
results in the simplest possible manner. 

Table I presents criteria that make an individual an appropriate 
candidate for mechanical bridging. In general this patient, who 
otherwise is an acceptable candidate for transplantation, must 
have deteriorating cardiac function that cannot be supported by 
more conservative pharmacological techniques. Coexisting 
processes such as renal failure or sepsis would be contra
indications to bridging, to the extent that they would preclude 
allografting. However, if renal dysfunction is believed to be 
readily correctable by an improvement in cardiac performance, 
then mechanical support would be an appropriate intervention. 
Likewise an infection such as pneumonia should not prevent 
bridging if the resultant improved perfusion could reasonably be 
expected to facilitate recovery before transplantation. 

Mechanical support is most often required to support the failing 
left ventricle (LV). Isolated right heart failure in the adult popu
lation is rare. When present, right ventricular (RV) failure usually 
manifests after the initiation of LV mechanical support. Either 
improved left-sided hemodynamics 'unmask" concomitant right 
heart dysfunction, or successful decompression of the LV may 

Table 1 Criteria for insertion of cardiac assist device 

(1) Cardiac index < 1.8-2.0 l/min per m"̂  
(2) Systolic blood pressure < 90 mmHg (or mean arterial < 60 mniHg) 
(3) Left atrial (or pulmonary capillary wedge) and/or right atrial pressure > 20-25 mmHg) 
(4) Urine output < 20 ml/hour (in adults) 
(5) Systemic vascular resistance > 2100 dyne s cm ' 
(6) Trial of volume infusion, maximal pharmacologic (vasopressor and vasodilator) support, and intra-aortic balloon counterpulsation (if va.scular access 

permits) without adequate improvement of ventricular function 
(7) Other signs of poor perfusion (e.g. metabolic acidosis, decreased mentation) may be present 
(8) If the cardiac assist device is intended as a bridge to transplantation, then clearly the patient must be acceptable as a candidate for cardiac tran.splantation 
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actually precipitate RV failure* as a result of the static and 
dynamic interactions (cross-talk) that functionally link the ven
tricles. If RV failure does develop, pharmacological support with 
inotropic agents and pulmonary vasculature dilators (isopro
terenol, prostaglandin E;. and nitric oxide) can be tried. Persistent 
dysfunction may then require mechanical support of both ven
tricles, either with two independently functioning devices or with 
a TAH. 

INTRA-AORTIC BALLOON PUMP 

Sarnoff tr al. proposed in the 1950s that myocardial oxygen con
sumption is a function of ventricular wall tension'*. The 
"tension-time index' (TTI), the integral of the arterial pressure 
trace, came to reflect the heart muscle's consumption of O,. In 
1958 Harken suggested that decreasing the TTI would aid the 
failing heart, and his group described a device that lowered the 
TTI by withdrawing blood from the arterial tree just prior to ven
tricular systole and returning it to the circulation during diastole'". 
In 1962 Moulopoulos et al. described a catheter-mounted balloon 
with hemodynamic effects similar to the Harken pump, but 
without an extracorporeal circuit". The balloon was positioned in 
the aorta and inflated during ventricular diastole, thereby aug
menting diastolic blood flow. Deflation just before cardiac ejec
tion essentially decreased the LV aflerload, and thus systolic 
"work'. 

Kantrowitz et al. reported the first clinical use of the intra-
aortic balloon pump in 1968 for the treatment of cardiogenic 
shock secondary to acute myocardial infarction'-^. Reemtsma 
el al. presented the use of lABP counterpulsation before cardiac 
transplantation in 1978''. The development of percutaneous in
sertion techniques in 1980 enabled the institution of counterpulsa
tion to be much more timely. The efficacy of using this device in 
a transplantation candidate is well established. Hardesty et a/.'^ 
reported that lABP-supported patients' results compared favor
ably with those obtained in healthier patients who did not require 
aggressive hemodynamic support. The University of Utah em
ployed the lABP in 9% of 401 heart transplantation procedures'\ 
Rosenbaum et at., in their review of 43 patients supported before 
transplantation with an lABP, concluded that counterpulsation 
was both safe and effective, even with durations of support 
exceeding 1 month"". 

Nonetheless, recent series continue to show complication rates 
for the lABP (all indications) between 12% and 3 0 % " -». 
Ischemia distal to the catheter's insertion site is the most common 
complication, occurring in 9-25% of recipients; experience sug
gests that between 40% and 80% of these patients will require 
surgical intervention to treat the ischemic event. Other, less 
common complications include: (a) infection and localized 
hematoma, (b) pseudoaneurysm formation at the vessel puncture 
site, (c) vessel perforation with extensive hemorrhage, (d) lym
phatic disruption with fistula formation, (e) aortic dissection from 
catheter passage below the intima, and (f) peripheral nerve 
damage. The lABP severely restricts patient mobility, thereby 
limiting the physical rehabilitation of transplantation candidates 
awaiting a donor heart. 

Because of the potential morbidity associated with chronic 
lABP support, many transplantation centers rely upon this strat

egy as a 'first-step' mechanical circulatory support. At our own 
institution 74% of recent ventricular assist device (VAD) 
recipients awaiting heart transplantation were initially supported 
by an lABP, while 24% of all transplantations involved lABP 
support followed by a VAD-''. 

VENTRICULAR ASSIST DEVICES 

Overview 

Over the past 20 years many types of VAD have been designed, 
tested and, less frequently, marketed. Some devices can support 
only the left ventricle, whereas others are appropriate for left-
and/or right-sided use. The delivered flow may be pulsatile or 
non-pulsatile in character. We are limiting this discussion to those 
devices currently available in the United States, and to newer 
systems in their final stages of development with the highest like
lihood of routine clinical use in the near future. The fundamental 
indication for VAD use is severe, refractory cardiac dysfunction. 
During the 1960s and 1970s most of the recipients fulfilling this 
criterion were in cardiogenic shock secondary to acute myocar
dial infarction. In general, the results of such device applications 
were poor. More recently the predominant indications for a VAD 
have overwhelmingly consisted of postcardiotomy cardiogenic 
shock (PCCS) and bridging to cardiac transplantation--. Indeed, 
our own group's recent use of circulatory support beyond the 
lABP has been exclusively for bridging to transplantation. 

Implantation of a VAD usually requires the use of cardio
pulmonary bypass. Major complications of the devices include: 
(a) perioperative bleeding, (b) infection, (c) thromboembolism, 
and (d) hemolysis. The risk for bleeding depends in part upon the 
anticoagulation requirements of the specific device. Excessive 
bleeding may require transfusion of blood products, predisposing 
the patient to infection with blood-borne pathogens. 

Of particular concern for the bridge-to-transplantation patient is 
transmission of cytomegalovirus, which can severely complicate 
post-transplantation management. Exposure to foreign antigens 
also makes subsequent location of an antigenically acceptable 
organ more difficult. Similarly, pre-existing infection in a trans
plantation recipient about to receive induction immunosuppres
sion is very dangerous. Patients requiring mechanical circulatory 
support are at increased risk for infection for several reasons. At 
the time of device placement these patients are hemodynamically 
unstable, a condition that compromises the immune response. The 
implanted components of the systems serve as a large, potential 
nidus for infection. Additionally, all current systems employ per
cutaneous elements that amplify the risk of developing foreign-
body infections. 

Blood pumps can result in substantial blood trauma. Hemolysis 
results from the physical trauma to erythrocytes caused by the 
mechanical pumps; high rates of hemolysis can in turn lead to 
organ .systems' injury and anemia. Stress on the blood and all of 
the elements suspended within it is directly proportional to the 
shear rate, the rate of change of the blood's velocity upon moving 
away from the pump walls. The stress imposed upon erythrocytes 
can lead to membrane instability and hemolysis with release of 
free hemoglobin into the bloodstream. If the body's ability to 
scavenge hemoglobin (predominantly through haptoglobin-
binding sites) is overwhelmed, plasma free hemoglobin levels 
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will rise. Hemoglobin casts form io the renal tubules when plasma 
free hemoglobin levels approach 40 mg/di, aod acute renal 
failure can then develop. Hemolysis also contributes to hepatic 
insufficiency, coagulopathies, and anemia. A relatively high 
degree of hemolysis has been documented in non-pulsatile 
punips'-l 

Siiear stresses iiave profound elTecis on piatcle-ts urid the clol-
lirisi cascades. Shearing can elicit changes in the expression and 
ruiiciioiuiiity of phitelct membrane giycoprotciiis-'. ioducing the 
bindiog of von WJliebrand factor atui fibrinogen. These evetils art' 
critical to the activation and aggregation (M phitekt.s and the for
mation of plaiclc! thrombi. Shearing also causes platelet frag-
iiicntaiiori. exposing mcsrc cellular sLuface upon which catalytic 
amplification of die clotting cascade can occur-. Coupled with 
the obligatory exposure of biood to various hioiriaierials. rhe 
pimiping action of a VAD always carries a risk of tlirombus 
fornKifion and subsequent ernbt)!izat!C.n. 

thus the physical integrity of the circuit must be carefully moni
tored. Constant oversight by trained staff is also mandatory, since 
outflow obstruction can produce pressure overload and cata
strophic tubing disruption. Conversely, an inlet cannula obstruc
tion may result in air aspiration from around the ctinnulation site, 
leading to air embolization. 

Centrifugal pumps 

A so-called centrifugal pump draws upo.n Bernoulli's theorem to 
generate dynaniic pres,siii-e from kinetic energy inicuirted to blood 
by a spinning chamber. Two centrifugal pumps have been used ex
tensively in the USA, The Bic>-!\fedicus Bio-Furnp (iV'fedlronic Bio-
Mcdicus, Inc., Eden Prairie MM) contains rotating cones within tiiie 
blood-spinning chamber (Figure It. Tlte Sams centrifugal pump 
(Sarns.GM Health Care, Inc., Ann Arbor, .Ml), shown in Figure 2̂  
relics upon an impeller mechanism to deliver energy Io the blood. 

Noe-pulsatiie ¥AD 

The efficacy of supporting the circulation with non-pulsatile 
blood flow is clearly demonstrated by the more than 300 000 
cardiac procedures performed each year with CPB. There are 
three general types of non-pulsatile VAD; roller-head pumps, 
centrifugal pumps, and axial flow pumps. These devices operate 
in a continuous, 'one-direction' fashion; consequently the pumps 
are. from a design standpoint, mechanically simple. However, the 
high-speed nature of non-pulsatile pumps creates particularly .high 
shear stresses. Thrombus formation and relatively high levels of 
hemolysis, as well as some uniciue operational constraints men
tioned below, have limited iiori-pulsalile ventricular support to 
short-term use lasting several days to a week. .Non-pulsatile 
pumps therefore appear not to be the oplimal choice for bridging 
to transplantation. 

Roller-head pumps 

I'he majority of CPB machines in use today incorporate roller-
head pumps to deliver How. Roller-heads compress the circuit's 
flexible tubing, thereby generating flow in a peristaltic fashion. 
Given the general familiarity with the set-up, it is not surprising 
that roller-head pumps have been employed outside of the operat
ing room as VAD-*. The primary advantage of a roller-head VAD 
is the fact that every institution performing cardiac surgery can 
conceivably use this relatively inexpensive support strategy. 
Generally, the inflow cannulation is via the left atrial appendage, 
with the tubing exiting the left chest tunneled parasternally by 
way of the second or third intercostal space, or below the xiphoid 
process. The oulllow cannula is brought out through the ster
notomy incision or tunneled below the xiphoid''--'*. Right heart 
bypass may be instituted alone or in combination with left heart 
bypass by inflow right atrial cannulation and outflow pulmonary 
artery cannulation. 

These pumps were not designed for protracted use in a single 
patient, and limitations to extended VA.D application arise. 
Compression of pump tubing creates a jet of blood involving high 
shear stresses. Prolonged exposure to repetitive compression also 
leads to fatigue deformation of the circuit's flexible tubing, and 

Figure 1 The BioPurnp console wjtii cenlrifuga! pump head in place 

TXij^-o,, 

Hgure 2 Tlie Sariii ceiitrifiigal blood pump. The spinning pump head coa-
liiiupusly drains and returns bkniU with non-pulsatile flow 
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An d\le and bi\iriiiii support ihcrc bUiyd-ccmtdttinii clcin.-'iits 
RciistihiL- Lunwilcs spii! thi! pii'ii|iiiiJ I.II.UIIIKU ilir. upii ihf le'̂ l'. 
oiqiic of iiidciwti'' toiiLiliii2 Se.il- T>C dc-signed to pif\ciit frî -
1-Aag • ••! hldod (Milo ih. j\l»'-bc4nrjg- .s^scmblj iiipUuiuitioi. 
fechiiiqiif; .tie similar lo tl.n^r cmplojed v ith loUei-head p<iiiip» 

l),;!d iuioi ilie voiunt.ii'i lej^islij r f mti h.mu.d i it, iij.ilurv 
Mipp.Tl •l->\: tn.tt, tKlrtccT. 1'̂ H3 .md I'J'i^. icniiilutial pump-
v^ci? rlic mo't toiTiDioiil} dpphcu support dcvicrs <.»the! ihaii 
1 \BPi. makiiip ii|. ippi.i\iniatch 'i'.î r «•!" jll de-'iirs i-sed " T!.;* 
\ JM fiid|onU ••! pilieis'.s ih.-imh, were beifiir tr-dted lui FtVS 
nol lei biidjiint- lu iiaOspliirilalii>n Ncdrl} half ol ihc pdiicni-
weie >f"pi.rlrd •<. Iia\c hj.l "'t, e si\e blee«1ing Tin- , •>mplRdii-iii 
IS lull tth(>i|\ iiiu'specu'il 'i-rii the aiMinwiiid.iiioii i.'Fsnk'.is di.ii 
nr iiMwM) ii\e'l and leope'alu-n i ulien nciesSii}-'' "s-fal I'lMUr-
lI'Ml. sd l l l r tUh , s p K l ipil.illlll! db ' l i p l dC\lC^ f .u lu i . ' , l l l ' l - (K i 10 ITi 

cenlrdijgal pii!i!p>, arid iLe Jexcli'pnitnl of se..! Iree pumps i> 
limlerw j \ ' " Scdl sejij.gf iiid thr.'i.ibii* tuaiiali'iri lu^e rz.stiicted 
liie Ijpica' d'lf.ilioii r," vuppoii v itb LrriiiiliiL.il piimp' i" t<tt\.cci. 
2 rail 8 J i\ •. and !ht* ph>%i. ,il M/r nj n t.wnpk'i-' s\Nieni pr̂ ••. enis 
III at iv 4 .e\eiei_, liiiiii-, paiieni iin>hilip- Foi diest lea OIIN die 
cenirdiwii pu-isp's rule a- ,i definitive hndg-ng devite u hi-iited 

Axial flow pumps 

Several groups are developing small, implantable axial flow blood 
pumps. These pumps deliver non-pulsatile blood flow in much the 
same way that a ship's propeller displaces water''^-'-'. Most of the 
systems are being designed lo provide circulatory support lasting 
up to several months. Tiie projects are all in the in-vitro and early 
animal studies stages, meaning that clinical availability lies many 
years away. Considerable engineering challenges remain to be 
solved, most notably the long-term maintenance of pump bear-
mgs, and tli£ potentially deleterious effects from long-term non
pulsatile blood flow will need to be ttioroughly evaluated. 
Nonetheless, these compact systems may eventually prove to be 
the mainstays of long-term circulatory support. 

Pulsatile VAD 

Pulsatile VAD contain blood-pumping chambers that are com
pletely isolated from Ihcir actuating mechanisms. As a result the 
need for biocompatible seals and bearings is greatly reduced, and 
the systems are therefore better suited for longer-term periods of 
pumping. Pulsatile VAD are therefore particularly advantageous 
when bridging a patient until heart transplantation. The issue of 
non-physiological blood flow is also less important with pulsatile 
pump,s. 

Pierce-Donachy \/AD 

The Pierce-Donachy VAD (Thoratec Laboratoires Corp., 
Berkeley, CA) has been u.sed in extensive clinical trials for bridg
ing to transplantation, PCCS, and support of acute myocardial in
farction. The VAD (Figure 3) is based upon a seamless, 70 ml 
polyurcthanc blood sac which fits within a rigid polycarbonate 
case. An attached drive console withdraws and injects air into the 
case, thereby causing the sac to fill or empty. The device lies in a 
paracorporcal position over the patient's upper abdomen, with the 
atrial or ventricular apex inlet cannula and the aortic or pul-

Figurc 3 Prokiiype <.>[ ihe Pisrce-Donachy (Ttioralec) veranculat assi>i 
device 

monary arterial outlet cannula exiting the body through sub
cutaneous tunnels. The caimulae are fabricated from wire-
reinforced polyurethane; and arterial graft material permits a staû -
dard eiid-to-side arterial anastomosis. Tilting-disc prosthetic 
valves ensure iimdireciional blood flow. A rnagnedc switch in the 
pump detects a completely Hlled sac, prompting the initiation of 
pump ejection with an air pulse. Alternatively, the pump can be 
run in synchrony with the native heart rhythm via the electro
cardiogram signal. Fixed-rate pumping, mdcpendem of .sac filling 
or heart beat, is also possible. 

Left, right, or biventricular support is available with this lype 
of device (Figure 4). The implantation generally is made during 
CPB. hi instances where atria! pressures arc high, the risk of air 
embolization is small, and atrial inlet cannulalion can be per
formed without CPB. A median .sternotomy provides the optimal 
exposure for assist pump placement. A patent foramen ovale nnist 
be searched out and closed if only a left ventricular assist device 
(LVAD) is being placed, .since decompression of the left heart 
may lead lo significant right-to-iefi shunting and hypoxemia. We 
prefer the LV apex as the site of cannulation for VAD inflow, 
since maximal LV drainage can he obtained, the risk of ven
tricular thrombus formation is decreased, and more atrial remnant 
tissue is available for subsequent allograliing. In instances where 
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Figure 4 llluMraiions •-){ the Pjeice-Drmachy veiitricular assist device in vaiioiis aapiicaticii^. Cicckvi'ise from top left: A: left •-.•eniricular assistance with atrial 
inflow carmulaiion and blood leliirn to the ascending siurt-a; B: lefl xenfriciilai" assistance wiih verilriciilar inflow canmilation; C: biveotricular 
assistance with left and right atrial caiiiiuiaticn; D. right veniricolar assistance v,i;-h rigtsr atrial inflc.w canmilation and blood return Ki the pulmonary artery. This 
pump is positioned intrapcritoncally, and a percutaneous svirc (Icn.i connects v.ntli a portatiie power soppiy and tontrol uviii 

adequate exposure of the ventricular apex involves considerable 
operative risk (e.g. extensive mediaslinal scarring from prior 
coronary artery bypass grafting), left atrial inlei caimolatioii can 
be employed with good resiilt.s. The outlet graft is siiluretJ as low 
as possible to tlie ascending aorta in order to allow for its excision 
during recipient cardicctomy. Pumping is gradually initiated after 
the pump has been de-aired. A drive-line vaciiiim pressure can be 
used to promote faster, more complete pump flllitig. 

At our institution a standard approach is taken to the post
operative management of bridging-to-transplantation patients. 
Patients return to the intensive-care unit having resumed their 
perioperative inotropic medications. These agents are weaned as 
rapidly as RV function will permit. If present, the fcmorally 
placed intra-aortic balloon is removed within the first 12 post
operative hours. Patients are extubated according to statidard res
piratory parameters. The presence of prosthetic, mechanical 
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valves inandales systemic anticoagukitioii. Aiiticoiigiilation wiih 
inlravenoiis heparin Fn'Jowed by oral sodium warfarin begins 
vUien niediastinrd bleeding has slov.'ed, with the goal of main
taining the prothrombin time i.3--2 litries ihc corilrol \'alue, 
AaitiDlaielei aggregation agents (aspirin and dipyridamole) are 
added only if signs of cmboljhm develop. Anlibioiic propiiylaxis 
ificiudes vancoravcin and gciitamicin. Appropriate therapy for 
infection!, is based upon culture results: if no specific organism 
can be uicnliiied, broad-spectrum, empirical treatirieiit is insti^ 
tilted. Eariy postoperative mobility leads to a rchabilitaiion 
regimen that includes daily exercise with a ireadrriill and/or 
stationary l:»icycle. Llnodenal tube feeding or total parenteral 
nutrition is iidminisiercd if ihcdieiary buake is inadequaie. 

TCI Heart-Mate 

Tlie Heari^'Mate !0l;0 IP (Tbcrrrio Cardiosyslenis. Inc., Woburn, 
iVIA) is indicated sole!)' for lefi veraricufar support as a bridge to 
rran.sjjiantsition and a sysirm appropriate tor chronic, longer-term 
use IS iimier development (Cliapter 78). The blood-eontaeiing sur
faces of this pump consist of sintei^ed titanium inicro.spheres and a 
textured polynrcthane diaphragm. 1 liese surfaces promote the for-
miation of a l:)ioiog,ically active pseudoneointima shortly after 
exposure io blood'"'. .Additionally, poi'cine .xenograft valves are 
used at the pump's inlet and oudel; therefore the requireinent t'rjr 
systemic anticoagulation is greaily reduced or obviated. The 
diaphragm is bondcii to a rigid pu.siier-plate thai moves hack and 
1'ortb widi air pulses dehvered from an external drive unit; as tlie 
piishcr-plaie moves, bloud alternately enters and leaves tb.c pniiip 
wd attached cannulae. The pump is placed intrapicritoneaily in the 
left upper quadrant, witii the left venlrieidai ape.x inflovv and 
aortic outflow cannulae iruversirig ihc paiieFu's diaphragm. A per-
(a.ii.iineous u.irline connects the pump widi its drive console. This 
bridging device was the fi|-st to gain approval for commercial use 
from die United .Stares Food and Drug .Administration (FDAt. 

'fhv Heart-Mate VE LVAD is an electromechanical device 
bused upon tiie pneumatically d,rivcn unit (Figure 5/''-^--. A dia-
phracm separates the pump"s ciectrie motor from its blood 
chamber. Compression of the tliapliragrii causes ejection of blor)d, 
and filling of (he pimip occurs passively, .'\gain, the pump is 
placed intrapcritoneaily in the left upper quadrant. Tbie LVAD is 
c.Kiernaily controded; permanent, percutaneous wires connect the 
pump io a weaiable controiler-battery p.aek. A, pernianen.t per
cutaneous vent permits the di-splacemeni oi" air from the pump as 
the LVAD diaphragm moves. This system is already being te.>ted 
clinically under an .investigariona! t)evice Eixemption (If)Ii) for 
bridging to transplantation-''. 

Hgure 5 Ttic 'rCl ileariMiite VE LVAD. T!ie lefi ventricular oatiiow iit-
tachmeni. is on [he iett and the .;..>riic inllmv grafi IN eii rlic right 

the pump by means of a percut.meous wire, and a percutaneous 
vent allows the implanted pusher-plates to oscillate freely-'*. A 
wearable, electrical control console that allows for improved 
patient mobility during long-term use is now under clinical 
investigation''. Modihcations that riMike the system appropriate 
for permanent implantation are also being investigated. 

TOTAL ARTIFICIAL HEARTS 

A total artificial heart (TAII) consists of orthotopically po.sitioncd 
blood pumps that physically and functionally replace the native 
left and riglit ventricles. Akutsu and Kolff achieved the first 
experimental success with a TAH when they temporarily sup
ported a dog with two pneumatically activated polyvinyl chloride 
blood pumps*. Cooky (Chapter 77, Figure 1) el al. then first 
used a TAH clinically in 1969, as a bridge to transpIantatio.n"". 
Currently, the primary indication for placement of a TAH is 
biventricular failure that cannot be corrected through the use of a 
left VAD and pharmacological support of tlie right ventricle. This 

Novacor N100 

The Novacor NlOO Left Ventricular Assist Systeni (Novacor 
Division, Baxter Healthcare Corp., Oaltland, CA) is also designed 
specifically for bridging to transplantation. This device, implanted 
in the preperitoneal space or within the abdomen, consists of a 
polyurethane blood sac compressed by two opposing pusher-
plates (Figure 6). Tlie NlOO does not use air pulses to compress 
the blood cliarnber. Instead, the pump is actuated by a pulsed sol
enoid energy converter. Bovine pericardial valves direct the flow 
of blood. An external controller and power console connects with Figure 6 IJnencapsulaled Novacor left ventricular assisi device 
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situation might also be appropriately treated by llic implantation 
of bilateral VAD. In instances where the lieart is extremely 
dilated, thougli, there may be an advantage in excising the tiieo-
retically thrombogenic native ventricles. The TAH is also the 
device of choice for a small number of patients with left-sided 
failure whose myocardium is so compromised tliat LVAD place
ment would be unsafe or ineffective. This group includes trans
plantation candidates with ischemic cardiomyopathy who develop 
ventricular rupture or an irreparable ventricular septal defect with 
a large shunt. 

The decision to use a TAH as opposed to VAD support is not 
trivial, for the implantation of the more complicated TAH puts the 
patient at increased risk of perioperative morbidity. The procedure, 
involving cardiectomy, carries a higher risk of bleeding. If the 
device were to fail, there is no residual native heart function that 
might minimally sustain the circulation while corrective measures 
are taken. Control of a TAH is also intrinsically more difficult than 
that of a VAD. Typically a VAD maximizes its output in direct 
proportion to the pump's 'preload', a function of the intravascular 
volume status. However, the equilibrium blood volumes pumped 
by the native left and right ventricles are not equal, the discrep
ancy due in part to a left-to-left shunt of bronchial blood and to 
different characteristics of the great vessels. A TAH control algo

rithm must be able to respond to differing left and right volume re
quirements if adequate perfusion is to be maintained. This re
sponse must also include consideration of passive pulmonic 
perfusion, or left-to-right 'pass-through' flow, that has been 
identified in TAH*-. Two TAH, both pneumatically driven, are 
under clinical inve.stigation in the United States. 

CardioWest C-7§ TAH 

The CardioWest C-70 (CardioWest Technologies, Inc., Tucson, 
AZ) represents a smaller, modified version of the Jarvik heart 
(Fig, 7) made famous by DeVries (Chapter 77, Figure 2) et al., 
who in 1982 electively implanted the device in an individual who 
was not a transplantation candidate (Chapter 77)''''. The Jarvik 
heart, manufactured by Symbion, had been withdrawn from the 
US niarket due to manufacturing difficulties, but it continued to 
have fairly wide use in foreign countries. In the early 1990s 
CardioWest Technologies assumed responsibility for the TAH, 
and the result has been renewed clinical evaluation of the 70 ml 
stroke volume device. The C-70 consists of two pneumatically 
compressed, polyiirethane ventricles placed in the orthotopic 
position (Figure 8). Percutaneous drive lines connect the pumps 
to an external drive unit; two mechanical valves in each vcntricle 
assurc the correct direction of blood flow*^. 

The Penn State Heart 

The 'Penn State Heart' (Figure 9), designed and built by our 
group at the Pennsylvania State University, consists of two 
valved, pneumatic ventricles; it shares many features with the 
Picrcc-Donachy VAD also developed at Penn State. Our expert-

Figure 7 .Iarvik-7-IOO tolal artificial heart Figure i Implaniaiioii of the ("ardioWest 0-71) Toial Artiiici.ai Heart 
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Figure 9 Implanted blood pumps of the Penii State I leart 

cncc with clinical use of this system is limited; only five patients 
have presented to our institution thus far witli ttie need for a tem
porary TAH. One of these patients was supported for 223 days 
with the device. The device remains approved by the FDA for 
clinical application. 

RESULTS OF BRIDGING TO TRANSPLANTATION 

As experience with bridging techniques has in»;rcased. resulls 
liavc improved. A vohiiitary device Registry shows that, from 
198.3 to 1993, 584 patients received mechanical circulatory 
support (excluding lABP) for the specific pi'.rpose of bridging to 
traosplantaiion^^. Four hundred (69%) of these patients suc
cessfully underwent transplantation, with 274 patients (69'>f of 
those transplanted) rdtimately being discliarged from the hospital. 
Reported resulls in palienis who are bridged now suggest out
comes identical to transplantation alone*"-''-'''̂ . 

Device-specific results are also very encouraging. Fifty-four 
percent of all patients implanted witli the Thoratec Pierce-
Donachy VAD as a bridge to transplantation have survived after 
receiving an organ**. A recent scries from our institution had 74% 
of patients with a bridging Pierce-Donachy left VAD (Sarnes/3M 
Healthcare, Ann Arbor, MI) successfully supported until trans
plantation; each of these individuals was eventually discharged 
from the hospital'"'. .Approximately 68Vc of patients supported 

with the TCI HeartMate IP during clinical trials subsequently 
underwent cardiac transplantation (K.A. Dassc, personal com
munication), and 80% of transplanted patients have uldmately 
been discharged from the hospital*^. Since 1984 over 200 patients 
have received the Novacor Left Ventricular Assist System as 
part of a inulticenter clinical trial (L. Strauss, personal com
munication), and approximately 60% of these patients went on to 
cardiac transplantation. Overall, about 50% of the recipients left 
the hospital after transplantation**. 

The data for the newly investigated CardioWest C-70 TAH are 
obviously less voluminous, but the results indicate a similar trend. 
Between Januaiy 1993 and May 1996 74 patients had received the 
device as part of an international clinical trial; 59% of these patients 
had successfully undergone transplantation and been discharged 
from the hospital (R.G. Smith, personal communication). 

A review of the indications for 476 reported bridging pro
cedures** showed that hemodynamic deterioration before trans
plantation is by far a more common indication (92%) than is acute 
rejection necessitating retransplantation (8%). Of 40 patients 
treated with circulatory support during rejection, only 23 (58%) 
underwent a second transplantation. Eight of the 23 patients 
(35%) ultimately were discharged from the hospital, with the 
overall salvage rate being 19%. When the indication was hemo
dynamic instability and organ unavailability, the best outcome 
was seen with univcntricular support (62% of patients dis
charged); the rates of subsequent transplantation, as well as hos
pital discharge, were independent of the type of left ventricular 
assist device used (i.e. pneumatic, electrically activated, or non
pulsatile). Biventricular paracorporeal support yielded a 45% 
post-transplantation discharge rate. Only 35% of TAH recipients 
ultimately left the hospital. 

Kaplan-Meier survival estimates for all patients undergoing 
staged cardiac transplantation at 1 and 2 years after the pro
cedures, inclusive of the 30-day operative mortality, were nearly 
65%. This is in contrast to the nearly 90% actuarial survival in 
isolated orthotopic cardiac transplantation. However, when sur
vival estimates were prepared for each type of mechanical support 
employed in conjunction with transplantation, the 1- and 2-ycar 
estimates for univcntricular support were equivalent to isolated 
orthotopic cardiac transplantation. 

The complications precluding tiansplantation after establishing 
circulatory support were numerous. Most of the patients suffered 
more than one complication, Stepwise logistic regression analysis 
indicated, in decreasing order of importance, that bleeding, neuro
logical events, and biventricular and renal failure had significant 
negative effects on future transplantation. Not surprisingly, bleed
ing, renal failure, persistent respiratory failure, infection, and 
rejection negatively affected hospital discharge. Multivariate 
analysis indicated that bleeding, infection, and renal failure were 
the most important predictors of hospital death after staged trans
plantation. The causes of death after 30 days paralleled those of 
the isolated cardiac transplantation population. 

COMMENT 

The collective experience with VAD and TAH undeniably under
scores the efficacy of mechanical circulatory support as a bridge 
to cardiac transplantation. Some data are beginning to suggest 
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improved outcomes after transplantation in supported patients. 
Recent results from Penn State, for example, included a 30-day 
mortality after transplantation of 0% in mechanically bridged 
patients, compared to a 14% mortality in non-bridged Status I 
recipients-'. Such results are all the more encouraging when one 
considers that these bridged patients would most likely have died 
before allografting had mechanical circulatory support not been 
available. 

While the benefit to an individual patient may be substantial, the 
derived benefits in broader terms are less obvious. Heart 
transplantation remains the final objective of VAD and TAH use 
today. Bridging, though, does nothing to fix the biggest problem 
with heart transplantation - inadequate organ supply. Indeed, bridg
ing devices can only worsen the disparity between available organs 
and potential recipients. If bridging continues to generate better 
post-transplantation outcomes than more traditional patient man
agement approaches, then the use of the devices may be justifiable 
from a public-health standpoint. One must acknowledge that these 
devices involve considerable expense. Analyses have shown that 
overall pretransplantation costs incurred by mechanically bridged 
patients are significantly greater than those incurred by non-bridged 
patients''"'^'. Certainly this relationship will reverse itself as the 
need for intensive, in-hospital monitoring of patients with bridging 
devices gives way to relatively inexpensive, out-of-hospital man
agement. There is also some evidence that a physically active, 
bridged patient may recover more rapidly from the transplantation 
procedure than will a bedridden, physiologically 'sicker" candidate 
supported by inotropic agents'". In this manner, bridging could help 
to decrease the cost of treating end-stage cardiomyopathy. 

Perhaps the greatest benefits from bridging to transplantation 
will be realized in the eventual application of permanent cir
culatory support systems (Chapter 78). Permanently implanted 
VAD and TAH are under active development, with large-animal 
survivals of greater than 1 year having been attained for both 
types of devices. The successful rehabilitation of patients sup
ported with temporary, bridging devices has validated the experi
mental results obtained with permanent systems, and information 
gleaned from the bridging experience will make more chronic 
devices a clinical reality in the next 5~I0 years. At that time pa
tients with relative or absolute contraindications to transplanta
tion will be given the opportunity to resume productive lives 
through cost-effective, unobtrusive, mechanical support, while 
scarce donor hearts can be allocated to a smaller set of younger 
patients who stand to benefit more from heart transplantation. 
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22 
Anesthetic Management, Including Cardiopulmonary 
Bypass 
J.y. BOOTH, D.R. WHEELDON AND S. GHOSH 

INTRODUCTION 

Since the first successful transplantation of the human heart over 
25 years ago many groups of anesthetists have described the anes
thetic techniques they use for managing their patients during the 
recipient operation'" . There has been an enormous variety of 
different anesthetic agents employed in transplantation, and it 
appears that each unit has based its regimen on experiences in 
patients with decompensated cardiac failure. As experience is 
gained in transplantation, previous boundaries are stretched, with 
older patients being accepted for transplantation and an increasing 
number of patients with relatively higher transpulmonary pressure 
gradients being operated on. The choice of individual anesthetic 
agents is in itself of relatively little consequence provided that the 
overall technique employed does not produce marked 
cardiovascular effects. 

PRE-ANESTHETIC MANAGEMENT 

In our practice it is rare for the recipient to be in our hospital 
when the donor call is received. The recipient is contacted either 
in his/her local hospital or at home, and then transferred to our 
center and prepared for operation. Most patients will therefore not 
have had any oral intake for 5-6 hours before induction of anes
thesia. On admission a period of intense activity follows. The 
patient is bathed and shaved, bacteriological swabs arc obtained, 
and a final surgical and anesthetic assessment undertaken. The 
circumstances surrounding heart transplantation in respect of 
distant organ procurement and the coordination of organ donor to 
recipient matching usually allows limited time for preoperative 
assessment and preparation of the recipient. The anesthetist can 
assume that the patient will have evidence of severe cardiac and 
respiratory dysfunction as well as secondary renal or hepatic 
impairment. The preoperative visit is not designed to alter thera
pies, which should already be optimal, but rather to assess the 
extent and clinical implications of the patient's organ dysfunc
tion. The history is usually well described in the medical case 
notes, so patient evaluation can be limited to current cardio
vascular and respiratory function and exercise limitation. A brief 

relevant history is taken, concentrating on drug history, drug sen
sitivities, previous anesthetics, the anatomy of the upper airway, 
and recent oral intake. 

Our practice is to avoid prescribing any sedative agent in the 
preoperative period. Patients with low cardiac output can be very 
sensitive to central nervous system depressants, with resulting 
hypopnea or apnea. Sensitivity may be due to impaired redistri
bution of the drug from central to peripheral compartments 
because of low tissue perfusion consequent to a low cardiac 
output stale. Alternatively, the increased depressant elTects of 
these drugs may be due to decreased protein binding, particularly 
in chronic debilitaling diseases. Low tissue binding allows higher 
concentrations of free drug at the receptor sites. 

MONITORING 

As for all major cardiothoracic procedures, monitoring of the 
patient comprises routinely: (a) continuous multi-lead electro
cardiography, (b) pulse oximetry, (c) capnography, (d) inspired 
oxygen concentration, (e) central venous pressure, (f) systemic 
arterial pressure at the radial artery, (g) hourly urine volumes, and 
(h) core temperature. A careful aseptic technique should be 
employed when inserting vascular cannulae. This is especially 
important in these patients, whose risk of infection is heightened 
considerably by perioperative immunosuppresive therapy. 

We routinely insert a 7.OF gauge triple-lumen central venous 
pressure catheter. Although we do not routinely insert a pul
monary artery flotation catheter (PAFC), we often insert the 8.5F 
gauge sheath through which the PAFC can be advanced if re
quired following cardiopulmonary bypass. PAFC may increase 
the risk of infection in these patients', although some authors 
have questioned this'-. A survey published in 1986 reported thai 
32% of hospitals in North America used PAFC routinely during 
heart transplantation prior to cardiopulmonary bypass, and that 
449c used them after bypass'l 

Some centers now use intraoperative transesophageal echo
cardiography (TEE) to assess cardiac function, particularly right 
ventricular function'"*, although the role of TEE in heart trans-
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plantation has yet to be evaluated. Others have advocated the use 
of right ventricular ejection fraction catheters that allow assess
ment olbeal-to-beat changes in right ventricular ejection'^ 

ANESTHETIC MANAGEMENT 

The risks of absolute or relative overdose of anesthetic agents, 
leading to further myocardial depression, during a rapid sequence 
induction must be balanced against the risks of pulmonary aspira
tion in patients with a full stomach. At Papworth Hospital we find 
that this is rarely a problem. Good planning almost always allows 
the potential recipient to have fasted before induction of anes
thesia. A true rapid sequence induction is relatively contra-
indicated, as this inay exacerbate the underlying high pulmonary 
vascular resistance, further depressing cardiac output and causing 
decompensation. If the risk of aspiration is considered high, a 
modified rapid sequence induction may be used that aims for car
diovascular stability. As consciousness is lost, cricoid pressure is 
applied, and the lungs ventilated cautiously during the transition 
from spontaneous to mechanical ventilation. The judicious use of 
H2 blockers preoperatively may also further decrease the risks of 
pneumonitis due to aspiration. Before cardiopulmonary bypass, 
cardiac function can be augmented by pharmacologic means 
to optimize perfusion of other organs without concern for 
detrimental effects on the heart in the early postoperative period. 

Induction of anesthesia should be gradual and controlled to 
avoid any precipitous increase in the pulmonary vascular resist
ance or marked decrease in systemic arterial pressure. We use 
midazolam 0.1 mg kg ', or diazepam 0.15 mg k g ' , followed by 
fentanyl at a total dose of 10-15 mg kg ' given in increments 
slowly, and titrated against hemodynamic response. Muscle 
relaxation is achieved with pancuronium 0.15 mg kg ' to 0.2 mg 
kg '. The endotracheal tube should have a high-volume, low-
pressure cuff. The lungs are ventilated with oxygen, air and 
isoflurane 0.5-1% to maintain anesthesia. Alternatively, an 
infusion of propofol at 3 mg kg ' h ' is satisfactory. 

Almost all the transplant recipients have been optimized on 
maximal medical therapy, involving potent diuretic agents, result
ing in a contracted intravascular volume"'. Hypotension is likely, 
with a loss of sympathetic tone and a decrease in catecholamine 
concentrations. This responds well to vasoconstrictors titrated 
carefully i.v. We use diluted phenylephrine or metaraminol with 
0.1-0.25 mg increments. 

Immunosuppression (with azathioprine and steroids) and anti
biotics are commenced on induction. If RATG is to be given, then 
this is started as an infusion at the onset of cardiopulmonary 
bypass to control the profound fall in systemic pressure that may 
accompany its administration. 

CARDIOPULMONARY BYPASS 

We delay cardiopulmonary bypass until the donor organs are 
certain to arrive in the operating room, except when severe car
diovascular instability requires cardiopulmonary support. Heparin 
300 units kg ' i.v. is given for anticoagulation. The dose may 
have to be adjusted if the patient is on heparin or warfarin pre
operatively. We aim to maintain an activated clotting time >400 
seconds. 

The aorta is cannulated higher than for routine cardiac surgery, 
to facilitate access to the pericardial sac. Bicaval cannulation is 
performed (cannulation of the inferior vena cava and superior 
vena cava separately), and the cavae snagged around the cannulae 
to prevent venous blood spillage into the atrium. 

If the patient has had previous cardiac surgery the femoral 
artery and femoral vein may be cannulated for cardiopulmonary 
bypass before sternotomy. This allows rapid intravascular fluid 
resuscitation and the option of partial bypass in the event of 
massive bleeding following sternotomy. In all cases the groins 
should be prepared in case femoral cannulation is required. The 
routine at Papworth is to use a membrane oxygenator and to 
provide non-pulsatile perfusion with moderate hypothermia 
(30°C). The machine is primed with crystalloid solution to which 
6000 lU of heparin are added. Pump flow is 2.41 I min ' m - at 
normothermia. reducing to 2.0 1 min ' m - at 30°C. 

Facilities are always available for hemotiltration and/or he
modialysis should either prove necessary". Patients in congestive 
cardiac failure with enlarged hearts may present a large volume 
load for the cardiotomy reservoir at the onset of cardiopulmonary 
bypass. 

Pressure on bypass is controlled to give a perfusion pressure 
between 40 and 60 mmHg. At the initiation of bypass, various 
factors combine to produce a fall in peripheral resistance. This is 
normally self-limiting, but can be progressive, particularly if the 
patient was receiving regular angiotensin-converling-enzyme 
inhibitor drugs. Vasoconstrictors such as metaraminol or phenyl
ephrine are administered when the pressure is below 40 mmHg, 
and phentolamine is used as a vasodilator to control hypertension 
during cardiopulmonary bypass. 

Rewarming is initiated during the aortic or pulmonary artery 
anastomosis, the aim being to achieve a blood temperature of 
37°C by the time of release of the aortic clamp. Potassium is 
added, if required, to keep the serum potassium level above 
4.5 mmol I ', as low potassium levels have been associated with 
an increased incidence of arrhythmias. 

Discontinuation of cardiopulmonary bypass follows the same 
principles as during elective cardiac surgery. The lungs are ven
tilated with as low an inspired oxygen concentration as possible, 
commensurate with adequate tissue oxygenation. The heart is 
slowly filled to optimum pressures to avoid overdistending the 
ventricles while bypass flow is reduced. The transition from car
diopulmonary bypass is usually uneventful. Direct observation of 
the heart is often the best guide to filling of the right atrium and 
ventricles. This is particularly relevant, because right ventricular 
systolic and diastolic dysfunction is common in the early post-
transplant period'** '•*. Such dysfunction is often associated with a 
raised pulmonary vascular resistance. Isoprenaline (isoproterenol) 
0.005-0.01 jLtg kg ' min ' by infusion i.v. is used to decrease pul
monary vascular resistance whilst augmenting inotropic and 
chronotropic activity. Persistent right heart failure may require 
infusion of prostacyclin 0.1 mg kg ' min ' i.v.-", intra-aortic 
balloon pump correction of septal wall dislocation-' --, or inhaled 
nitric oxide---^'. 

POSTCARDIOPULMONARY BYPASS PERIOD 

Once separated from cardiopulmonary bypass and hemo-
dynamically stable, protamine is given to antagonize the anti-
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coagulation induced by heparin. At this stage the ventricles are 
poorly compliant. The transplanted heart is also denervated, ren
dering it volume dependent and unable to respond to decreased 
preload by an increase in heart rate. Protamine should be admin
istered cautiously to avoid hypotension from systemic arterial 
vasodilatation, raised pulmonary vascular resistance, and its 
negative inotropic effects-"*. 

The recipient may present with abnormal coagulation indices 
preoperatively due to hepatic congestion secondary to right ven
tricular failure, or anticoagulant or aspirin therapy. After surgery, 
if the activated clotting time returns to the recipient's baseline 
value, or within 10% of it, it is likely that heparin neutralization is 
complete. Results of a platelet count may be misleading, because 
although absolute numbers of platelets may be within the normal 
range, those platelets may be dysfunctional. Platelet dysfunction 
post-bypass is caused by factors that decrease the concentration of 
the GPIb and GPIIb receptors on the surface of the platelets. 
These receptors are essential for platelet-to-platelet interaction 
and aggregation-'. Continued bleeding after surgery may require 
platelets, fresh-frozen plasma, or desmopressin (DDAVP) to be 
administered. Transfusion of stored blood is required when the 
hemoglobin concentration falls below 85 g 1"'. 

Although we do not routinely use aprotinin for all heart 
recipients, it is useful when excessive bleeding is anticipated, 
such as in those who have had previous cardiac surgery or those 
who have been chronically anticoagulated. In these cases we use a 
loading dose of 2 million units of aprotinin given as a slow bolus 
injection after a test dose of 200 000 units given before cardio
pulmonary bypass. A further 2 million units is added to the 
bypass prime, and following bypass an infusion of 500 000 units 
per hour is continued for 1 hour postoperatively. 

Although most intraoperative anesthetic problems in the heart 
transplant recipient occur in the prebypass period, the incidence 
of ventricular arrhythmias has been reported as high as 79% after 
bypass-*. A proportion of these (18%) may persist for more than 
24 hours'^. If the venous preload is adequate, there should be no 
decrease in systemic arterial pressure when the chest is closed. 

We deliver analgesia to patients using an infusion of morphine 
1-5 mg h ', initiated in the operating room just prior to transfer of 
the patient to the intensive-care unit. In our institution the major
ity of heart recipients are extubated within 6 hours post
operatively. 

References 
1. Ozinslcy J. Cardiac transplantation: the anaesthetist view; a case report. S Afr Med J. 

1967;41:1268-70. 
2. Keats AS, Strong JM, Giiigis KZ, Goldstein A. Observations dui^ng anesthesia for 

cardiac homotransplantation in ten patients. Anesthesiology. 1969;.^0:192-8. 

?>. Harrison GA. Bailey RJ, Thomson PG, A heart Iranspianlatii^n: 4. ••Vnesthesia and 
cardio-pulmonary bypass. Med J Aust, ]96'):l:67()-2. 

A. Fernando NA. Keenan RL.. Boyan CP, anesthetic experience with cardiac trans
plantation. J Thorac Cardiovasc Surg. l97K;7.'S:.'i.'̂ l-5. 

.S. Garman JK. Anesthesia for cardiac transplantation. Cleveland Clin Q. 19SI: 
48:442-6. 

6. Grebenik CR. Robinson PN. Anesthesia for surgery in a patient with a iransphtnted 
heart. Br J Anaesth. 1986:.'58:l 199-2(X), 

7. Dernas K. W\ ner J. Mihin FG, Samuels S. Anesthesia for heart transplantation. Br J 
Anaesth, 198'6:.'i8:1 .\'i7-64, 

8. Wyner J. Finch Fl.. Heart and heart-lung transplantation. In: Gelnian S. editor. 
Anesthesia and organ transplantation. Philadelphia. PA: W.B, Saunders: 
1987:111-:>.'i. 

9. Berberich JJ. Fabian JA. A retrospective analysis of lenlanyl and sufentanil for 
cardiac transplantation, J Cardiothorac Anesth. 1987:1:201)—I, 

10. Blanck TJJ. Nyhani DP. Kaplan i.\. Heart and heart-lung transplantation. In: Kaplan 
JA. editor. Cardiac anesthesia. Philadelphia. PA: Grune & Stratton: 1994:90.'>-I6. 

11. Fabian JA. .Anesthesia for heart transplants. In: Estafanous FG. Barash PG. Reves 
JG, editors. Cardiac anesthesia: principles and clinical practice, Philadelphia. PA: 
J.B. Lippincott; I994:49l-.'i09. 

12. Bauni VC. Anesthesia for heart and heart-lung transplantation. In: Kapoor .^S. Laks 
H. Schroeder J. Yacoub M. editors. Cardiom\opathies and heart lung trans
plantation. New York: McGraw-Hill; 1990:185-92, 

I ^. Hensley FA Jr. Martin DE. Lorach DR. Roinanoff ME, .Anesthetic management for 
cardiac transplantation in North .Ainerica - 1986 survey. J Cardiothoiac .Anesth, 
1987;l:429-.^7, 

14. Bhalia SJ. Kirshenbaum JM. Sheinin RJ. t'l al. Time course of resolution of 
pulmonary hypertension and right ventricular remodeling after orthotopic cardiac 
transplantation. Circulation, 1987:76:819-26, 

15. Gasior T. Amiitage J. Stein K, Jacqet L. Miyainoto Y, Right ventricular performance 
in the transplanted heart. Anesthesiology, I989:7I:A86 tabstiacti, 

16. Baughman KL, Medical management in recipients awaiting transplantation. In: 
Baumgartncr WA. Rcitz BA. Aehuff SC. editors. Heart and lung transplantation. 
Philadelphia. PA: W.B. Saunders; 1990:6.V72. 

17. Hakim M, Wheeldon D. Bethune DW el til. Haemodialysis and haenuitiltration on 
cardiopulmonary bypass. Thorax. 1985:40:101. 

18. Hosenpud JD. Norman DJ. Cobanoglu A el al. Serial echocardiographic lindings 
early after heart transplantation: evidence for reversible nght ventricular dysfunction 
and myocardial edema, J Heart Transplant, l987;6:.14,^-7, 

19. Young JB, Eeon CA. Short HD 111 t'l al. Evolution of heiiKxlynamics after orthotopic 
heart and heart-lung transplantation: early restrictive patterns persisting in (Kcult 
fashion. J Heart Transplant, 1987;6:.14^.1, 

20. Vincent JL. Carlier E, Pinsky MR el al. Prostaglandin El infusion for right ventricular 
failure alter cardiac transplantation, J Thorac Cardiovasc Surg, I992:10.^:.TV9, 

21. Hines RE, Management of acute right ventricular tailurc, J Cardiac Surg. 
1990:5:285 7, 

22. Stevens JJWM, Booth JV, Latimer RD. Right ventricular failure: a paradoxical 
approach. Presented to the Association of Cardiovascular Anesthetists. London 
(abstract). 

23. Girard C. Durand PG. Veddrine C el al. Inhaled nitric oxide for right ventricular 
failure after heart transplantation, J Cardiothorac Vase Anesth, 199.^:7:481-5, 

24. Tan F, Jackman H, Skidgel RA, Zsigmond EK, Erdos EG. Protamine inhibits plasma 
carboxypeptidase N, the inactivator of anaphvlatoxins and kinins. Ancsthesiologv. 
1989;70:267-75. 

25. Hann J, Schonberger J, Haan J. Van Oevercn W. Eijgelaar A. Tissue type plasmino
gen activator and hbrin monomers synergistically cause platelet dysfunction during 
retransfusion of shed blood after cardiopulmonary bypass. J Thorac Cardiovasc. 
Surg. 199.1:106:1017-23. 

26. Little RE. Kay GN. Epstein .AE et al. Arrhythmias after orthotopic cardiac trans
plantation. Prevalence and determinants during initial hospitalization and late 
follow-up. Circulation. 1989;80(Suppl. Hi): 140-6. 

27. Miyamoto Y, Curtiss EL Kormos RL el al. Bradyarrhylhmia after heart trans
plantation. Incidence, time course, and outcome. Circulation, l990;82|Suppl. IV): 
31.V17. 

197 



23 
Current Techniques of Myocardial Protection for 
Cardiac Transplantation 
S. AZIZ AND A.L PANOS 

INTRODUCTION 

Improvements in immunosuppression and pre-, peri-, and post
operative management have resulted in increased survival being 
obtained after iieart transplantation (HTx)' (Chapters 43 and 
44). Currently used techniques of myocardial protection for 
preservation of the donor heart allow only limited time for 
transportation between donor and recipient hospitals. Mild to 
moderate cardiac allograft dysfunction is not uncommon after 
HTx. Ischemic times greater than 5 hours are associated with 
increased need for inotropic support, and increased morbidity 
and mortality- (Chapters 43 and 44). Early failure of the donor 
heart (primary graft dysfunction) is still responsible for up to 25% 
of the deaths following HTx and can result from poor donor 
selection or inadequate organ preservation, or both\ The ideal 
method of preservation is one that will give the longest pre
servation time while maintaining excellent graft function. 
Improved methods of organ preservation should therefore 
demonstrate improved graft function despite a prolongation in 
procurement time. 

Improvements in cardiac allograft preservation could: (a) in
crease the current 4-hour limit of ischemia; (b) decrease the inci
dence of primary graft dysfunction; (c) allow time to determine 
viability of the allograft (Although currently there is no specific 
test able to predict viability of the graft, future developments 
using various indirect methods, such as magnetic resonance spec
troscopy, may be able to evaluate myocardial metabolism in 
vivo.): (d) enhance donor organ metabolic status at the end of the 
period of transport and prior to implantation; (e) increase the pool 
of available donors (by allowing the utilization of less-than-ideal 
organs); and (f) allow for possible future immunologic mani
pulation of the donor (e.g. by monoclonal antibodies, gene 
therapy). 

In this chapter we will review the current theories and methods 
of myocardial protection used during HTx, and touch upon some 
promising new avenues of research for future development. A 
further review of experimental work in cardiac storage appears in 
Chapter 74. 

HISTORY OF MYOCARDIAL PRESERVATION 

Much has been learned from the principles of myocardial pre
servation developed for general cardiac surgery, and these have 
been applied to transplantation (and vice-versa). The efficacy of 
hypothermia as a means of decreasing myocardial injury during 
cardiac surgery was first demonstrated in the I9,'i()s by Bigelow. 
Lewis and Taufic, Swan and others"* '". Topical hypothermia was 
also used as a means of protecting the donor heart during 
HTx" ' - . Shumway and Lower were able to demonstrate that 
topical hypothermia alone was able to provide adequate pro
tection during experimental orthotopic HTx". The Stanford group 
also demonstrated that excellent results could be obtained using 
topical cold for routine cardiac surgery'\ Clinically, the first 
human-to-human HTx was performed by Barnard in 1967. At that 
time, because the concept of brain death had not been introduced, 
the donor heart was not removed until there was electrical and 
mechanical silence, at which time the donor was placed on car
diopulmonary bypass and cooled prior to explantation of the 
heart'-'. 

In the initial period of HTx, in an effort to keep ischemic times 
to a minimum, only local donors were used, with the procurement 
being performed in the same hospital in an adjacent operating 
room. Following extensive experimental work that demonstrated 
the safety of longer cold ischemic times, workers at the Medical 
College of Virginia and Stanford University demonstrated the 
clinical safety of long-distance procurement''^"'. 

With the reintroduction of cardioplegia for myocardial protection 
in cardiac surgery in the 1970s"~''^, this was also used for donor 
procurement. Following extensive experimental work that demon
strated the safety of longer cold ischemic limes, the practice was ex
tended to the clinical arena. In 1978 Thomas et al. reported the first 
successful long-distance procurement of a preserved heart'^. Watson 
et al. likewise demonstrated the safety of long-distance procurement 
using hypothermic cardioplegia and storage in cold saline for trans
port"'. They reported no differences between locally procured hearts 
(mean ischemic time 52 ± 12 min) and long-distance-procured 
hearts (mean ischemic time 154 ± 30 min) with regard to: (a) the 
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need for postoperative inotropic support, (b) 90-day mortality, or (c) 
rejection frequency. In another study Billingham et al. found that, 
although there were no functional differences between local and 
long-distance-procured donor hearts, there were ultrastructural dif
ferences between the two groups-". 

In comparison to advances in developing solutions for clinical 
preservation of other solid organs, progress in the development 
of solutions for myocardial preservation for HTx has been slow. 
Experimentally, several investigators have demonstrated the 
safety of preserving hearts for <24 h. However, clinically, most 
centers restrict their preservation times to <5 h because of an 
increase in morbidity and mortality that is associated with more 
prolonged ischemic times-. The reason for this disparity between 
experimental and clinical findings remains the topic of much 
discussion and debate. 

THEORETICAL CONSIDERATIONS 

During periods of myocardial ischemia the myocardium is 
damaged in a time-dependent fashion because of the imbalance 
between metabolic demand and substrate supply. This results in 
depletion of high-energy phosphates, accumulation of waste 
products, intracellular acidosis, membrane injury, and contractile 
dysfunction. If the ischemic time is prolonged, these abnormal
ities will not be corrected even after perfusion is re-established. 
As Stinson has aptly stated: 'the term "myocardial protection" is 
really a euphemism for minimizing myocardial injury during 
cardiac operations that involve an interruption of coronary flow 
and arrest of ventricular contractions'-' (see Table 1). 

The principles of myocardial protection have been reviewed ex
tensively by others'- -", but we will recapitulate some of the impor
tant highlights. The approach to myocardial preservation can best 
be summarized by the concept of the 'supply/demand' ratio - i.e. 
the ability to maintain a balance between the supply and demand 
requirements of the heart. In HTx, however, once the heart is ex-
planted (and in the absence of an ex vivo support system) the donor 

heart is deprived of any source of supply of energy. The attempt to 
optimize the supply/demand ratio could involve: (a) supplying nu
trients to the heart, or (b) decreasing the metabolic demand. 

Enhancing supply: machine preservation 

The concept of using ex-vivo perfusion to protect organs for trans
plantation found most applicability in renal transplantation. 
Although a number of papers have reported the use of ex-vivo 
perfusion for experimental HTx, few centers have ventured into 
this arena clinically on a consistent basis-^-*. The obvious theo
retical advantages of a continuous perfusion system include sup
plying substrates and removing metabolic wastes continuously. 
Robicsek et al?'' and others^" developed ex-vivo autoperfusion 
circuits for prolonged storage periods. The equipment needed, 
however, was relatively cumbersome, and this approach was not 
routinely adopted. Flush perfusion techniques, on the other hand, 
are simple, cheap and convenient, and therefore have become 
widely used clinically. 

Decreasing demand 

Efforts have concentrated upon protecting the heart by decreasing 
its energy requirements until perfusion is re-established. 
Historically, hypothermia has been the main method of decreas
ing myocardial metabolic demand during periods of ischemia, and 
all clinical methods of cardiac preservation for HTx today use 
hypothermia. From the moment the heart is deprived of its blood 
supply its metabolic supply is removed, products of metabolism 
accumulate, and tissue damage occurs (which is initially re
versible but eventually becomes irreversible). By slowing down 
the rate of metabolic activity, hypothermia reduces the rate of 
organ deterioration that accompanies ischemia. Although 
hypothermia slows down the rate of degradation of the tissue, the 
optimal temperature is not known. Experimental work by Karck 
et al?^ suggested that hypothermia at 4°C (as compared to 15°C) 

Table 1 The stages at which injury to the donor heart may be minimized 

1. Prior to explant (following brain death): 
correct effects of endocrine failure (T3, Cortisol, insulin) 
optimize donor hemodynamics (voluine, electrolytes, hematocrit, temperature) 
decrease inotropic support to a minimum 
administer antioxidants to the donor 

2. Donor procurement: 
gentle handling 
prevent cardiac distension 
ensure prompt and efticieni delivery of cardioplegia 

3. Storage for transport: 
choice of cardioplegic/storage solution 

4. Implantation: 
continue myocardial protection (frequent doses of cardioplegia) 
prevent cardiac distension 

5. Reperfusion 
hot shot" prior to re-establishment of antegrade flow 

prevent cardiac distension 
use of monoclonal antibodies against adhesion molecules 
use of leukocyte depletion filters 

6. Early postoperative period 
avoid excessive and inappropriate use of inotropes 
avoid hypoxia 
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prolonged myocardial protection with respect to: (a) ATP pre
servation, (b) prevention of the fall in intracellular pH, and 
(c) enhancement of postischemic hemodynamic recovery. 

A number of experiments have suggested that surface cooling 
alone can lower myocardial temperature. However, the cooling 
may not be rapid or uniform, and surface cooling alone is an 
inefficient method for reducing the core temperature of the heart. 
Others have emphasized that cooling should be accomplished as 
quickly as possible, but too rapid cooling can result in tissue 
damage. 

Although hypothermia retards the development of ischemic 
injury it has many other effects, many of which can be damaging. 
The unwanted side-effects include: (a) decreasing enzyme func
tion^-, (b) changing membrane stability'\ (c) calcium seques
tration''*, (d) interfering with glucose utilization''' and ATP 
generation and utilization'*, as well as (e) changes in p H " and 
osmotic homeostasis, leading to cell swelling'*. 

Cardioplegia 

Cardioplegic solutions were developed to produce rapid and even 
cooling of the heart and to enable rapid cessation of cardiac con
tractility (to rapidly reduce utilization of large amounts of myo
cardial energy reserves). The administration of cardioplegic 
solution is akin to the use of flush solutions used in other solid-
organ preservation techniques which enable rapid, even cooling, 
and eliminate blood from the vascular compartment. However, in 
recent years the concept of using blood cardioplegia has become 
widespread, and has resulted in improved myocardial pres
ervation. The importance of the chemical composition of the 
cardioplegic solution is well recognized. Increasingly complex 
preservation solutions have been developed, with special ad
ditives being used to decrease the injury resulting from the 
numerous insults that occur during procurement, preservation and 
reperfusion. 

Although advances in myocardial protection for HTx have 
been closely linked to developments in myocardial protection for 
routine cardiac surgery, there are features that are unique to pro
tection of the cardiac allograft. Once explanted from the donor, 
during the period of transport there is no source of collateral 
blood supply and thus a lack of rewarming. This has also limited 
the applicability of the newer concepts of myocardial protection, 
such as the administration of continuous retrograde cardioplegia, 
from being applied during donor heart transportation. 

Ischemia and reperfusion injury 

HTx by its nature requires a period of obligatory ischemia 
followed by reperfusion. The previous discussion dealt with 
methods to decrease this ischemic insult. The important role that 
free radicals, calcium overloading, neutrophils, adhesion mole
cules, and platelets play in mediating injury, particularly during 
reperfusion, has been described. With current technology we are 
still unable to avoid ischemia/reperfusion injury completely, but 
with increasing understanding of the mechanisms involved, in 
there exists the potential to develop further therapeutic inter
ventions. 

CURRENT CLINICAL TECHNIQUES OF MYOCARDIAL 
PROTECTION FOR CARDIAC TRANSPLANTATION 

Most centers now use cold flush solutions to stop and cool the 
donor heart at the time of procurement. The ideal cardioplegic 
solution should: (a) decrease energy demand, (b) prevent accumu
lation of toxic metabolites during the period of storage, (c) main
tain normal ionic composition and pH, (d) prevent cell swelling 
and ultrastructural damage to the cell membrane. In addition, it 
should (e) prevent the development of excessive vascular resist
ance during storage and upon establishment of reperfusion, 
(f) minimize the extent of reperfusion injury, and (g) prevent 
long-term damage to myocyte, interstitium and vasculature. 

Many different cardioplegic solutions are used in HTx pro
grams, but a number of surveys attest to the widespread use of 
cardioplegic solutions of extracellular-type composition (Chapter 
74). Because of initial experimental evidence that the University 
of Wisconsin (UW) solution (an intraccUular-typc solution) was 
effective in providing myocardial protection for long periods of 
time, a number of centers have resorted to use of this solution, 
with good results. UW solution is said to be effective because it 
contains a number of cell impermeant agents, such as lactobionic 
acid, raffinose, and hydroxyethyl starch, that prevent cell swelling 
during ischemic storage. It also contains glutathione and adeno
sine, compounds that stimulate recovery of normal metabolism 
on establishment of reperfusion by: (a) augmenting the anti
oxidant potential of the organ and (b) stimulating the generation 
of high-energy phosphates. 

Others have reported that improved results are obtained if 
2,3-butanedione monoxime (a reversal inhibitor of cardiac con
tracture) and calcium are added to standard UW solution"'. 
Wicomb et al. have suggested that a fresh supply of glutathione 
be added to UW solution prior to its use'"'. During cold storage of 
human cardiac allografts in UW solution, the expression of major 
histocompatibility complex antigens and vascular adhesion 
molecules on endothelial cells and myocardial cells remains 
unchanged^'. The possibility that the high potassium content of 
UW solution could result in endothelial injury has been 
reported'''^ "••*, and a higher incidence of graft coronary artery 
disease in patients whose hearts were preserved with UW solution 
(in comparison to the Stanford cardioplegic solution) has been 
reported''^ However, this finding has not been confirmed by other 
centers that also routinely use UW solution. 

OTHER FACTORS AFFECTING GRAFT VIABILITY 

It is now apparent that 'protection' of the donor heart begins 
before its removal from the donor. A number of reports describe 
the beneficial effects of manipulation of the hormonal environ
ment of the donor. In addition, attention must be focused upon 
correcting electrolyte, hemodynamic, and temperature parameters 
prior to and during the procurement process. 

The ability to safely wean the donor heart from cardio
pulmonary bypass is often the best indicator of the efficiency of 
the myocardial protection used. However, it must not be forgotten 
that factors other than preservation can affect the initial function 
of the cardiac allograft. These may include: (a) the presence of 
underlying donor cardiac disease (e.g. coronary artery disease or 
myopathy); (b) injury sustained at the time of trauma (that 
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resulted in brain death); (c) the deleterious effects associated with 
brain death; (d) inadequate donor management (e.g. unsuitable 
volume replacement, inefficient use of inotropic agents, inad
equate prevention of hypoxic insults): (e) poor technique of donor 
procurement; (f) inadequate experience of the anesthetic and sur
gical teams; (g) suboptimal management of cardiopulmonary 
bypass in the recipient; (h) suboptimal steps to minimize 
reperfusion injury; and (i) immune-mediated injury. 

The sum total of preservation injury, the aforementioned non-
preservation-related injuries and the additional effects of poor 
donor selection may become manifest in the early postoperative 
period as difficulty in weaning from cardiopulmonary bypass with 
the need for high-dose inotropic support, intra-aortic balloon 
pump counterpulsation or a mechanical assist device. 

Effects of brain death 

This topic is discussed in Chapter 4, but in view of its relevance 
to myocardial preservation and its importance with regard to 
immediate post-transplant cardiac function, brief mention will 
also be made of it here. It has long been established that cardiac 
death eventually follows brain death. The state of 'brain death' is 
an interesting and physiologically unusual state'"'*'''. Major 
changes in cardiac metabolism, histology, and function occur in 
brain-dead patients, and these changes may be the cause of 
unexplained cardiac allograft dysfunction after HTx. 

Histology 

The histologic changes described in brain-dead patients include 
hemorrhage and myocardial necrosis. Subendocardial heinorrhage 
is found at autopsy in patients who die of head trauma^". 
Morphological changes were also seen in the hearts of mice that 
had undergone the intracranial injection of a small amount of 
blood^'. Novitzky et al. found pathologic changes affecting the 
myocardium, coronary artery smooth muscle cells, and con
duction tissue that appeared to be mediated by the autonomic 
nervous system in a baboon model of brain death ' - ' \ 

Function 

In an experimental study using rat hearts, Galinanes and Hearse 
showed that 60 min after brain death a number of indicators of 
cardiac contractile function decreased by approximately 50%''''^". 
However, once excised and perfused ex vivo, the hearts recovered 
function identically to hearts from animals that had not been sub
jected to brain death. When hearts from brain-dead animals were 
excised, stored (6 h at 4°C), and reperfused ex vivo with blood, 
they also recovered a functional capability identical to that of 
control hearts. These studies indicated that hemodynamic insta
bility in brain-dead individuals may not necessarily be an ir
reversible phenomenon, and that such hearts could be considered 
for transplantation. Clinically, a number of echocardiographic 
reports suggest that septal motion abnormalities may be peculiar 
to the brain-death state as they improve upon implantation of the 
heart into the recipient"^''. 

Cytoliines 

There is also evidence from clinical studies that donors have an 
altered state of the cytokine system, with elevated plasma con
centrations of interleukin-6, 8 and soluble pS.S TNF type 1, and 
also of C reactive protein*'". What effect such elevations in cy
tokine levels have on graft function is not clear. The ability to 
block the effects of these cytokines would seem worthy of study. 

Treatment 

The brain-dead state has important metabolic, structural, and 
functional effects on the donor heart. We may therefore be able to 
improve the donor heart's metabolic state, possibly by adminis
tering hormone therapy before excision'\ 

FUTURE AREAS FOR RESEARCH 

Future areas for research can be considered to encompass 
all phases of donor selection and management, and donor 
heart preparation, excision, transportation, implantation, and 
reperfusion. 

Endocrine 

The cessation of brainstem function affects the anterior pituitary 
gland, leading to decreased ADH production, causing diabetes 
insipidus in 50-70% of organ donors'̂ "*. Novitzky et al. reported 
that changes in plasma levels of triiodothyronine, Cortisol, and 
insulin occur with brain death'̂ ^ ' ^ Taniguchi et al. noted the 
average time between the diagnosis of brain death and cardiac 
arrest was 4.3 days"', but in patients who received hor
mone supplementation this interval was prolonged to 11.5 
days. 

Donor selection 

The development of a viability assay which could predict the 
ability of the heart to assume full function upon reperfusion 
remains an important goal. Although currently there are no such 
tests readily available, there is encouraging research using 
biochemical markers, most notably troponin T'''. Perhaps other 
non-invasive predictive tests will become available using 
non-biochemical techniques, such as NMR spectroscopy or 
imaging-'''*'"*\ 

Metabolism 

Hearts in brain-dead subjects have been found to be energy-
depleted, but could be resu.scitated with substrate enhancement'''. 
There is also an important shift towards anaerobic metabolism 
resulting in ATP consumption^*. 

Donor preparation 

It may be possible to prevent or reverse the myocardial changes 
that occur with brain death. This might be pursued by the use of 
better 'cocktails' to correct the hormonal and metabolic state of 
the donor heart. Blockers of inflammation or free radical 
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scavengers may prove useful in preventing injuries mediated by 
the inflammatory system and oxygen free radicals'*"^\ 

Preservation solutions 
Better preservation solutions may be designed to prevent free 
radical injury, buffer pH changes, provide metabolic substrates, or 
contain additives that improve preservation. 

could be resuscitated if the warm ischemic period did not extend 
>60 min"''. If the cause of cardiac arrest was anoxia, resuscitation 
was less likely to be successful but could still be obtained if the 
ischemic period was <30 min. More recently, Gundry ct al. have 
shown the feasibility of transplanting lamb hearts harvested 30 
min after death from exsanguination'*^ Shirakura t'l al. have re
ported good function of donor hearts harvested from non-hearl-
beating donors that had been pretreated and cooled by 
cardiopulmonary bypass prior to heart procurement'*'' **'. 

Transportation 

This entire area is fertile for research. Perfusion .systems and 
solutions may be improved to provide 'nutrition' and maybe even 
'resuscitation' during transportation. However, newer techniques 
of ex-vivo perfusion, based on microperfusion, hold great 
promise^"*. Wicomb et al. have shown experimentally that hearts 
can be satisfactorily preserved for <24 h using microperfusion'''. 

Organ freezing 

The cessation of all metabolism in a stored organ could be 
achieved by freezing. Organ banks could be developed where 
organs could be frozen for days, weeks, or months until the need 
arises to use them. Advancements in the field of cryobiology, 
however, have to date been limited by our inability to mitigate 
the deleterious effects on the cells of freezing and thawing. 

Implantation 

Changes in the implantation procedure would center around 
reduction of the reperfusion injury and, ideally, 'resuscitation' of 
the transplanted heart. There is evidence that neutrophils play a 
role in reperfusion injury, and that the depletion of leukocytes by 
the use of filters may be useful in limiting this injury'' ' ' ' ' . 
Alternatively, interfering with neutrophil function by blocking the 
adhesion molecules that participate in neutrophil activation has 
proved beneficial in an experimental modeF^. 

The use of a 'hot shot' of blood cardioplegia, either with or 
without substrate enhancement, has been advocated by some 
surgeons. This can be achieved by inserting a cannula into the 
coronary sinus and starting retrograde perfusion of the heart 
during the implantation procedure using warm blood cardio-
plegia**""**'. Furthermore, such solutions might be better tailored 
to 'resuscitate' the heart while it is being implanted. 

Extending the donor pool 

With an increase in experience the initial strict criteria established 
for harvesting of donor hearts have been liberalized. 'Marginal' 
donor hearts can now often be used safely. The question has been 
raised (especially in countries where brain death is not accepted 
as a definition of death) as to whether hearts that have already 
arrested can be successfully transplanted. If so, what is the 
maximum safe period of arrest? 

About 20 years ago, experiments under certain conditions 
demonstrated that canine hearts arrested after exsanguination 

COMMEFMT 

The ideal preservation method is one that will provide the longest 
preservation time while maintaining excellent graft function. 
Improved methods of organ preservation should demonstrate 
improved graft function despite a prolongation in ischemic time. 
Myocardial protection of the donor heart plays an important role 
in determining morbidity and mortality after HTx. Our under
standing of the factors that are involved in minimizing cardiac 
injury during the periods of procurement, storage for transport, 
implantation, and reperfusion has increased, but remains incom
plete. Indeed, progress in heart preservation has been slow when 
compared with other organs. Unlike other organs the heart must 
provide immediate support upon separation of the patient from 
cardiopulmonary bypass, Currently, all methods of cardiac pre
servation continue to use hypothermia to decrease metabolic ac
tivity. Better preservation would allow hearts to be procured from 
further afield. It must not be forgotten, however, that many factors 
other than preservation can affect the immediate function of the 
cardiac allograft. 

In the future, emphasis should be placed on enhancing our 
understanding of hypothermia-mediated cell injury and reper
fusion injury, and on the development of techniques to decrease 
both of these insults. 
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24 
Surgical Technique of Orthotopic Heart 
Transplantation. I: Standard Approach 
D.K.C. COOPER 

INTRODUCTION 

There are two very different basic operations for performing heart 
transplantation - orthotopic, in which the recipient heart is 
excised and replaced in the correct anatomical position by the 
donor heart, and heterotopic (the so-called 'piggy-back" heart 
transplant), in which the donor heart is placed in the right chest 
alongside the recipient organ, and anastomosed in such a way as 
to allow blood to pass through either or both hearts. Both proce
dures, however, have various modifications. 

In recent years, orthotopic heart transplantation has been 
modified to include excision of the right atrium with bicaval anas
tomosis (rather than anastomosis of the two right atria) and re
duction in the remnant of the recipient left atrium - the so-called 
bicaval or 'total' technique. These 'modifications' (which in the 
experimental laboratory actually predate' the standard tech
nique-', which aimed to simplify the operation), are described in 
Chapter 25. Heterotopic heart transplantation can be performed 
to provide support for both recipient ventricles or for only the left 
ventricle. These techniques are outlined in Chapter 37. 

In this chapter the standard technique of orthotopic heart trans
plantation that has been used successfully in clinical heart trans
plantation for almost 30 years will be illustrated. 

With any heart transplant, ideally the recipient operation should 
not be begun until the donor has been carefully assessed by the 
transplant surgeon, and found to be suitable for transplantation. 
Whenever there is doubt, e.g. when there is the possibility of 
cardiac injury from chest trauma, the recipient operation should 
certainly be delayed until the donor chest has been opened and the 
heart inspected. 

The basic technique of orthotopic heart transplantation was de
veloped in the research laboratory in the late 1950s and early 
1960s' (Chapter 18). It was the work of Lower and Shumway in 
1960^ which established the operation as a successful procedure 
in the experimental animal. The operation was first attempted 
clinically by Hardy and his colleagues in 1964' and by Barnard in 
1967''. In 1968, Barnard'' contributed a small but significant 
modification to the operative technique whereby the incision in 
the right atrium of the donor heart was extended from the opening 
of the inferior vena cava (IVC) into the base of the right atrial ap

pendage, and not into the superior vena cava (SVC), thus avoid
ing the region of the sinoatrial node. The operation has remained 
essentially unchanged since then, and is the operation of choice in 
the majority of centers performing heart transplantation today. 

DONOR HEART EXCISION 

Heart excision is almost always part of inultiorgan retrieval (and 
will be described as such below). The needs of the surgeons re
trieving other organs must be considered at all times. Acute or 
unexpected failure of cardiac action may result in loss of all 
donated organs. Good communication between the various sur
gical teams is essential if retrieval of the various organs is to be 
satisfactorily coordinated. 

With the subject supine, a median sternotomy is performed and 
the pericardium opened longitudinally. The heart is inspected in 
at-risk donors for external signs of injury caused by trauma or ex
ternal cardiac massage. The coronary arteries should be palpated 
to exclude obvious coronary disease. The contractions of the ven
tricle should be observed closely and, if weak or irregular, con
sideration should be given to the cause and to means of improving 
ventricular performance. 

The ascending aorta is dissected from the pulmonary artery to 
allow subsequent application of a cross-clamp. The SVC is mobil
ized up to the azygos vein to allow SVC ligation cephalad to the 
sinus node. Two heavy ties are placed around the SVC, but not 
ligated at this stage. The IVC is mobilized. (Preparations by the 
liver surgeons usually take longer than preparation of the heart, 
and are completed at this stage.) The donor is fully heparinized 
(25 000-30 000 units intravenously). A cannula for infusion of 
cold cardioplegic agent is inserted into the ascending aorta, and is 
maintained in place by a purse-string suture and 'snugger' or 
'snare' so that it does not have to be held by one of the surgical 
team, thus releasing all available hands for more important activi
ties. If the liver is to be procured, and if IVC blood is not to be 
drained retrogradely, the right pleural cavity is opened from 
sternum to IVC to allow drainage of inferior vena caval blood 
when the thoracic IVC is subsequently divided. 
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When all the olher surgical teams are fully prepared, excision 
of the heart can proceed. The SVC is doubly ligated (or suture 
ligaled or stapled) and divided between ihc ligatures. (Any in-
riwelliog central venous pressure cannula must be withdrawn 
high into the SVC by the 'anesthesiologisi:' before this vessel is 
ligated and divided.) The IVC is divided at the diaphragm, com-
pleling inflow occlusion, and decompressing the right side of the 
heart. Inferior vena caval blood from the liver (together with the 
liver perfusion solution] drains largely into the right pleural 
cavity, but it is essendal to have good suction available to ensure 
thai neither the liver perfusion solution nor warm blood contami
nate the heart or interfere vAih the .surgical field in which the 
cardiac surgeon is working. It is convenient to introduce a 
suction catheter into the IVC to avoid blood obscuring tlie opera
tive field in the pericardial cavity. (If the liver is not being pro
cured, Ibe l\C can be clamped at the diaphragm before it is 
divided.) One or more pulmonary veins are incised or divided to 
deconipress the left side of the heart. (If the lung is being pro
cured, the left atrial appendage is opened to allow this decom
pression.) Adequate decompression of the heart is essential 
before the aorta is cross-clamped. (If the aorta is cross-clampcd 
first, the heart may become distended and considerable injury 
may occur to the myocardium.) If an arterial line is in place, the 
pulse wave should be lost, indicating that the left ventricle has 
emptied. The ascending aorta is then cross-damped at the level 
of the brachiocephalic (innominate) artery, and cardioplcgie so
lution (approximal;ely 10 mUkg at 4'^C, or 1 liter) infused into 
the root of the aorta. .At least 1-2 liters of cold saline (ai 4'C) are 
poured over the heart to cool it rapidly (Perfusion of the lungs, 
liver and kidneys is also initiated.) 

The pressure in the aorta during cardioplegia infusion should 
not exceed approximately 100 mmHg. This can be achieved by 
placing the bag containing the cardioplegic agent in a pressure 
bag, pressurized to 300 mmHg; experience has shown that this 
results in an aortic pressure in the desired range. F'requerit palpa
tion of the ascending aorta by the surgeon allows approximate es
timation of the aortic pressure, and the mfusion pressure should 
be adjusted if the pressure in the aorta becomes t«o high or too 
low'. During infusion, the heart should be gently massaged at in
tervals to ensure adequate decompression is maintained. 
Cardioplegic infusion is usually complete within 3 5 minutes 
(although infusion of the lung preservation solution into Ihe 
pulmonary artery may take longer). 

During the ischemic period in which the heart is transferred to 
the recipient there will be no cardioplegic washout from collateral 
blood flow (as occurs to a cardioplegically arrested heari during 
open-heaft surgery). Ii is dieoretically, therefore, only necessary 
to give suflieieui cardioplegic agent to bring about arrest of the 
heart. The cardioplegic infusion, however, also contributes 
towards rapid cooling of the myocardium, and it is therefore our 
policy to infuse approxinwtely 10 nihlcg (500-1000 ml) even if 
the anticipated ischemic period is expected to be short. 

Once the cardioplegic (and pulmoplegic) agent has been ad
ministered, Ihe topical cold saline is sucked out of the pericardial 
cavity, and section of the four pulmonary veins is completed. (If 
one or both lungs are being retrieved then the lines of incision 
into the donor heart should be around the left or right pulmonary 
vein orifices, allowing a cuff of left atrium to be retained with the 
pulmonary veins (Chapter 48). Division of the aorta as high as 

possible, immediately proximal to the cross-clamp, and of the 
pulmonary artery at its bifurcation (or at the origins of its main 
right and left branches) completes division of the major vessels. 

The apex of the heart is then lifted anteriorly, and the mediasti
nal tissue posterior to the atria and major vessels is divided, al
lowing the heart to be removed from the pericardial cavity. The 
approximate time taken from ligation of the SVC to completion 
of excision of the heart is usually 5™10 minutes. 

PREPARATION OF DONOR HEART 

The heart is placed in a bowl of cold (4''C) saline while it is pre
pared for insertion into the recipient. 

The tissue between the orifices of the four pulmonary veins on 
the posterior aspect of the left atrium is excised, leaving one laige 
opening (Figure 1). The edges of the left atrium usually require 
trimming at the time of insertion into the recipient, ft is wise to 
inspect all four cardiac valves to exclude the presence of trau
matic injury or unexpected conditions such as bacterial endo
carditis''. (The aorta and pulmonary artery should not be 
shortened at this stage, as it is preferable to wait to trim them to 
the ideal lengths when these vessels arc to be anastomosed in the 
recipient.) The right atrial cavity is opened, beginning posterolat-
erally at the IVC orifice and continuing the incision into the base 
of the right atrial appendage, thus avoiding the areas of the coro
nary sinus and the sinoattial node '̂ (Figure 2). The atrial septum is 
inspected for the presence of a patent foramen ovale (PFO) or 
atrial septal defect. Unless large, it is not necessary to close a 
PFO. 

The heart is stored in normal saline in ice for the period of 
transportation. It is usual to place the heart in a bag containing 
1 liter of normal saline, to place this in turn in another 
bag containing a further liter of normal saline, and this into a 

Line of Incision 

Figure 1 E.\cised donor hean (posterior view), showing lines of incision. 
(Abbreviations used in figures m iM.s chapter are: LA - left atrium; RA = right 
atrium; SVC = superior vena cava; IVC = inferior vena cava; PV = pulmonary 
vein, RV = right ventrieie; PA = pulmonary artery; AO = aorta; LV = left 
ventricle) 
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Recipient 

Figure 2 Donor heart (right anterolateral view) prepared for implantation 

third bag containing one liter of normal saline. When these bags 
are placed in ice, the heart is protected from freeze injury during 
transportation. 

The heart can then be transfeiTed to the surgical team preparing 
the recipient. 

I ' l N ^ L e f t Pulmonary 

^ l J # ^ \ - P e r icardium 

Figure 3 View of recipient pericardial cavit) after excision of ttie recipient 
ticart 

THE RECIPIENT OPERATION 

Wheo no previoos ctirdiac surgery has been undeilaken, prepara
tion of the groin is unnecessary. With the patient lying supine, a 
median sternotomy is performed, the pericardium opened longitu
dinally, and its edges retracted. If the patient has undergone previ
ous cardiac surgery there are likely to be adhesions between the 
heart and pericardium or posterior surface of the sternum. 
Dissection of a poorly functioning heart under such circumstances 
may require considerable handling, and acute cardiac failure may 
intervene, placing the life of the patient at risk. It is therefore wise 
to prepare the groin in case access to the femoral vessels is re
quired for urgent initiation of cardiopulmonary bypass. In hemo-
dynamically unstable patients it is preferable to actually prepare 
the femoral vessels for urgent cannulation if necessary. If the 
femoral artery and vein have been prepared, heparin can be given 
and the vessels cannulated rapidly, allowing pump-oxygenator 
support to be begun. The dissection of the heart can then be com
pleted without undue urgency. When this has been achieved it is 
usual to cannulaie the SVC aod IVC (in addition to the femoral 
vein). 

Initiation of cardiopulmonary bfpass 

After hcparinization, cardiopulmonary bypass (CPB) is initiated 
via cannulae inserted Into the a.scending aorta at or near to the 
level of the brachiocephalic artery, and into the SVC and IVC via 
the lateral wall of the right atrium (Figure 3). Snares (snuggers) or 
clamps are placed around the SVC and IVC to bring about total 
CPB. Body cooling to at least 28°C, and possibly lower (26°C), 
helps prevent early rewarming of the donor heart as it lies in the 

pericardial cavity during insertion. The aorta is then cross-
clamped immediately proximal to the aortic cannula. 

Excision of recipient heart 

The heart is excised by dividing the right and left atrial walls 
(close to the atrioventricular groove) and atrial septum, leaving a 
cuff of atrial wall to allow easy suture of the donor heart. Both 
atrial appendages should be excised to prevent thrombus forma
tion occurring in these cavities after transplantation. The aorta 
and main pulmonary artery are divided as close to their respective 
valves as possible (Figure 3). Subsequently these vessels may be 
trimmed before being anastomosed to their counterparts of the 
donor heart. 

In essence, therefore, only the ventricles have been excised, 
with a short cuff of the two atria. 

The chronological order of division of these structures is unim
portant, but a simple sequence is: (a) free wall of right atrium; 
(b) free wall of left atrium, excluding the superior wall posterior 
to the origins of the aorta and pulmonary artery; (c) pulmonary 
artery, (d) aorta, (c) (after retracting the proximal aorta and pul
monary artery anteriorly) the remaining superior wall of the left 
atrium, and (f) the atrial septum. 

Insertion of donor heart - order of anastomoses 

The order of anastomoses of the various chambers and vessels 
followed by most groups for many years was; (a) left atrium 
(LA), (b) right atrium (RA), (c) pulmooary artery (PA), (d) aorta 
(AO). However, this delayed reperfusion of the donor heart until 
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the operation was completed by the performance of the aortic 
anastomosis. In recent years the desire to reperfuse at an earlier 
stage, and thus reduce the isehcniic time, has led to variations of 
tills sequence. The aortic anastomosis can, tlierefore, be carried 
out immediately after completion of the left atrial anastomosis. 
,4ir needles can be inserted in the apex of the left ventricle and 
aorta, the aortic cross-damp can be removed, and the myo
cardium can be perfused while the pulmonary artery and right 
atrial suture line are performed. 

Anastomosis of the pulmonary artery can be slightly difficult 
under such circumstances because: (a) access to the pulmonary 
arteries is partially obscured by the aorta, and (b) blood return 
from the coronary sinus to the donor pulmonary artery (via the 
right ventricle) may obscure the operative field. To avoid these 
additional problems the pulmonary artery anastomosis (which 
takes only a few minutes) can be performed before the aortic, 
leaving only the right atrial anastomosis to be carried out while 
rcperfusion is continuing. Coronary sinus return may obscure the 
right atrial anastomosis in the region of the IVC, but this can be 
avoided by adequate suction, 

The latter sequences (LA, AO, PA, and RA, or LA, PA, AO, 
and RA) have been the ones of choice (depending on the individ
ual anatomy and need to reduce the ischemic time) at our center 
for the past several years. However, in this chapter the sequence 
used in the original technique (LA, RA, PA, AO) will be 
illustrated, 

Anastomosis of left atria 

The donor heart is placed (or held by an assistant) over the left 
side of the divided sternum, parallel to the remnants of the 
excised recipient heart. The donor heart is rotated 90-180° to 
the left so that its posterior surface faces anteromedially (towards 

Donor 
Heart 

Interatrial t 
Septum 

Sutured LA 
isrDonor S¥C Stymp 

-Donor Aorta 

Figure 4 Donor and recipient hearts, stiowmg ttic beginning of tlic anasto
mosis between Uic two left atria 

Donor Heart 

Figure 5 Completed left atrial free wall suture li.'ie; tiie anastomosis 
between the two septa is being performed 

the ^utgcDfl if he oi jrhe is \tandmg to the right side of the table I 
the free WJIK uf f>uth lecipient and don.ir left atria will then he 
iidjucent lo each mher (Fi^riire 4i L'SHIJ ,I doiihie-en led 4'() 
polvpropykne suture, the left itrul walls tin: antisti.rnoscd by a 
cunimiiou", '"iituir, beginning at the ba>-e of ihe donor k-fi alrial 
appendage and at a point c'o^e to the catjdal end of the rccipieni 
left siipciioi pulnmnai} \ein iFigure 4\ The suture t-aii be tied 
immediately after drawing the heart into the ptricardial caviu or. 
.dternatively (if it is ch-^sen not to hgate the sutu'ei. at a con\e-
nicni stage the donor heart is drawn down mio die periv.irdiuiri 
and die suluie tightened The sutute î  continued around the ^up£-
rior and interior bordei^ of the left atrium on to the atiial septum, 
and tied ui the middle ut the septum tl^igiirc 51 

li i.s essential lo niaint,im m; otaidial leinpcidlure â  fjw â  pnssi-
hle preterably briow 1 > C, ttiroughout the i-chenue period, thi-ugh 
tji^ue damage from frec/ing must he ai oided Between the perform-
aiiee ol each sutuie Imt*, iheicltjie. Ihe penL.irdiiim should be teiii-
pordril> irrigated with ^c-ld .saline lo lojmtum a Km iii\'»taidial 
temperature, or, idcallj, a system of contlnuou^ myocardial cuoling 
should he unli/etl. (Sijiiis ol \entticulai in\ocaidial artiviiv tarely 
oceur. hut it suth jcti\ it\ r̂  seen oi iletected on the electiocaidio-
gtam, then futhc eaidioplcgic agent should be administered, i 

,At this stage as discussed above, if it u decideil to minimi/e 
llie doiioi bc.iit isLnetnii, nine, the vurgenn tan inniiediotely 
profjiess to the aortii, anasluiiiusis iDgiire t>\ 

Anastomosis of r ight atria 

The two right atria are anastomosed using a double-ended suture 
of 4/0 polypropylene (or of 5/0 polypropylene if the right atrial 
walls are particularly thin). The suture is initially placed at the 
mid-point of the donor septum and at a convenient point in the 
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Figure 6 Aiternalive approach that can tie utilized to minimize the donor 
heart ischemic time. The left atrial anastomosis lias been completed. The 
aortae arc being anastomosed, after which the aortic cross^clamp can be 
removed and the myocardium reperfuscd. The puljiionary artery and right 
atrial anasttjmoses can be performed while reperfusion is coiitinning 

posterior lip of the iocision in the recipient riglit airiiini (usually 
slightly caudal to the mid-point). The aoastomosis is continued 
first inferiorly, as this is the more dilTicuh area in view of the 
small cuff of recipient right atrium which remains in the region of 
the IVC. Subsequently, the superior anastomosis is completed, 
and the two ends of the suture (inferior and superior) tied at the 
mid-poitit of the right atrial Ixee wall (Figure 7). The atrial septum 
has therefore been sutured twice, once on Ihc left atrial side and 
once on the right. 

Anastomosis of pulmonary arteries 

The two pulmonary arteries are then trimmed to their required 
lengths and anastomosed using a continuous suture of 4/0 
polypropylene (Figure 8). It is important to trim the pulmonary 
arteries to the correct length. If they are left too long, kinking of 
the pulmonary artery can occur after anastomosis, and can be par
tially obstructive to blood flow. 

Anastomosis of aortae 

The aortae are similarly trimmed and anastomosed by cootinuous 
suture using 4/0 polypropylene (Figure 8). 

IVC 

Fi|»iiri- 7 The septal anastomosis has tieen completed; the tree wali.s of the 
two right atria are being anasloiniised 

Sutured RA 

Figure 8 The right atrial and pulmonary artery suture lines liave been com
pleted: beginning of aortic anastomosis 

Air needles are then placed in the apex of the left ventricle, an
terior wah of the right ventricle, asceoding tiorta and main pul
monary artery. (Additionally, the left atrial appendage can be 
incised.) The SVC and IVC snares or clamps are released and the 
heart is gently massaged to expel air from the ventricles and 
major vessels. The lungs should be gently ventilated to increase 
the venous return to the left side of the heart, thus expressing 
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Vi _^Air need le vent 

flO' 

Figure 9 The aortic anastomosis has been completed and the aortic cross-
clamp removed. An aortic air needle vent has been inserted. Similar needle 
vents should be placed in both ventricles and main pulmonary artery 

further air, though care must be taken to ensure that the heart is 
not over-distended. The aortic cross-clamp is then released, al
lowing the coronary arteries of the donor heart to be perfused 
once again with oxygenated blood (Figure 9). Further efforts are 
made to expel air from both ventricles and major arteries. 

Total body rewarming can now begin. Ventricular pacing wires 
are routinely applied in case temporary heart block or bradycardia 
ensues; in such cases the veDtricles are paced to stimulate ejection 
of blood and ventricular decompression. A period of asystole is, 
in fact, not uncommon, particularly if the ischeinic time has been 
prolonged. Temporary pacing may therefore be required. In many 
cases, however, vigorous ventricular fibrillation or spontaneous 
coordinated myocardial contractions occur. If ventricular fibrilla
tion is present, electrical deibrillation will be necessary, Fiiithcr 
vigorous efforts to expel air from the cavities of the heart should 
then be repeated. Until coordinated contractions are sufficient to 
eject blood and thus decompress the ventricles, the heart should 
be manually decompressed gently at intervals if distension occurs. 

In our experience it is advisable to begin an inotropic infusion 
before discontinuation of cardiopulmonary bypass (CPB). Our 
own choice is isoproterenol, as this is the most efficient at in
creasing cardiac rate. A rate of 110 beats/minute is probably the 
most efficient in the early postoperative period as the donor heart 
that has been ischemically stored is more dependent on rate than 
stroke volume for its cardiac output. The infusion rate can be 
modified as necessary when cardiac function is assessed post-
CPB. ]\4any of these patients, particularly those who have been in 
hemodynamic distress pretransplantation, remain significantly va
sodilated in the early post-transplant period, leading to difficulty 
in obtaining an acceptable systemic blood pressure. A low-dose 
phcBylephrine (neosynephrine) infusion can be beneficial at such 

a time, and if doses of less than approximately 1.5-2.0 ng kg"' 
min"' are infused, it has not been found to he detrimental to renal 
blood low. By providing a little vasomotor tone, such doses of 
phenylephrine may significantly increase blood pressure. 

ii has been our policy to provide at least 30-60 minutes of 
pump-oxygenator support after release of the aortic clamp, to 
allow full recovery of the donor heart from its ischemic episode, 
before challenging it with responsibility for support of the circula
tion. During this period a careful check for bleeding is made on 
all suture lines, and further sutures inserted if necessary. 

Discontinuation of pymp-oxygenator support 

When myocardial function is clearly satisfactory, and adequate 
rewarming has taken place, the ventricular and pulmonary artery 
air needles are removed, and their insertion sites oversewn with 
4/0 or 5/0 polypropylene. The SVC cannula is withdrawn into the 
right atrium, and the IVC canniria removed. CPB is discontinued, 
and, after a few minutes observation, the aortic air vent is 
removed and its site oversewn. If cardiac performance is satisfac-
torj', then the aortic and SVC cannulac arc removed and prota
mine sulphate administered (Figure 10). 

Two drains are inserted, one into the pericardial cavity poste
rior to the heart and the other into the anterior mediastinum; the 
pericardium may be left entirely open, though it has been our 
policy to close it partially, particularly over the aorta, as this pro
vides a barrier to sternal infection tracking posteriorly to the 
region of the aortic suture line. Complete closure, even when the 
pericardial cavity is very large, should probably be avoided as a 
safeguard to help ensure that early or late tamponade does not 
occur. The sternum is reunited with at least six stainless-steel wire 
or other strong sutures, and the tissues anterior to the sternum are 
repaired. 

Figure Ml Completed operation. Arleiial and venous cinnulae ha '̂c been 
removed 
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COMMENT 

The two potential major complications of this operation are bleed
ing, in view of the extensive areas of anastomosis, and systemic 
air emboli. Great care must be taken to dispel all air from the left 
atrial and ventricular cavities before the donor heart resumes co
ordinated contractions after reperfusion. 

Every effort must be made to maintain donor myocardial tem
perature as low as possible (yet avoid freezing injury) during 
transfer of the heart from donor to recipient, and this should be 
continued until blood reperfusion is commenced. The limitations 
of simple hypothermia and other storage methods in maintaining 
myocardial viability are discussed elsewhere (Chapters 23 and 
74). 

Unfortunately, inadequate donor heart function, or even non
function, is still reported, and may be a consequence of the effects 
of the agonal period or brain death on the myocardium, or result 
from inadequate preservation during transportation. If neither in
otropic or intra-aortic balloon support retrieve the situation, then 
the only options open are to continue pump-oxygenator support or 
provide some other form of mechanical assistance until a second 

donor heart becomes available. Although rarely necessary, on oc
casion we have found the intravenous administration of tri
iodothyronine (TO to the recipient to be beneficial when all other 
measures had failed''. This form of therapy, the background to 
which is discussed in Chapter 4, remains controversial however. 
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25 
Surgical Technique of Orthotopic Heart 
Transplantation. 2: Bicaval Total' Approach 
G. DREYFUS 

INTRODUCTION 

Since 1960, orthotopic heart transplantation (OHT) has been per
formed according to the technique of Lower and Shumway' 
(Chapter 24). Barnard introduced a small but useful modification 
whereby the sinoatrial node could be more readily avoided by 
opening the right atrium from the inferior vena cava to the right 
atrial appendage (Chapter 24). In 1990, Reitz- introduced the 
domino procedure by using the native heart of a patient undergo
ing heart-lung transplantation. This was the first approach to 
bicaval anastomosis with end-to-end anastomoses of both superi
or (SVC) and inferior (IVC) venae cavae. In 1989 Yacoub and 
Banner^ had reported modifications to the standard technique by 
removing both native atria. Finally, in 1991 the 'total' orthotopic 
heart transplant technique was first reported''. 

There are therefore two different methods of performing OHT; 
(a) the standard technique, which can be considered as a biven
tricular transplant (Chapter 24) and (b) the alternative technique 
of total OHT, which is an anatomical transplant of both atria and 
ventricles. In this chapter the major differences in the technique 
of total OHT (when compared with the standard procedure) will 
be outlined. (For other details, the reader is referred to Chapter 
24) 

DONOR ASPECTS 

Donor heart excision 

Harvesting of the donor heart is very slightly modified from the 
standard technique, as both venae cavae should be maintained as 
long as possible. Both SVC and IVC should be completely tran
sected, the SVC intrapericardially just below the azygos vein and 
the IVC proximal to the diaphragm. Just before clamping the 
aorta, one pulmonary vein should be incised to decompress the 
left side of the heart. The aorta and pulmonary artery should then 
be transected, leaving the donor heart attached only by the pul
monary veins. The heart is then elevated, allowing direct vision of 
the remaining pulmonary veins, which are transected intrapericar
dially at their entry into the left atrium (Figure 1). 

Multiple organ procurement 

Multiple organ procurement involving procurement of the lungs 
or liver may impair the integrity of the left atrium or IVC. respec
tively. If the liver is being excised, the donor IVC is often divided 
near or at the junction of the IVC with the right atrium. The donor 
free margin of the IVC (for subsequent suture to the recipient) 
may therefore consist of right atrial wall. The length of donor 
IVC available for anastomosis is never a problem as this anasto
mosis (in the recipient) can be performed between the right 
atrium (RA) of the donor and the remnant of the recipient 
IVC/RA (being more of an atrio-atrial anastomosis than a cavo-
caval anastomosis). Therefore, if the liver team requires a long 
IVC, this does not preclude total OHT. 

Problems can arise, however, with retrieval of a single lung or 
both lungs from the same donor. Depending on the lung trans
plant surgeon's skills and habits, the amount of left atrial cuff 
removed with the lung(s) will vary. This is obviously of the 
utmost importance to the possibility of performing total OHT. 
because sufficient posterior left atrial wall must remain with the 
heart to allow the total technique, even if the origins of the pul
monary veins have been excised with the lungs. However, at our 
own center, this technique aspects has never made the total OHT 
technique impossible to perform. 

Preparation of the donor heart 

In contrast to preparation of the donor heart for the standard pro
cedure, both the SVC and the IVC are left open, with neither 
being ligated or oversewn. When the heart is harvested in the 
absence of lung retrieval, the left atrium clearly shows the origins 
of the four pulmonary veins (Figure I). The bridging tissue 
between the left superior and inferior pulmonary veins is resected 
(as it is on the right), thus creating single left and single right pul
monary vein orifices (Figure 2). These orifices should be al least 
as wide as the mitral annulus in order to avoid restriction after 
anastomosis. The aorta is dissected from the pulmonary artery. 
Our own preference is to transect the pulmonary artery 
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Figure 1 The excised donor lieart. Nole the inlegrily of all four pulmonary 
veins and the lengths of both superior and inferior venae cavac. The dotted 
lines demarcate tlie tissues to be excised to create two pulmonary venous 
orifices 

approximately 1 cm distal to the pulmonary valve (in order to 
avoid kinking after anastomosis to the recipient pulmonary 
artery). 

THE RECIPIENT OPERATION 

Cardiopulmonary bypass is initiated in a standard manner except 
that the SVC should be cannulated about 2 cm above its entry into 
the right atrium. Tiie IVC should be cannulated via the lateral 
wall of the right atrium as close as possible to the diaphragm. 
After institution of cardiopulmonary bypass, both venae cavae are 
snared (snugged). 

Excision of recipient heart 

Excision is carried out as a two-step procedure. Firstly, the right 
atriura is opened as posterior as possible, close to both cannulae. 
The atrial septum is incised, which allows the left ventricle to 

Figure 2 Preparation of the donor left atrium. Tlie tissue bridge between the 
superior and inferior pulmonary veins is resected on each side, creating large 
right and left pulmonary orifices. 

Figure 3 Excision of recipient heart. As a first step the heart is removed as 
for a standard orthotopic heart transplantation. This consists of excising botli 
ventricles and all four valves. The dotted lines demarcate the left atrial venous 
cuffs that will remain in silu 
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empty via the mitral valve and left atrium. The aorta and 
pulmonary artery are transected. Finally, the left atrium is 
trimmed posterior to the left atrial appeodage (Figure 3). At this 
point the recipient explantation follows that of the standard OHT 
technique. 

Secondly, the posterior walls of both atria are excised. On the 
right this is performed by transecting both the SVC and IVC at 
their junctions with the right atrium. The right atrium should not 
be divided too close to the IVC cannula, as this may make the 
subsequent anastomosis with the donor IVC difficult. Therefore, 
the IVC cuff is, in fad, a right atrial cuff preserving at least 6-10 
mm of atrial tissue beyond the IVC cannula. The right atrium 
remains attached only by the residual atrial septum. The posterior 
wall of the left atrium is freed from its pericardial attachment. 
This allows direct vision of the origins of the right and left pul
monary veins. The posterior aspect of the left atrium is trimmed, 
leaving a cuff on each side which includes the origins of the supe
rior and inferior piilmonar>' veins. On the right side, the redundaot 
left atrial wall is removed together with the remains of the atrial 
septum (Figure 4). 

If the native left atrium is particularly large (as io dilated car
diomyopathy), or when there has been harvesting of a lung or 

both lungs from the same donor, care must be taken to leave large 
cuffs around the pulmonary veins. 

Anastomosis of left atria 

As it is the most posterior of the suture lines that need to be per
formed, the first anastomosis is that between the left pulmonary 
venous orihcc of the donor left atrium and the cuff around the re
cipient left pulmonary veins. To perform this, the donor heart is 
placed in the anatomic position. T'wo slay sulores are inserted lo 
identify the cranial and caudal aspects of the rim of the donor left 
pulmonary venous orifice and of the corresponding recipient left 
atrial cuff. With the donor heart placed on its right side, and with 
its apex directed towards the right side of the pericardium (i.e. 
tov-'a.rds the surgeon, who is standing on the right side of the 
patient), the posterior wall sutu-re line is performed iu an end-to-
end fashion (Figure 5). A running 5/0 polypropylene suture is 
begun infcriorly. Once the posterior wall is completed, rhc ante
rior wall suture line is carried out in the same niaancr. 

The doQor heart is then rotated to the left. Anastomosis of the 
recipient right pulmonary venous cuff with the nni of the donor 
right pulmonary venous orifice is performed in the same way as 
on die left (Figure 6). 

These two anastomoses have to be performed with great care, 
as access to this region will be poor once the operation has been 

Figure 4 Excision of recipient iicaiT- As a second step the reiimaiiH of boili 
rigtil am! lefr atria are excised, leaving onh' two piilnsonary venous cuffs asid 
twocavdi uufl's 

Figure 5 .A.naslonnosis of left atria, 'fhe donor heait is rotated onto its rigtit 
side witli its apex directed to the right Tlie suture line begins inferiorly on Ihe 
posterior aspect of tlie recipient left pulmonarj- venous cuff and rim of the 
donor left pidnionary venous orifice. 
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Figure 6 Anastomosis of left atria. The donor heart is rotated to the left. 
Anastomosis of the left pulmonar)- venous orifices has been coiiipleled. The 
recipient right pulmonary venous cuff is being anastomosed to the rim of the 
donor right pulmonar)' venous orifice. 

completed. However, if an extra suture requires placement, it has 
always been possible to gain access to the left atrial anastomosis 
citlier by retracting the ascending aorta forward or to one side, or 
by elevating the left ventricle. 

Anastomosis of venae cawae 

Both the SVC and Hie IVf aie nn i-,li.niu%ril tn .HI en.i i.i^t-riJ 
fashion (Figure 7! i he IVi' .Fi.jstoiiKisiN is moir ul an .Jtiial ana^ 
iunio=i5 iliin a caval aiubtoiiioM^. J^ mffi uf ii|>lii atiial tissue 
have been 1> ii bfth HI ttir rcripirnt .tail 'viih the dnnur he ut I hu 
dniiNtoiuuMs i» pcifi^iiricd Uiing a lumuiiT 4/fJ puhpiopylenr 
••uture. The reuinen! ^ontnhuuoii lo JIV S \ C ari«i!jtv..iiiosi> i-, th-̂  
recipient SVC but ttie duni»r > oninbiition cim be cidicr SVC «ii 
S\ C-entn site IIILO the right auiurn (df-pcndiiig uii Iht cnenl (<i di^ 
laldtioii lit the ridti'.t I'tfit lir̂ art dud the si^e of the doniii he.irl) 
(The presence ot atnal ciitts m the 'ccipieut and on the donoi hcait 
has isevii ictuiiiriicodcd when Iftcte is ci>iisulcinble si/e mismatch 
between donor and recipirnr ngJir .itiid' I i'lie N\C »iiiastuiiiosis i 
ivifoimed»it!i5 luiiiiiiig 5'<1 piilypriipvLm siilure. ind ciiher u n 
'•e prrhiitiir'd iiiiiiiedint-ly j|-r.--r die l\'C , n.isirmoM. ".i. dlieniH-
tivLly, 111 «'iJ^r t>' dccicasc [•chcimc time, vjii b, drlnyed initil tin 
a-iilic aiia-.tt)mosi. hjs heen pcifoiined and the a-jitir itoss-vl.iriip 
h.i^ breri removed {cx (Jhjpier24i. U the lA'C aiia^romi.ws F ro 
lie dekivcd wliilf* the a«»ilac arc aiidsli.rin \cd, j« Ijiiin is p|jc.-d "Hi 
die donor SVC lo pre\ enl blond obsi nnn »the heki 

Figure 7 Anastomosis of venae cavae. The anastomoses of the venae eavae 
are performed in an end t̂o-cnd fashion. The IVC anastomosis is completed, 
and the SVC anastomosis is beginning 

Anastomosis of pulmonary arteries 

Both donor and recipient pulmonary arteries are trimmed to ade
quate length. Our personal preference is tlial the donor pulmonary 
artery siioold be cut shoit (just 1 cm above the pulmonary valve) 
in order to avoid any kinking of the pulmonary artery after ana
stomosis. (Alternatively, llie recipient pulmonary artery ean be 
cut short, although this renders access to the anastomotic site 
slightly more difficult.) We perform this anastomosis using a con
tinuous 5/0 polypropylene suture (Figure 8). 

Anastomosis of aortae 

The aortae are trimmed to the required lengtli and anastomosed 
using a running suture of 4/0 polypropylene (Figure 8). (This 
anastomosis can be performed before the pulmonary artery ana
stomosis if it is desired to reduce graft ischemic time.) 

De-airing of the lieart 

As all «.ai,ities have (".ecu opcticd, tit~airing ui the tianspLmted 
he irt letnains cnttijl, - \ r needles shnidd be placed after llie S\'C 
jnJ IVC ^n3lc^ aic leleased and ventilation is leIn^tltutcd elm 
rtH'ii loutme ib t.» pline an aii needie. ^i ' inio ilw jo^f nt the left 
ainiim. ibi ji the ap^v 'A 'h^ Icn vcntuwlc, and ici mto the tis-
teridiiik' ai'ita A pad is plated posterioi ic the Icb icnttn'lc, elc 
uit.ng the apex upwards to allow air tu escape. Only then n !lie 
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Figure 8 The pulmonary arteries have been anastomosed. The aortic anasto
mosis is beginning. 

aortic cross-clamp released to allow reperfiision of the heart. 
When the heiirt either deibrillates spontaneously or is electrically 
defibrillated, both aortic and left ventricular needles are placed on 
suction for a few minutes to expel all air Ixoni the left side of the 
heart and to avoid distension. 

Routinely, we initiate an isoproterenol infusion (at a dose of 
0.05 fig kg^' min^') at 10 inin before unclamping the aorta. 
Pacemaker wires are routinely applied (even when the 
heart resumes sinus rhythm) to both ventricles and both atria, 
to allow sequential atrioventricular pacing if required (to 
preveot loss of atrial contraction if alrioventricular block 
occurs). 

Dlscontinyation of pump-oxygenator support 

The protocol for this part of the operation varies considerably 
between centers. As an example our own preference will be out^ 
lined. Both left and right ventricular function are monitored rou
tinely by transesophageal echocardiography (TEE). After 
discontinuation of cardiopulmonary bypass we aim for a systolic 
blood pressure >100 mmHg, a heart rate <12C)/min, and a non-
distended right ventricle (as judged by TEE). If hemodynamic 
status Is compromised, pump^oxygenator support is resumed 
while pharmacologic adjustments are made (by increasing isopro
terenol and adding epinephrine if necessary). When the right ven
tricle is distended, with or without pulmonary hypertension, we 
routinely use inhaled nitric oxide lo assist in weaning from car
diopulmonary bypass. 

Completion of operation 

All suture lines are checked for bleeding, and extra sutures placed 
if required. (Access to the pulmonary venous anastomoses is 
poor.) The air needles are removed and the sites oversewn, if 
necessary. A metallic clip is placed at the margin of the apex of 
the right ventricle (just to the right of the left descending cor
onary artery) to assist in the performance of endomyocardial 
biopsy post-transplantation. The aortic and venous eannulac arc 
removed. Protamine sulfate is administered. The pericardial 
cavity is drained using apical and basal drains. The sternum is 
closed. 

COiVliVIENT 

The total technique can be considered an anatomical heart re
placement. If care i.s taken when pciforming the SVC anastomosis 
to avoid a purse-string effect, the incidence of ,SVC stenosis is 
negligible. At our own center this operation has now been per
formed for many years with no incidence of SVC stenosis. 
However, the total technique is only an alternative to the standard 
technique, which has shown its efficacy for 30 years. 
Furthermore, the total approach is technically more demanding 
than the standard approach and, in general, takes rather longer to 
perform*'. Others have modified the total approach, utilizing, for 
example, a single cuff of recipient left atrium incorporating all 
four pulmonary veins'-*. 

The bicaval anastomosis allows maintenance of the integrity of 
atrial conducting pathways, improving the likelihood of obtaining 
sinus rhythm, which is important for good early hemodynamics. 
A significant decrease in arrhythmias with improved atrial func
tion has been shown after the bicaval technique^*'. The incidence 
of tricuspid regurgitation, and even of mrtral regurgitation, is also 
reported to be lower than with the standard approach*-"*' '^. Early 
or late hemodynamic superiority, however, cannot yet be demon
strated conclusively, as many different factors (e.g. ischemic 
time, pulmonary vascular resistance, body surface area mismatch, 
etc.) play a role. Both exercise duration and exercise capacity, 
however, have been demonstrated to be improved in one study'", 
and a higher cardiac index documented in the early postoperative 
period in another'. 

The introduction of TEE as a routine form of monitoring is 
fairly recent. It has been utilized by Angermann et alP to demon
strate imperfections of the standard OHT technique. The follow
ing obser\'ations were made: (a) the atrial suture lines protrude 
into the respective atria, increasing the risk of thrombus fomiation 
(which proved more frequent than anticipated); (b) the presence 
of large recipient atrial remnants results in an abnormally large 
atrial volume (with an anteroposterior diameter up to twice the 
normal size); (c) the synchronous contractions between the recipi
ent and donor atria lead to (i) pseudoaneurysmal behavior of the 
recipient atria and (ii) asynchronous opening and closing of both 
mitral and tricuspid valves. 
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26 
Immediate Postoperative Care and Potential 
Complications 
D.K.C. COOPER AND N.M. LIDSKY 

IMMEDIATE POSTOPERATIVE CARE 

The immediate postoperative care of a patient who has undergone 
heart transplantation, whether it be orthotopic or heterotopic, is 
similar to that of any patient who has undergone open-heart 
surgery. Precautions need to be taken, however, to minimize the 
risk of infection, and in general in the first few postoperative days 
there is greater concern over potential pump dysfunction and 
chronotropic inadequacy when compared with other cardiac 
surgical procedures. Maintenance immunosuppressive therapy is 
begun immediately before the operation and is continued 
afterwards. 

Patient monitoring 

The patient will return from the operating room intubated and 
ventilated with a volume-cycled ventilator capable of providing 
intermittent mandatory ventilation and positive end-expiratory 
pressure. In-situ arterial and central venous (CVP) cannulae allow 
monitoring of pressures, and other intravenous lines allow re
placement of blood and fluid, as well as administration of vasoac
tive drugs if necessary. A urinary catheter and electrocardiogram 
(ECG) electrodes are also in position. A central temperature 
probe (blood, bladder or rectal) may be in situ. Drainage catheters 
will drain both the pericardial cavity and the anterior medi
astinum. If either or both pleural cavities have been opened, it is 
preferable to drain these cavities independently. 

A Swan-Ganz catheter to monitor cardiac output and pul
monary capillary 'wedge' pressure (or an oximetric catheter to 
give additional continuous information on the systemic venous 
oxygen - SVO2) is an advantage, but not essential. Following or
thotopic transplantation, if donor heart function is clearly satisfac
tory, we do not feel that measurements of left heart pressures or 
cardiac output are necessary. Such observations may be essential, 
however, if donor heart function is poor, or there is significant 
pulmonary vascular disease. The complex anatomy of heterotopic 
heart transplants renders measurement of cardiac output difficult, 
but information gained on pulmonary artery and 'wedge' pres
sures may prove valuable. 

The nursing staff will monitor (either continuously or at fre
quent intervals) all vital signs, which will include arterial and 
central venous pressures, heart rate(s), peripheral pulses, tempera
ture, respiratory rate and ventilator parameters. They will also 
keep careful records of blood loss from the drains, urinary output, 
and blood, plasma, and fluid input. Measurement of arterial blood 
gases, serum electrolyte levels (particularly potassium) and blood 
glucose will be carried out at intervals as in any patient who has 
undergone open-heart surgery, and appropriate steps taken to 
maintain these parameters within the normal ranges. 

Most centers involved in heart transplantation consider it an ad
vantage to extubate the patient as soon as possible, to minimize 
the risk of pulmonary infection and barotrauma. It is argued that 
the presence of an indwelling endotracheal tube, which prevents 
the normal cough reflex and mucociliary tracheal clearance, and 
provides a conduit for entry of microorganisms is, together with 
the intermittent introduction of tracheal suction catheters, a major 
factor that predisposes to infection. Extubation should be carried 
out as soon as the patient is awake enough to cooperate with the 
nursing and physiotherapy personnel, and can cough when re
quested, as long as his or her hemodynamic state is satisfactory. 
This typically occurs within 24 hours of admission to the 
intensive-care unit, and sometimes almost immediately. The para
meters and guidelines for weaning from the ventilator and extuba
tion are the same as for any patient who has undergone open-heart 
surgery. These criteria are standard, and include: (a) acceptable 
gas exchange on an FjOj <5()% with PEEP <5 cmHjO; (b) normal 
pH and fC02 during a trial of spontaneous respiration (i.e. CPAP 
with or without low levels of pressure support); and (c) no signs 
of excessive work of breathing, such as tachypnea, tachycardia, or 
use of accessory muscles. Early postoperative pulmonary infec
tions may occur in patients in whom, for one reason or another, 
there has been a delay in extubation until 48 hours have elapsed, 
but fortunately remain relatively uncommon. There is, however, a 
higher risk of pulmonary infection should the patient require ven
tilation beyond this time. 

Chest drains are removed when there is no risk of further 
bleeding and, in heterotopic heart transplant patients, in the 
absence of a right pneumothorax or significant pleural effusion. 
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Removal can generally be carried out within 48 hours, but we 
have experienced no complications from leaving the drains in 
longer, if indicated. 

Initially, chest radiographs are taken daily until the chest drains 
have been removed and the patient is being mobilized, and then at 
less frequent intervals (unless otherwise indicated) to augment the 
clinical examination of the chest. The radiographs are taken pri
marily to confirm bilateral lung re-expansion and absence of 
pleural effusion, particularly after heterotopic transplantation, and 
also to exclude the presence of areas of consolidation that might 
suggest infection. The proper position of central venous or 
Swan-Ganz catheters needs radiographic confirmation. 

Precautions to prevent infection 

Meticulous attention to sterility is required by the nursing staff 
for all procedures affecting the patient. All personnel attending 
the patient should wash their hands on entering the room. At most 
centers, however, it is no longer felt necessary for personnel to 
wear face masks when attending the patient. Staff with obvious 
infection should not be involved in the care of heavily immune-
suppressed patients, and nursing staff should ideally not be caring 
for two patients if one of them has a significant infection, for fear 
of cross-infecting the other patient. 

It is used to be our policy to send several specimens each day 
for laboratory study to monitor possible early infection. Tracheal 
aspirate or sputum, blood, urine and swabs from the throat and 
from around the various drains and cannulae were sent daily for 
the first few days for culture to exclude significant bacterial 
growth. Urine and throat swabs (or gargle culture media) were 
sent for virological studies. Blood cytomegalovirus titers were es
timated weekly. This intensive monitoring for infection was not 
found to be cost-effective, and has been discontinued. Specimens 
are sent now only when clinically indicated. 

The patient should preferably be nursed in a clean-air environ
ment. The number of hospital personnel entering the room should 
be kept to a minimum, and at this stage only close relatives 
should be permitted to visit the patient. We no longer believe that 
it is essential for personnel to change into operating-room gar
ments or cover their outer clothing with a clean surgical gown, 
but frequent handwashing is essential. If blood is required for 
transfusion, it should ideally be CMV-negative, leukocyte-poor, 
and irradiated to reduce the risk of transfer of CMV. 

All arterial and intravenous cannulae are removed as soon as 
possible, to reduce the risk of introducing infection into the blood 
either through or alongside the cannulae. A CVP line can be kept 
in situ for several weeks, if require, in patients who require such a 
line for any purpose, such as the daily intravenous administration 
of antithymocyte globulin, but meticulous care of the skin entry 
site must be maintained. The surrounding skin should be cleaned 
with iodine or other effective antiseptic, and a new sterile dress
ing applied daily or on alternate days. The literature concerning 
routine (e.g. weekly) elective prophylactic replacement of central 
venous catheters is inconclusive as to whether it has a beneficial 
influence on the rate of infection. We are, however, aggressive in 
monitoring for any clinical features of infection associated with 
the presence of a venous cannula, whether these are local (at the 
site of infection) or .systemic (e.g. when there are positive blood 
cultures or fever of uncertain origin). If infection is suspected, a 

new cannula should be inserted in an alternative site. The tips of 
all removed cannulae should be sent for microbiological culture. 

The sternal wound dressing should be changed daily and the 
wound inspected for signs of infection, 

Respiratory therapy and physical rehabilitation 

To ensure early re-expansion of the lungs, and to keep the 
airways clear of secretions, respiratory therapy is commenced 
within 6 hours of operation (as long as the patient is 
hemodynamically stable), and continued every 4—6 hours for the 
first 1-2 days, and then as often as necessary until the patient is 
fully mobilized, at which time it may be reduced or discontinued 
altogether. In the event of hemodynamic instability, initiation of 
respiratory therapy should be delayed or at least modified. In the 
intubated patient, respiratory therapy takes the form of vibration 
of the thoracic cage, postural drainage, and hyperinflation of the 
lungs by manual Ambu bagging to expand the lungs and loosen 
secretions, followed by tracheobronchial suction. In addition, it is 
advantageous to utilize 3-5 cmHjO PEEP to prevent lung de-
recruitment, as this amount of PEEP represents the equivalent of 
'physiologic PEEP' in the non-intubated state. A mucolytic agent 
may be injected into the airways of patients with viscid secre
tions, as well as bronchodilators when indicated. 

After extubation, the nursing staff should encourage incentive 
spirometry and assisted coughing every hour when the patient is 
awake. If the effort on incentive spirometry is poor or marginal 
(generally <75-1000 ml per effort in an average-sized individ
ual), IPPB therapy can be prescribed until respiratory muscle 
strength improves or other contributory factors, such as chest wall 
pain, are adequately addressed. In some extubated patients, use 
of CPAP or BiPAP, followed by assisted expectoration, may be 
indicated to prevent atelectasis and to keep the airways free from 
excessive secretions. 

Within 24 hours of operation, if the patient is hemodynamically 
stable, passive muscular exercises are introduced, particularly to 
the legs to prevent deep-vein thrombosis and to strengthen the 
musculature. Active exercises, such as straight-leg raising, are in
troduced as soon as the patient can cooperate. As soon as pos
sible, usually within 48 hours, the patient should be assisted to sit 
and stand out of bed at intervals of a few hours, and encouraged 
to become fully mobile over the next few days. 

These patients have frequently been relatively inactive, or even 
bedridden, for some weeks or months before transplantation due 
to their underlying myocardial failure. Their muscles may have 
become weak and atrophied. Furthermore, the corticosteroids 
given to prevent rejection, particularly if given in large doses, 
contribute in most patients to a further wasting of the mu.sculature 
that is so extreme in some to warrant the description of 'steroid 
myopathy'. A similar form of myopathy is believed to occur in 
hypomagnesemic patients receiving cyclosporin. Frequent and 
regular attention is therefore required from the cardiac rehabilita
tion staff if this muscle wasting is to be kept to a minimum and 
eventually reversed. 

Each patient is prescribed a program of exercises which he or 
she is expected to perform frequently (e.g. every 2 hours) 
throughout the waking hours. This exercise program especially 
concentrates on strengthening the legs. Walking is probably the 
best exercise at this stage, but is frequently restricted by the pres-

222 



POSTOPERATIVE CARE AND COMPLICATIONS 

ence of monitoring leads and intravenous infusions. Static 
dynamic bicycle riding is a good alternative, and is generally 
begun under the therapist's supervision within the first 3 or 4 
days, as long as the patient's general condition does not con-
traindicate this more vigorous form of exercise. Initially, the 
bicycle workload is set low, and the period of time the patient 
spends on it restricted to 2 minutes, but both factors are steadily 
increased as the patient's recovery continues. Bicycle riding is 
ideally carried out four times each day, and the period of exercise 
increased up to 15 minutes per session. 

During a moderate acute rejection episode, when the myo
cardium is edematous and undergoing cellular infiltration and 
myofiber injury, we believe it is only sensible to restrict the exer
cise of the patient in an effort to minimize permanent myocardial 
damage and potentially dangerous dysrhythmias. Vigorous exer
cise, such as bicycle riding, should be omitted, though gentle ex
ercise and walking may continue. When rejection is severe, 
particularly if it is causing hemodynamic instability, then bedrest 
is mandatory. 

Fluid balance and dietary guidance 

Once the initial post-cardiopulmonary bypass diuresis is com
pleted, it is easy for the patient to become overloaded with fluid, 
leading to increased right and left heart pressures, which can lead 
to graft dysfunction, and peripheral and pulmonary edema. This 
can result from the relatively large number of intravenous 
infusions and drugs that are required, and can be exacerbated by 
the patient's usual thirst (and desire to quench it) that occurs after 
extubation. The use of loop diuretics may be necessary to nor
malize volume status; intermittent intravenous boluses of 
furosemide, bumetanide, and/or ethacrynic acid usually suffice. 
Hemodynamic status should be monitored carefully during such 
therapy. 

A balance has to be sought between ensuring that the patient 
does not become overloaded (which might lead to right heart dys
function) and yet does not become hypovolemic (which might ex
acerbate the renal dysfunction that is commonly seen in patients 
who have been in cardiac failure pretransplant and who are re
ceiving cyclosporin). 

In the early postoperative period the diet should be fairly 
liberal, although salt intake should be restricted. Once the patient 
is eating satisfactorily, attention should be paid to ensuring 
that he or she receives a low-fat, low-cholesterol diet (Chapter 
16). 

Prevention of psychological isolation and boredom 

It is rare today for a patient to require isolation in an intensive-
care unit for more than a few days, but should the patient need 
physical isolation for longer, it is important to prevent boredom 
by providing such facilities as television and/or video, which the 
patient may make use of if he/she feels inclined. The occupational 
therapist may play an important role at this stage. The medical 
and nursing teams must watch for symptoms or signs of depres
sion, as this can occur in this patient population and may occa
sionally be severe enough to require specific psychotherapy 
and/or pharmacologic intervention. 

DRUG THERAPY OTHER THAN IMMUNOSUPRESSION 

Infection prophylaxis 

Prolonged prophylactic antibiotic therapy is to be avoided in the 
immunosuppressed patient, as there is a greater risk of this 
leading to the growth of resistant bacteria or fungi. Patients 
should receive a suitable antibiotic (e.g. a cephalosporin) at the 
time of induction of anesthesia, with further doses after operation 
to cover the first 24 hours. Further antibiotics should be given 
only when signs of clinical infection are present, and when the 
causative organism has been identified, if this proves possible. 

Nystatin mouthwash ("swish and swallow") is given after meals 
and at night to prevent oral or esophageal Candida infection. 
Trimethoprim sulfamethoxazole (Bactrim) is begun within a few 
days as prophylaxis against Pneumocystis carinii infection. 
Bactrim prophylaxis has virtually eradicated this life-threatening 
infection. 

Cytomegalovirus infection remains the most frequent post-
transplant infection, though it usually does not develop during the 
first post-transplant month. Prophylaxis is generally considered to 
be beneficial, either by preventing the infection or by delaying its 
time of onset and its severity. The ideal prophylactic regimen has 
not yet been determined, but intravenous ganciclovir, oral acy
clovir, and intravenous immunoglobulins are all advocated by dif
ferent groups. Many various combinations of these options have 
been adopted, and there is no general agreement on the optimum 
regimen. The CMV status of donor and recipient may be impor
tant in the liming and specific nature of the anti-CMV prophylac
tic regimen chosen (Chapters 32 and 57). 

Our own policy has been to initiate oral acyclovir therapy 
(800 mg t.i.d. or q.i.d., depending on the size of the patient) 
before the patient leaves hospital, and to continue this for 
3 months. This is combined with intravenous administration of 
commercially available immunoglobulin (500 mg/kg) or CMV 
hyperimmune globulin (150 mg/kg) on two occasions on post-
transplant days 7 and 35. In patients deemed to be at high risk, for 
example those who have received excessive immunosuppressive 
therapy for acute rejection episodes, we prefer a 2-3-week course 
of intravenous ganciclovir as prophylaxis, which can be continued 
orally (or switched to oral acyclovir) for 3 months. The doses of 
both acyclovir and ganciclovir need to be adjusted in patients 
with impairment of renal function. This important topic is 
discussed more fully in Chapters 11, 32 and 57. 

Vasoactive drug therapy 

If inotropic support is indicated, isoproterenol hydrochloride has 
the advantage of increasing donor heart rate, which is considered 
desirable as the transplanted heart depends significantly on an in
crease in heart rate to increase cardiac output in the early postop
erative period. When cardiac function is poor, additional inotropic 
agents (e.g. dopamine or dobutamine) may be required or ex
changed for isoproterenol. Epinephrine may be life-saving in oc
casional cases. Phenylephrine hydrochloride by continuous 
intravenous infusion in low doses (<2.0 ixg kg ' min ' per hour) is 
frequently beneficial in increasing peripheral vasomotor tone 
sufficiently to maintain an adequate blood pressure, without being 
detrimental to the blood flow to such essential organs as the 
kidney. Higher infusion rates, however, should be avoided. 
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With the exception of isoproterenol therapy being administered 
for its chronotropic effect only, if multiple agents are required for 
more than brief periods, we advocate the insertion of a 
Swan-Ganz catheter for meticulous hemodynamic monitoring, 
with the aim of using the least toxic regimen that will normalize 
the circulatory status. The technology is now available to continu
ously monitor cardiac output, cardiac index, stroke volume, right 
ventricular ejection fraction, systemic and pulmonary vascular re
sistances, and systemic venous oxygen (SVOj). The principal pa
rameters indicating potential inadequacy of vital organ perfusion 
are cardiac output, arterial blood pressure, and SVOj, and these 
are supplemented by physical and laboratory measures, such as 
urine output, mental status, capillary refill and serum lactate level. 

The stimulatory effect of calcium on the myocardium should 
not be ignored, and the intravenous administration of 500-1000 
mg of calcium chloride or gluconate not only increases myocar
dial contractility (and blood pressure) but may also improve con
duction, particularly in cases of heart block or bradycardia, as 
well as possibly enhance peripheral vasomotor tone in cases of 
systemic hypotension. 

Intravenous vasodilator therapy with, for example, sodium ni-
troprusside or nitroglycerine, may be indicated in the early post
operative period to reduce afterload, as in any patient who has 
undergone open-heart surgery. Other agents that can be adminis
tered intermittently in less urgent situations include intravenous 
hydralazine and nicardipine. 

Cyclosporine therapy may result in hypertension, though it is 
relatively unusual for this to be a problem within the initial few 
postoperative days. Nifedipine (10 mg given sublingually) is 
usually effective in normalizing the blood pressure rapidly, and 
frequently in maintaining it at a desirable level for several hours, 
if hypertension becomes dangerously high. If the patient is ab
sorbing drugs through the gastrointestinal tract, nifedipine (begin
ning at 10 mg every 8 hours) or other suitable antihypertensive 
therapy is generally effective in controlling hypertension continu
ously and, in our experience, is often as.sociated with an increase 
in diuresis, presumably through a vasodilatory effect on the renal 
arteries. 

The role of prostaglandins (eicosanoids) in the treatment of 
pathophysiologic states of the cardiovascular system is being in
creasingly investigated. Their metabolism, physiology, and phar
macology in relation to the cardiovascular system have been 
reviewed'. If severe right heart failure is present after orthotopic 
transplantation, and if this failure is secondary to a high PVR, 
prostaglandin El (PGEl) has been shown to have a beneficial 
effect, often dramatic, when given through a central venous 
catheter-' (Chapter 20). PGEl can be administered as an infusion 
of 500 /xg in 100 ml of normal saline at a rate sufficient to bring 
about a reduction in systemic pressure, which is usually within 
the range of 0.1-0.4 mg/kg per minute. The patient .should also be 
receiving 100% inspired oxygen. Pulmonary hypertension is re
lieved in large part by the vasodilating properties of the drug. 
Theoretically, 95% of injected prostaglandins is extracted by the 
lungs in a single pass through the pulmonary circulation'', so that 
systemic hypotension requiring high-dose vasopressors can 
usually be avoided. PGEl inhibits the release of thromboxane, a 
potent vasoconstrictor and potentiator of platelet aggregation', 
and has several other effects which make it of value in this situa
tion''. If PGEl is to be used, the insertion of a Swan-Ganz 

catheter is essential. (Prostacyclin (PGI2) may prove to be more 
valuable for right ventricular failure, but in the USA is still at this 
time undergoing FDA investigation.) 

It has long been known that plasma free triiodothyronine (T,) is 
reduced in patients on cardiopulmonary bypass^-'. Laboratory and 
clinical research increasingly indicates an inotropic effect of T, 
following a period of myocardial ischemia on cardiopulmonary 
bypass'''". Although this form of therapy remains highly contro
versial, it should be considered after heart transplantation if all 
other therapy (short of the placement of a mechanical assist 
device) appears to be failing. An initial dose of 0.1-0.2 /xg/kg is 
usually sufficient, with further doses of 0.1 /xg/kg at 4- or 8-
hourly intervals, depending on hemodynamic response, for 24 
hours. 

If vasoactive drug therapy fails to support either right or left 
heart circulations, then some form of mechanical assistance will 
be required. This may take the form of an intra-aortic balloon 
pump in patients with predominant left ventricular failure, or a 
mechanical assist device for either left or right ventricular failure. 
Our general philosophy is to institute such mechanical therapies 
early, in order to prevent a deteriorating cascade of further ven
tricular overload and enlargement which leads to worsening pump 
function. If a period of such support is unsuccessful in allowing 
donor heart recovery, then reiransplantation may be the only re
maining alternative. 

Pain relief and sedation 

Large doses of morphine and other central nervous system or res
piratory depressant drugs should be avoided. Fortunately, median 
sternotomy is not associated with a great deal of pain, and small 
doses of morphine (1-2 mg i.v.) or similar analgesic (e.g. 
buprenophine 0.1-0.2 mg i.v.) are usually all that is required to 
keep the patient comfortable. Such doses rarely cause significant 
respiratory or hemodynamic depression. Fentanyl, given continu
ously as an intravenous infusion or as intermittent boluses, has 
gained increasing popularity. Rarely, a morphine sulfate patient-
controlled analgesic pump may be required. Non-steroidal anti
inflammatory agents should generally be avoided because of the 
increased risk of gastric irritation and bleeding. 

After extubation, adequate pain relief or, preferably, pain 
avoidance is essential if the patient is to be encouraged to cough 
adequately to prevent secretion accumulation in his/her airways. 
It is unusual, however, for a patient to require more than the 
above doses of analgesia and, in many, mild oral analgesics may 
suffice. 

Anxiety may be a problem in some patients, particularly while 
still intubated. Small doses of diazepam (1-2 mg) or similar 
relaxant, given intravenously, should be administered when 
necessary. Midazolam and lorazepam are good alternatives. 

Dysrhythmias 

Complete atrioventricular (AV) dissociation (third-degree heart 
block) is not uncommon in the immediate post-transplant period. 
Data suggest that approximately one patient in 10 will demon
strate a prolonged period of heart block. Pacing wires should 
therefore be inserted into the right ventricular myocardium in 
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every patient at the time of surgery, and should be tested in the 
operating room. In those with AV dissociation, pacing should be 
continued until the heart recovers. As heart block can clearly be 
life-threatening in such patients, two myocardial pacing wires 
should be inserted and one non-active wire should be inserted in 
the skin. In the event that one myocardial wire becomes ineffec
tive, for whatever reason, the second wire may prevent a catastro
phe. It is essential to test the pacemaker's efficiency in the 
operating room and to ensure that the wires and box are well pro
tected when the patient is moved from the operating room to 
the recovery room, or from the recovery room to the intensive-
care unit. 

The continuous infusion of intravenous isoproterenol may 
diminish the period of time that the patient is pacemaker 
dependent. Once a spontaneous rapid rate has been achieved, then 
the pacemaker should be set on demand on a low rate (e.g. 
60-80/min) in case heart block recurs. 

There have been reports that the oral administration of slow-
release theophylline may stimulate a change from block to sinus 
rhythm in some patients. The recommended oral dose is 150 mg 
every 12 h, and this dose should be titrated to keep the heart rate 
above 90 beats/min for at least 24 h. At that time the dose can be 
weaned slowly, and discontinued if the heart rate stays above 
80-90 beats/min. A usual dose of 150-300 mg every 12 h is re
quired. Rarely, dosing every 8 h is required. Theophylline levels 
should be measured throughout this therapy, and should be main
tained between 10 and 15 /xg/ml. 

This therapy should be used with some caution, however, as 
potential complications of theophylline include seizures, interac
tion with H2 blockers, and tachycardia. These complications can 
generally be avoided if the blood levels are measured at fairly fre
quent intervals and maintained within the desired levels. 
However, even at these levels some patients complain of a feeling 
of nervousness and anxiety, and occasionally the drug cannot be 
tolerated for these reasons. 

In our experience theophylline has occasionally appeared to 
stimulate an increase in heart rate, but not invariably so. If com
plete AV dissociation continues for more than 3-4 days despite 
isoproterenol and/or theophylline therapy, or a marked bradycar
dia (heart rate <50/min) persists when isoproterenol is discon
tinued, despite theophylline therapy, it has usually been our 
policy to proceed to insertion of a permanent pacemaker. This is 
done partly to ensure the safety of the patient, as temporary pace
maker wires always place the patient at some risk through detach
ment. Furthermore, if the patient's discharge home is delayed 
purely because of continuing bradycardia or pacemaker-
dependence, then we have found it more cost-effective to insert a 
pacemaker at an early stage, allowing the patient to be discharged 
home 24 h later. 

In the majority of these patients the heart rate subsequently in
creases, and they no longer become pacemaker dependent. 
However, the incidence of a return of heart block in the future or 
temporary bradydysrhythmias is uncertain, and we believe it 
places the patient at less risk if a permanent pacemaker has been 
inserted in such cases. 

Serious rhythm disturbances are relatively common in donor 
hearts that have suffered damage from prolonged ischemia during 
implantation. Following heterotopic heart transplantation, dys
rhythmias of the recipient heart may occur, though these can often 

be ignored, unless they lead to hemodynamic embarrassment of 
the donor heart, which is rare. 

When prescribing therapy, it should be remembered that the re
sponse of the denervated donor heart to therapeutic agents that 
have an effect in correcting dysrhythmias may differ from that of 
an innervated heart (Chapter 27). Calcium antagonists, such as 
verapamil hydrochloride, and beta-blocking agents have a greater 
effect on the denervated heart than on the innervated heart, 
whereas the donor heart is less sensitive to some other drugs - for 
example, digoxin. 

Fluid retention 
Diuretic therapy is almost always necessary during the first few 
postoperative days, particularly in patients who were in severe 
cardiac failure (and fluid overloaded) before operation. The fluid-
retention effect of corticosteroids is a factor in many patients. A 
temporary loss of right and/or left ventricular compliance imme
diately after transplantation also leads to raised jugular and/or 
pulmonary venous pressures, which in turn may result in periph
eral and pulmonary edema. 

There is usually a good initial diuresis as the patient excretes 
the 5% dextrose cardiopulmonary bypass machine prime given at 
the time of surgery. This frequently continues for several hours. If 
the immediate post-cardiopulmonary bypass diuresis is poor, con
sideration should be given to its cause. If the patient is hypoten
sive or hypovolemic, then these factors should be corrected by 
increased inotropic therapy and/or phenylephrine infusion and/or 
fluid or blood infusion. However, a diuretic such as furosemide or 
bumetanide is frequently necessary. A relatively large dose may 
be required in patients who have been taking large and frequent 
doses pretransplant. Mannitol (50 g i.v. given rapidly as a bolus) 
is frequently helpful in resistant cases, although care has to be 
taken in patients who are already hypervolemic, as pulmonary 
edema can be induced. Ethacrynic acid is also frequently success
ful in patients in whom furosemide fails. Intravenous diuretic 
therapy is clearly preferable in the early post-transplant period 
when gastrointestinal absorption is poor, and when a rapid re
sponse is required. Occasionally, we utilize a continuous intra
venous infusion of furosemide, as the resulting diuresis is reliable, 
titratable, and more dose-effective. This is desirable in patients 
with marginal hemodynamics. Oral diuretic therapy can be initi
ated later if necessary. Some centers advocate "renal dose" 
dopamine infusion at 0.5-2.0 /Ag/kg per minute. 

Cyclosporin (CsA), particularly if given intravenously, may oc
casionally be associated with an acute oliguria, which may 
respond to diuretic therapy, though in addition, reduction in the 
CsA dosage (or even omission of this drug) may be required for a 
period of time. It may be difficult to distinguish between oliguria 
from CsA toxicity and acute tubular necrosis from other causes. 
Measurements of CsA levels are clearly helpful in differentiating 
these conditions. Additionally, CsA is sometimes associated with 
a relative mineralocorticoid deficiency, which can lead to hypona
tremia and hyperkalemia. These abnormalities are not usually 
severe, and generally require no specific therapy; however, when 
necessary, they can be treated with drugs such as fludrocortisone 
acetate. 
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Prevention of peptic ulceration 

Patients undergoing major surgical procedures and receiving cor
ticosteroids are clearly at risk of developing peptic ulceration. An 
H2 antagonist or antacid is begun immediately after operation to 
help prevent gastric erosion or stress ulcer, and should be con
tinued at least during the first 3 months after transplantation, by 
which time steroid dosage should have been substantially 
reduced. More powerful agents, such as omeprazole, may be indi
cated in patients deemed to be at high risk (e.g. judging by pre
vious history), or in those who develop any features of peptic 
ulceration (e.g. falling hemoglobin associated with stool positive 
for blood). Therapy should be continued in those considered at 
high risk until steroids have been discontinued or at least reduced 
to a low maintenance level (e.g. <0.1 mg/kg per day). 
(Occasionally, endoscopy is required to locate the source of upper 
gastrointestinal tract bleeding.) 

seem well tolerated, and rarely cause problems when given to pa
tients also receiving CSA. 

Whether such cholesterol-lowering therapy slows the develop
ment of graft arteriosclerosis remains in doubt, and is discussed 
further in Chapter 35. 

Antituberculous therapy 

Long-term antituberculous therapy is essential in patients who 
have contracted this disease in the past. In patients with features 
on chest radiographs of previous tuberculosis infection it has 
become our policy to administer isoniazid for at least the first 6 
months as prophylaxis against recurrence. As with other drugs 
that are not critical during the first few days, it is probably wise to 
withhold this drug until the patient's hemodynamic, renal and 
hepatic status is good. 

Anticoagulation 

Full anticoagulation is unnecessary in patients with orthotopic 
heart transplants unless there are other specific indications. Some 
groups prescribe an anti-platelet agent for the first 6 weeks, and 
others continue such agents indefinitely in the hope of delaying or 
preventing the development of graft vasculopathy (chronic rejec
tion) (Chapter 35). Aspirin therapy should ideally be avoided in 
the early post-transplant period, for fear of inducing peptic ulcera
tion and bleeding complications. 

In over 200 consecutive heart transplants at our center we have 
documented one small cerebral embolus (presumably from throm
bus developing on the left atrial suture line) which fortunately re
solved rapidly and resulted in no permanent neurological deficit. 
This patient was subsequently anticoagulated for 6 months. The 
need to aniicoagulate all patients with heterotopic heart trans
plants is discussed in Chapter 37. 

Prevention of graft vasculopathy (chronic rejection) 

It is generally considered that a diet low in lipids may reduce 
the rate of progression of chronic rejection (accelerated graft 
arteriosclerosis), particularly in patients with hyperlipidemia 
(Chapter 35). This diet should be initiated as soon as practicable 
in the postoperative period (Chapter 16). 

Hypercholesterolemia 

In patients with underlying ischemic heart disea.se who are known 
to be hypercholesterolemic, therapy with a cholesterol-reducing 
agent may reduce the rate of progress of atheroma in peripheral 
vessels. It is rarely indicated to begin this therapy in the early 
postoperative period, and generally it would seem wise not to add 
non-essential drugs until the patient is successfully through the 
critical initial month or so after transplantation. 

Some of the newer agents, such as lovastatin, however, should 
be used with caution, in view of the risk of rhabdomyolysis which 
has been reported when they have been used in association with 
CsA" ' - . Dosages of lovastatin of up to 40 mg/day, however. 

Mineral replacement therapy 

Many patients who undergo heart transplantation have o.steoporo-
sis induced by inactivity and diuretic therapy. Further bone 
loss may occur from corticosteroid therapy. An attempt 
should be made to prevent or reduce such loss by dietary supple
ments of calcium, possibly given in association with vitamin D 
supplementation. 

CsA neurotoxicity is associated with a low serum magne
sium'^''*. Hypomagnesemia is common in heart transplant 
patients receiving CsA, and it is probably beneficial to administer 
dietary supplements of magnesium to all patients at least during 
the first several weeks or months. 

MAINTENANCE IMMUNOSUPPRESSIVE DRUG 
THERAPY 

Immunosuppressive drug therapy should be begun immediately 
pretransplant, and continued in the post-transplant period accord
ing to the protocol of the individual center. This topic is discussed 
in Chapter 8. 

EARLY POSTOPERATIVE COMPLICATIONS 

Any of the complications of open-heart surgery can, of course, 
occur following orthotopic or heterotopic heart transplantation. 
Technical complications are today fortunately rare. 

Hemorrhage 

Hemorrhage is a potential early complication that may occur fol
lowing the operation of either orthotopic or heterotopic transplan
tation. In both procedures there are long suture lines involving 
both low pressure venous systems and high pressure arterial 
systems. With care, however, postoperative bleeding should not 
be a major problem, though it is more likely to occur in patients 
who have undergone previous cardiac surgical procedures, and in 
those with coagulopathies, possibly associated with impairment 
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of hepatic function from long-standing right heart failure or from 
pretransplant anticoagulant therapy. 

Technical complications 

In the preparation of the donor heart for both orthotopic and 
heterotopic transplantation, care must be taken to avoid the region 
of the sinoatrial node. In heterotopic heart transplantation the re
cipient sinoatrial node must also be preserved. 

Inadequate surgical technique may lead to narrowing at anasto
motic suture lines, the pulmonary artery anastomosis possibly 
being the most vulnerable. 

Wound infection 

Wound infection is fortunately relatively rare after major cardiac 
surgery, including transplantation, but can, of course, be poten
tially disastrous in the immunosuppressed patient. Its treatment in 
the transplant patient follows the guidelines for any patient who 
has undergone open-heart surgery. 

Systemic and pulmonary emboli 

Patients with poorly functioning orthotopic heart transplants (e.g. 
from acute or chronic rejection) are at risk of developing ven
tricular thrombi, which may be embolized into the pulmonary or 
systemic circulations. Pulmonary emboli have also been reported 
arising from a residual recipient right atrial appendage following 
orthotopic transplantation'^; this appendage should be excised at 
operation. 

A fatal paradoxical cerebral embolus (via an unnoticed patent 
foramen ovale in the donor atrial septum) resulted from a deep-
vein thrombosis in one of the patients in the Cape Town 
experience; closure of a large patent foramen ovale in either 
donor or recipient atrial septum should therefore be carried out at 
operation. 

Complications of immunosuppressive therapy 

Both early and late complications of immunosuppressive therapy 
are discussed in Chapter 8. Complications such as acute tubular 
necrosis and bleeding peptic ulceration, that may occur after any 
major surgical procedure, may be even more problematic in pa
tients receiving drugs such as CsA and corticosteroids. 
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27 
Physiology and Pharmacology of the Transplanted 
Heart 
J.B. YOUNG 

INTRODUCTION 

Heart failure is an extraordinarily complicated milieu. However, 
at the center of the difficulty is substantive impairment of cardiac 
pump function. Though the heart failure syndrome is charac
terized by profound perturbation of hormonal, humoral, neuro
logic, and cytokine systems, the root difficulty is impaired cardiac 
filling, decreased forward blood flow with peripheral organ 
hypoperfusion, and structural remodeling (hypertrophy and 
chamber dilatation)'-'. Many diseases cause myocardial injury 
that can impair normal cardiac contraction and relaxation. 
Therapies today have focused largely on ameliorating background 
difficulties prompting cardiac injury, and a great number of treat
ments used today attempt to interdict effects on perturbed 
humoral systems'". However, it has become clear that attenuation 
of peripheral physiologic abnormalities engendered by advanced 
heart failure cannot, alone, dramatically alter prognosis''. 
Replacement of the malfunctioning pump is necessary to 
significantly change long-term outlook. 

Indeed, few things are more dramatic in medicine than observ
ing the functional improvement that occurs when patients with 
advanced heart failure or cardiogenic shock undergo successful 
heart transplantation (HTx) with reversal of the heart failure 
syndrome^. Time has proven that HTx affords substantial phy
siologic rehabilitation in patients with severe heart failure. 
Functional limitations directly related to hemodynamic 
abnormalities improve dramatically and often resolve completely. 
It is clear that, in the strictly selected patient, HTx is vastly 
superior to any other therapy available to improve functional 
capacity and prolong life. Still, it is important to understand 
that cardiac allografts do not function entirely normally, and 
exercise tolerance in transplant recipients is less than one might 
anticipate'*. Furthermore, because the transplanted heart 
represents a denervated organ system, response to many phar
macologic agents is not comparable to that noted in patients 
or individuals at large. It is important to understand the implica
tions of altered cardiac physiology after HTx, particularly its 
relation to exercise physiology and pharmacotherapeutic inter
vention. 

PHYSIOLOGY OF THE CARDIAC ALLOGRAFT 

Factors affecting cardiac allograft function 

Table 1 summarizes many factors which lead to alteration of 
cardiac allograft function. They include characteristic hemo
dynamic perturbations observed in HTx recipients, the important 
issue of afferent and efferent allograft denervation which persists 
after HTx, myocardial injury and maladaptation that can occur at 
the time of organ harvest, subsequent rejection injury, and pre
existing donor cardiac pathology. It is fair to say that all cardiac 
allografts are abnormal to some extent and, with time, deterior
ation occurs because of rejection, drug toxicity, the often-present 
hypertension, and allograft vasculopathy (chronic rejection). The 
slope of functional deterioration is determined by static effects 
such as denervation and donor/recipient body size mismatch at 
implant, as well as dynamic factors such as intensity, severity, 
and chronicity of rejection and hypertension. 

With respect to hemodynamic factors, one must remember that 
size of the donor, in relationship to size of the recipient, is 
extraordinarily important. Obviously, a heart geared to supplying 
output to an individual with a body surface area of 1.5 m- would 
behave differently when the demands of an individual of 2.5 m-
present. Both afferent and efferent cardiac receptors are elimi
nated when the native heart is extirpated. Interdiction of normal 
neurohumoral control affects the manner in which cardiac output 
is regulated. Myocardial injury due to inflammatory assault is a 
constant issue in HTx recipients. This, combined with baseline 
injury occurring during donor organ preservation and recovery, 
complicated by acute and chronic ischemia (which seems ever 
present in cardiac allografts because of allograft vasculopathy), 
coupled with ventricular hypertrophy (developing because of 
hypertension), can cause significant organ dysfunction. 

Insight gained from historic transplant paradigms 

Initial models of HTx gave great insight into the function of these 
allografts. Indeed, Mann et al.'^ prophesied in 1933 that cir
culatory physiology after HTx would be 'excellent" if the 'bio-
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Table 1 Factors afTecting function of the transplanted heart 

Hemodynamic ixsues 
Donor/recipienl atrial asynchrony 
Early p<istoperative restrictive physiology 
Late occult restrictive physiology 

Allograft Jenenation 
Afferent denervation 

Altered reflex control of peripheral vasocontraction/vasodilatalion 
Altered NaVH^O regulation via central-nervous-system-dependent 
vasopressin, renin, angiotensin, aldosterone secretion 
Absence of anginal syndroine during ischemia 

Efferent denervation 
Absent vagal nerve control 
Rapid heart rate at rest 
Attenuated heart rate response to exercise 

Hypersensitivity to circulating catecholamines 
Exaggerated response to acetylcholine 

Altered hormonal milieu 
ANP secretion enhanced 
Elevated exercise circulating catecholamines 
Increased circulating paracrine peptides (endothelin) 

Myocardial injury/maladaptation 
Organ preservation and recovery injury 
Intraoperative complications 
Rejection 
Ventricular hypertrophy 
Hypertension (increased ventricular wall stress) 
Allograft arleriopathy (ischemia) 

Donor-relaled issues 
Effect of brain death 
Donor/recipient size mismatch 
Age-related diastolic dysfunction 
Pre-existing arteriosclerosis 
Pre-existing hypertrophy 
Pre-existing myopathy 
Pre-existing structural heart disease 

McKlitied from rei. S, 

logic factors' that invariably caused organ detnise during experi
ments could be identified and controlled. Function of the trans
planted heart was known at that time to be impaired virtually 
immediately postimplantation. It is likely that cell and humoral 
rejection caused rapid organ demise with systolic and diastolic 
dysfunction. Autotransplantation models, however, to effect com
plete cardiac excision with subsequent reimplantation, demon
strated the impact of cardioplegia, ischemia, denervation, and 
technical difficulties on replacement of the hear t ' " ' ' . Indeed, 
these experiments were often performed to study the effects of 
innervation and denervation on the heart. 

Observations after autotransplantation included the fact that 
right and left heart filling pressures were elevated (even in the 
absence of other known difficulties), gradually returning to more 
normal levels with time'^ '̂ . Interestingly, exercise tolerance in 
canine paradigms of autotransplantation approached that of 
control animals during follow-up''". Autotransplantation models 
also demonstrated that total blood volumes increased sub
stantively compared with values obtained in control dogs"'". A 
blunted diuretic and natriuretic response to volume expansion was 
also shown in these denervated canine auto-heart-transplant 
preparations"'. It became apparent quite early that interruption of 
afferent neurocardiac innervation mediated, at least in part, cir
culatory system volume homeostasis. By interrupting the afferent 
neurotibers to the heart, a decrease in the opposition of sym
pathetic renal stimulation became apparent. This engendered a 
new volume steady state that subsequently translated into fluid 
retention with altered cardiac loading conditions''' " . We will 
subsequently detail these issues in huinan HTx, but it is apparent 
that the global circulatory milieu of cardiac allograft recipients is 
one of voluine expansion. Very important was the observation 
that denervation of the heart caused myocardial catecholamine 
levels to diminish quickly"*''' (as early as 1 week after auto
transplantation), and this likely leads to loss of feedback inhibi
tion of circulatory catecholamine increase. It is still important to 

remember that often transplanted dogs were able to exercise sub
stantially, and for long periods, despite their cardiac physiology 
derangements. 

Hemodynamics in human heart transplant recipients 

Despite the fact that cardiac allografts are usually functioning 
more normally than the organs they replaced, hemodynamic de
rangement, soinetimes extremely subtle, is generally apparent. 
Early reports of HTx in humans gave some insight into this, but 
these observations were confounded substantially by rejection. 
Initial studies-" suggested that cardiac output was generally de
pressed in the early postoperative days, and that high central 
venous pressure was essential to inaintain adequate flow. Atrial 
dynamics were quite abnormal-' '**, seemingly because of the 
mid-atrial anastomoses between donor and recipient hearts. This 
approach to allograft implantation allows varying portions of 
donor and recipient atria to be present, and the native atria do not 
contract synchronously with the allograft atria. Native sinus node 
electrical activity is not transmitted across the atrial suture line. 
Consequently, the normal atrial contribution to net stroke volume 
is generally less in the HTx patient than in normal subjects. 
Indeed, normally one would expect 15-20% of net stroke voluine 
to be contributed by atrial systole. This does not appear to be the 
case in HTx recipients. 

Recent reports suggest that improved left atrial transport and 
function can be achieved following orthotopic HTx by utilizing a 
bicaval and pulmonary venous anastomosis technique, the so-
called, 'total' orthotopic HTx (Chapter 25). Freimark et al. re
cently reported--' that HTx with this approach avoids the large 
atrial anastomoses of the standard biatrial implantation method. 
This group, utilizing Doppler echocardiographic techniques, sug
gested that greater ejection force and more normal atrial voluine 
transmission could be achieved with this surgical approach. 
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Indeed, left atrial dimensions in the bicaval model are much 
smaller than in the biatrial anastomosis group, and the atrial ejec
tion force is higher. 

Early reports summarizing hemodynamics after HTx-'' ' ' gen
erally noted that intracardiac pressures were normal at rest, but 
ventricular end-diastolic pressure increased rather dramatically 
during exercise. In fact, an evolutionary pattern of change in 
hemodynamics is characteristic of patients followed long term 
after HTx while receiving cyclosporine-based immunosup
pressive protocols-^"'". Again, complicating factors such as 
rejection and systemic hypertension have been emphasized in 
these reports. What has emerged is the fact that restrictive hemo
dynamic patterns are apparent early after HTx, but generally 
resolve within a short period of time (days or weeks)^"-". Despite 
the fact that the overt myocardial restrictive patterns disappear 
quickly, a subclinical and latent or 'occult' restrictive hemo
dynamic state persists. To observe this pattern, acute volume 
challenge is sometimes required™. A subtle abnormality is present 
in virtually every HTx recipient. The significance of this is not 
clear, but certainly it impacts on cardiac filling and likely con
tributes to biophysical remodeling. Persistently impaired ventricu
lar lining, that is significant and overt, late after HTx can be seen 
in 10-15% of patients, and has been related to substantive allo
graft rejection-^^'^l 

It is important to remember that donor-recipient size mismatch 
may account for some of the restrictive hemodynamic patterns. 
Generally, donors are at least 70-80% of recipient weight, but 
variability can be greater. This would imply that most donor 
hearts are less than the desirable size for recipients. Hosenpud 
et al.-^* reported a significant negative correlation between 
donor-recipient weight ratio and resting heart rate, right atrial 
filling pressure, and pulmonary capillary wedge pressure at the 
90-day observation point post-HTx. Individuals receiving a heart 
from a donor weighing substantially less had higher resting heart 
rates and ventricular filling pressures than those of other patients. 

Many echocardiographic studies have been used to gain insight 
into anatomic and functional constraints of the cardiac allo
graft"-'^'^. In studies performed when rejection (by endo
myocardial biopsy) is not apparent, ejection fraction usually 
remains within normal limits over long-term (2-4-year) follow-
up. but a substantially increased cardiac volume and end-systolic 
wall stress are apparent even in the absence of increased myo
cardial mass". St Gore et al?^ utilized Doppler echocardiographic 
techniques early after transplantation to assess left ventricular 
diastolic function serially and noted findings (isovolumic relaxa
tion time, pressure half-time, and time-to-peak ventricular filling) 
that were suggestive of restrictive myocardial physiology. This 
compares nicely with right heart hemodynamic observations pre
viously noted. Echocardiographic studies also demonstrated that 
the.se restrictive hemodynamic patterns normaliz;e over the first 
postoperative month'" "•", and that the findings do not correlate 
well with preoperative pulmonary pressure or vascular resistance. 
Additionally, the restrictive myocardial changes were not 
influenced by cardiopulmonary bypass time, total ischemic time, 
or donor age. 

In the absence of acute rejection, normal values for left ven
tricular ejection fraction during long-term follow-up are also, 
seemingly, normal. An elegant fluoroscopic analysis of 
radiopaque myocardial markers surgically implanted at the time 

of HTx"*''' demonstrated that shortening fractions were within 
normal baseline ranges (obtained from non-transplant controls) 
and that an appropriate increase in cardiac output occurred during 
low-intensity exercise, resulting from augmentation of end-
diastolic voluine, with a subsequent increased left ventricular 
stroke volume. Utilizing resting radionuclide blood pool and 
angiography, Verani et al}'-^ demonstrated that systolic ventricular 
performance of the transplanted heart, with respect to both right 
and left ventricular ejection fraction, was comparable to that of 
controls. Resting peak diastolic filling rates and time-to-peak 
diastolic filling rate were also normal. However, with exercise, 
significant increases occurred in left and right ventricular ejection 
fraction and peak diastolic filling rate, but the increases were 
significantly lower than in normal subjects. Again, these data cor
relate nicely with invasive hemodynamic and echocardiographic 
observations regarding cardiac function that indicate that cardiac 
allografts have mildly impaired ventricular function. Generally, 
stressing maneuvers are required to unmask these findings. 

Though the effects of denervation on the cardiac allograft will 
be discussed separately, one consistent characteristic is that, 
without tonic vagal input, resting pulse rates are generally higher 
than noted in normal subjects'". Furthermore, rate acceleration 
with exercise is slower than in normal controls with lower peak 
heart rates achieved at similar degrees of exercise'''. The higher 
resting pulse noted in cardiac allograft recipients does not respond 
to physiologic stimuli such as carotid sinus massage, Valsalva 
maneuver, or innervation-dependent pharmacologic therapy such 
as atropine infusion. 

The exercise response of the cardiac allograft 

Patients with cardiac allografts have diminished maximal exer
cise tolerance when compared with that of normal subjects. This 
is likely one effect of a subnormal ejection fraction and cardiac 
output during increased workload, as well as of an exaggerated 
increase in intracardiac volume'"'•'-^". The findings are generally 
subtle, and the longer the time period between HTx and observa
tion, the less significant the hemodynamic perturbation may be, 
particularly if patients train aerobically. Elevated intracardiac 
filling pressure during exercise, in the setting of normal or 
reduced left ventricular volume, suggests that the cardiac allograft 
performs on a ventricular pressure-volume curve that is steeper 
and shifted to the left. This particular hemodynamic observation 
suggests that allograft ventricles are less compliant. Furthermore, 
allograft cardiac performance seems uniquely dependent on 
loading conditions, which in turn are clearly related to postural 
volume changes'*^ **•*. Rudas et a/.'"'''' evaluated upright exercise 
hemodynamics 3 and 12 months after HTx, noting attenuated 
heart rate responsiveness, reflected by a slower heart rate acceler
ation, but rapid deceleration post-exercise after the first year. 
Compared to baseline studies, however, initial heart rate increase 
at 1 year seemed faster. Pulmonary capillary wedge pressure was 
lower at 1 year versus 3 months, both at rest and at peak exercise, 
with right atrial pressure also significantly lower at 1 year during 
exercise. This observation should be placed into the perspective 
of reports of exercise-induced hypoxemia in HTx recipients, 
because not all of the exercise and resting hemodynamic impair
ment noted in cardiac allografts is due entirely to changes within 
the heart. 
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Braith et al.'*'' studied whether HTx was associated with an 
adverse effect on pulmonary diffusion capacity, and investigated 
the potentially deleterious effects of impaired pulmonary dif
fusion on arterial blood gas dynamics during exercise. The pos
sibility exists that abnormal pulmonary diffusion occurred 
because of cyclosporine therapy, or because of pre-existing condi
tions known to affect diffusion adversely (such as congestive 
heart failure, primary lung disease, or pulmonary infection in an 
immunocompromised host). Patients underwent pulmonary func
tion testing with bicycle ergometric exercise 3 months before and 
18 months after HTx. Significant improvement in forced vital 
capacity, forced expiratory volume in 1 second, and diffusion 
capacity occurred; however, post-HTx vital capacity, forced 
expiratory volume, and diffusion were lower when compared with 
matched control subjects. Changes in arterial blood gases were 
similar among groups at 40% of peak power output, but at 70% of 
peak power output, arterial blood gases and blood pH were 
significantly lower in allograft patients having low diffusion ca
pacities than in patients with normal diffusion and in control sub
jects. Cardiac index did not differ between the transplant patients 
with normal or low diffusion at rest or during exercise. Post
transplantation mean arterial pressure was related to exercise-
induced hypoxia. It appears that abnormal pulmonary diffusion 
observed in patients before HTx can persist after the operation, 
with or without restrictive or obstructive ventilatory defects. 
When diffusion at rest is 70% of predicted, HTx recipients fre
quently experience exercise-induced hypoxemia. Obviously, this 
may have an effect on overall exercise capacity. Whether this is 
due to new infection, primary pulmonary disease, or a residual 
effect of heart failure is not clear''^''. 

Relating exercise performance post-HTx to other determi
nants of mobility, such as peripheral muscle function and per
formance, is aLso important. Patients with advanced heart failure 
often have skeletal muscle atrophy with metabolic abnormali
ties of muscle function'""-''\ Wilson et alP recently studied this 
issue. Because the exertional dyspnea and fatigue associated 
with heart failure is frequently attributed to circulatory dysfunc
tion, heart failure patients underwent hemodynamic monitoring 
during a maximal treadmill exercise test. The level of exercise 
intolerance perceived by patients with heart failure had little or 
no relation to objective measures of circulatory, ventilatory, or 
metabolic dysfunction apparent during the aerobic stress. This 
being the case, simply altering blood flow and pressure to more 
normal levels after HTx may not entirely address patient com
plaints of exercise intolerance. Intrinsic muscle oxidative prob
lems may actually be exacerbated by immunotherapy 
post-transplant. Exercise testing focusing on peak oxygen uti
lization and time taken to reach anaerobic threshold is, then, 
often impaired post-transplant because of residual peripheral 
skeletal muscle difficulties originally created by the heart failure 
syndrome^"". With increasing exertion, anaerobic metabolism 
is common quite early, and several studies have demonstrated 
that peak exertional oxygen utilization after HTx is surprisingly 
low. Savin el al.^^ demonstrated that HTx patients had higher 
peak lactate levels and ventilatory equivalents, but lower peak 
oxygen uptake and peak work rates, than those of normal 
control subjects. Exercise after HTx eventually induces tachy
cardia and an increased contractile state, but this takes time to 
develop and is seemingly related to the effects of increa.sed cir

culating catecholamine levels. The dynamics of this exercise re
sponse may account for the fact that the maximal stress cardiac 
output after HTx is generally lower than seen in normal sub-
jects'*''*'-'-'. However, transplant patients are capable of participat
ing in most desired physical activities, and in comparison to their 
pretransplant state are dramatically improved. 

The effects of cardiac allograft denervation 

Human donor heart cardiectomy with subsequent HTx creates 
both afferent and efferent cardiac denervation"'^'' '. Interruption 
of the afferent nervous pathways alters cardiovascular homeo
stasis by impairing renin-angiotensin-aldosterone regulation, and 
impeding the normal vasoregulatory response to changing cardiac 
filling pressure*''. Loss of afferent nervous signaling is also the 
likely reason complaints of angina pectoris are absent in HTx 
patients experiencing ischemia or myocardial infarction. Chest 
pain in the cardiac allograft recipient is most often due to other 
etiologies-'''. 

Efferent cardiac innervation mediates sympathetic and 
parasympathetic nervous system effects on the heart. The 
absence, therefore, of vagal-mediated parasympathetic influences 
causes resting heart rate to be higher, and eliminates the influence 
on the heart of vasosignaling from the central nervous system'' '". 
Loss of autonomic innervation blunts the usual rapid changes in 
heart rate and contractility noted normally during exercise, hypo
volemia, or vasodilation^'. Also important is the fact that adminis
tration of beta-adrenergic blocking agents may have deleterious 
effects on the denervated heart. Because the denervated cardiac 
allograft relies on enhancement of ventricular performance 
through stimulation of myocardial beta-adrenergic receptors by 
circulating catecholamines'''''*', beta-blockade may blunt exercise-
induced augmentation of cardiac function. Indeed, in a study by 
Verani et al.^*', beta-adrenergic blockade by propranolol adminis
tration produced a decrease in ventricular performance at rest, 
characterized by lower stroke volume index, lower cardiac index, 
and lower ejection fraction in both HTx patients and control sub
jects. Though the changes were similar in both groups, ejection 
fraction was significantly lower in the HTx patients. As the ejec
tion fraction decreased, end-systolic volume increased sub
stantially. In norm^al subjects there was a reduction in heart rate, 
but there was only a minimal reduction in ejection fraction and no 
change in end-systolic volume. These observations emphasize 
that, in the denervated HTx patient, circulating hormones appear 
crucial to maintaining reasonable exercise performance. Use of 
beta-blockers should be judicious. 

The response of the denervated heart to other types of stress 
is also important to review. A canine model of the denervated 
heart studied by Tsakiris et al.^^ demonstrated that acute hyper
tension was well tolerated with only a slight decrease in cardiac 
output and a small increase in left ventricular end-diastolic pres
sure. Hypotension was less well tolerated with minimal reflex 
increase in cardiac output because of little, and late, heart rate 
responsiveness. Baroreflex-induced volume regulation after HTx 
has been demonstrated by Mohanty et al.^'' to be impaired. 
Central volume reduction (created by placing the lower body of 
the patient in a negative-pressure chamber) produced minimal 
reduction in forearm blood flow and only a slight increase in 
forearm vascular resistance (because HTx permits portions of 
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the native atria, with their accompanying sympathetic and 
parasympathetic innervation, to remain intact). This observation 
suggests that nerves arising in the ventricle rather than in the 
atrium or pulmonary vasculature constitute the afferent limb of 
this reflex. Additionally, it has been suggested that the inability 
to reduce blood flow (by vasoconstriction) to non-working 
muscles plays a role in limiting the maximal exercise capacity of 
HTx recipients^'. Scherrer et al.^'^ suggested that cyclosporine-
induced hypertension (noted so frequently in HTx recipients) is 
associated with increased peripheral sympathetic nerve discharge, 
and that this effect may be exaggerated in HTx patients because 
of cardiac denervation. 

There is evidence that reinnervation occurs in some patients 
after HTx. It has been demonstrated by immunohistochemical 
staining that human cardiac allografts contain viable intrinsic 
nerve fibers, though they remain extrinsically denervated*". 
Although ischemia-induced chest pain in the form of classic 
angina pectoris is said not to occur in HTx recipients, reports of 
this occurring in relation to ischemia are available''. This sug
gests that at least some HTx recipients undergo partial afferent 
reinnervation. Stark et al.^^ demonstrated a tyramine-induced 
cardiac epinephrine response suggesting reinnervation in two 
patients with angina pectoris and allograft arteriopathy. Wilson 
et al.^\ in a study of norepinephrine release in response to 
tyramine and sustained hand grip, concluded that it was likely 
that sympathetic reinnervation commonly occurred late 
after HTx, but that the pattern of reinnervation was widely 
variable. 

More recently, Burke et al.''^ evaluated the functional effects 
of neuron reinnervation late (> 1 year) after HTx. Left ventricular 
and coronary hemodynamics in HTx and control groups were 
studied after stimulating sympathetic neurons with an injection of 
tyramine into the left coronary artery. Reinnervation was defined 
as the ability to measure cardiac norepinephrine release after the 
tyramine injection. Left ventricular pressure was also measured 
before and after tyramine infusion, as was coronary blood flow 
velocity, and coronary artery cross-sectional area (calculated by 
quantitative coronary angiography). In patients studied early after 
HTx, as well as those studied late, denervation was defined as no 
change in left ventricular function in response to tyramine. In 
HTx patients with reinnervation, left ventricular dP/dT rose 
significantly, but less than in control subjects. This serves to 
confirm the fact that cardiac allografts function abnormally, but 
subtly so, when compared to normal hearts. In both early- and 
late-denervated patients there was no change in coronary blood 
flow velocity in response to tyramine. These investigators con
cluded that, by stimulation of reinnervating sympathetic neurons 
with tyramine, a significant but subnormal increase in dP/d7and 
a transient decrease in coronary blood flow occurred, suggesting 
that reinnervating sympathetic neurons can produce physio
logically meaningful changes in ventricular function and coronary 
artery tone. How frequent and what the physiologic significance 
is of reinnervation remains unclear. 

Endocrine issues and the heart transplant 

Atrial natriuretic peptide (ANP) is synthesized, stored, and re
leased from myocytes of mammalian hearts, and has peripheral 

effects. The heart is thus an endocrine gland. Several observations 
in cardiac allograft recipients have given insight into the role 
cardiac innervation plays in the endocrine function of the heart. 
One hypothesis is that cardiac autonomic nerves trigger the 
release of ANP. Pepke-Zaba et al.^^ measured plasma ANP con
centrations in the right atrium and main pulmonary artery, to
gether with determination of pulmonary hemodynamics, in HTx 
recipients undergoing graded submaximal bicycle exercise testing 
during right heart catheterization. Pulmonary artery blood 
samples and hemodynamic measurements were obtained at rest, 
during peak exercise, and after recovery. Exercise significantly 
increased ANP levels in both the right atrium and the main pul
monary artery. It would appear that HTx recipients still retain the 
ability to increase ANP release in response to exercise, and that 
the mechanisms underlying ANP release are not entirely depen
dent upon the integrity of cardiac innervation. Unfortunately, 
these investigators did not determine whether partial reinnerva
tion of allografts had occurred. 

More recently, Bussieres-Chafe et al.^ attempted to relate the 
influence of body posture and central hemodynamics on plasma 
levels of ANP. Central hemodynamics, mixed expiratory gas and 
ventilatory measurements, and venous blood for ANP determina
tion, were obtained at rest and during graded cycle exercise. They 
also noted a change in exercise ANP from rest to exercise, and 
this change correlated with increases in pulmonary capillary 
wedge pressure, systolic pulmonary artery pressure, and right 
atrial pressure. There was no correlation between changes in ANP 
and peak oxygen consumption, heart rate, or mean arterial blood 
pressure. They concluded that in HTx recipients exercise is a 
stimulus for ANP secretion, and that augmentation in plasma 
ANP levels during exercise is modulated by changes in central 
hemodynamics. Again, the degree of reinnervation of these hearts 
was not determined. 

Along these lines, Alionu et al.^^ studied expression of brain 
natriuretic peptide post-HTx. Observations in this group were 
determined over a broader time period (1-74 weeks post-HTx), 
and it was noted that a significant positive association between 
ventricular natriuretic peptide and time after transplant was ap
parent, suggesting that either a functional adaptation of the 
transplanted heart was occurring, or effects of reinnervation 
were present. The fact that, in HTx patients, plasma ANP levels 
may be elevated higher than expected by atrial stretch alone is a 
fascinating observation needing further clarification. The issue 
of immunologically mediated ANP secretion has not been 
resolved. 

Other aspects of paracrine system perturbation are apparent in 
HTx patients. Indeed, cyclosporine-treated individuals exhibit a 
high incidence of systemic hypertension, and endothelin, a potent 
vasoconstrictor peptide of endothelial origin, may be important. 
Haas et al.'^ evaluated whether immunoreactive endothelin-1 de
tected in circulating plasma of HTx recipients was elevated, and if 
levels correlated with hemodynamic characteristics, cyclosporine 
concentration, or renal function. Indeed, plasma endothelin-1 was 
increased in the HTx population and this increase persisted during 
short-term follow-up. Endothelin-1 did not correlate with hemo
dynamic variables, serum creatinine, or cyclosporine levels. It 
seems, then, that endothelin-1 is increased after HTx for some 
reason, but there is no association with hemodynamics, renal 
function, or cyclosporine levels. This observation remains of 
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some concern because of the rather substantive hemodynamic 
effect of this paracrine peptide. 

Electrocardiographic and electrophysiologic changes 

Serial electrocardiographic (ECG) changes have been noted in the 
HTx recipient and, indeed, the earliest method of monitoring for 
HTx rejection utilized quantification of ECG voltage^'*'*'. It is 
now generally accepted that this finding is not sensitive or 
specific enough to adequately diagnose allograft rejection. 
However, early observations noted .substantive decrement in QRS 
voltage when rejection occurred. This undoubtedly reflected the 
attenuated electromechanical coupling that occurred when rejec
tion was significant. Cyclosporine is said to alter this process. 

Plainer ECG abnormalities are frequently noted post-HTx. 
Leonelli ft «/.'''' indicated that almost three-quarters of first post
operative ECG evidenced changes that would not be expected in 
normal patients, with a predominance of right bundle branch 
block being noted. Patient age, donor age, ischemic time, and 
prior drug therapy in recipients did not significantly differentiate 
between HTx recipients who had normal (as opposed to abnor
mal) early postoperative ECG. There are. seemingly, evolutionary 
changes taking place during the initial post-HTx hospitalization. 
Patients having progressive deterioration of the conduction 
system (manifest by widening QRS complexes) or worsening pre
existing conduction defects have a higher early mortality. These 
changes therefore become an important prognosticalor. 

Approximately 20% of HTx patients during early postoperative 
follow-up demonstrate sinus node dysfunction with slow or no 
spontaneous depolarization^' '". Most frequently, these patients 
have junctional rhythms, with a lower resting heart rate (usually 
<70 beats/minute) than that of the majority of HTx patients'". 
Sinus node dysfunction may be caused by ischemic injury during 
graft harvesting, but rejection or, later, allograft vasculopathy 
may play a role. Furthermore, sinus node dysfunction has been 
described in patients who died in a sudden and unexpected 
fashion early and late after HTx". Indeed, some patients have 
required permanent pacemaker implantation for persistent sinus 
node dysfunction^'^-. In addition to the usual indications for per
manent pacemaker implantation, some believe permanent pacing 
is indicated in HTx patients with unexplained recurrent syncope, 
or near syncope (particularly in the setting of allograft vasculopa
thy), as sinus node dysfunction may be intermittent and difficult 
to document^'. 

Electrophysiologic studies performed after HTx demonstrate 
that atrioventricular node conduction limes are similar to those of 
normal subjects both at rest and during pacing''-^''. Atrial-His and 
His-ventricular intervals are also normal. Although the atrio
ventricular node alters conductivity relative to the rate of stimula
tion, this requires more time to occur in the transplanted heart^''. 
Taken together, these observations emphasize that atrioventricular 
node impulse transmission control is an intrinsic function, with 
autonomic innervation enhancing this activity rather than being 
essential for underlying function. 

It has been suggested that changes in atrial or ventricular pres
sure or chamber size modulate changes in electrophysiologic 
properties. EUenbogen et alJ^ studied the coupling of mechanical 
and electrical alterations (termed mechano-electrical feedback) in 

the transplanted heart. This was done to avoid confounding 
influences of the autonomic nervous system on electrophysiologic 
measurements. Right atrial and ventricular pacing thresholds were 
measured using temporary epicardial pacing wires, with right 
ventricular monophasic action potential duration noted at 90% 
repolarization during right ventricular pacing at 600 and 4(X) ms. 
Also observed were donor heart rate, .systolic, diastolic, and mean 
arterial and central venous pressures. Lower-body negative 
pressure was applied to change central volume and cardiac size. 
Lower-body negative pressure did not result in a significant 
change in any electrophysiologic variable despite significant 
changes in right atrial pressure. Thus, in the denervated trans
planted human heart, unloading of the right heart results in no, or 
minimal, changes in atrial or ventricular pacing thresholds or 
ventricular monophasic action potential duration. 

Ventricular arrhythmias in the HTx patient are not common. 
Arrhythmias tend to be either bradyarrhythmias or supra
ventricular tachycardia that is most often seen early post-
transplant and usually in the .setting of allograft rejection. Animal 
paradigms have suggested that cardiac denervation is an anti
arrhythmic maneuver, particularly in terms of ischemia-related 
ventricular arrhythmias^''. Indeed, there appears to be a low 
prevalence of ventricular tachycardia in long-term survivors of 
orthotopic HTx, with most agreeing that ventricular arrhythmias, 
when noted late, are associated more with development of allo
graft vasculopathy''''^''"' and, when seen early, with acute rejec
tion. The relationship of ischemic di.sease in the transplanted heart 
to bradyarrhythmias may actually be more important and 
ominous. Bradyarrhythmias should be considered when HTx pa
tients coinplain of non-specific 'spells' or presyncopal episodes". 
Importantly, it is an anecdotal impression that HTx patients do 
not sense their arrhythmias with the same frequency or intensity 
as non-transplant patients. 

PHARMACOLOGY AND THE CARDIAC ALLOGRAFT 

Primarily because of denervation, drugs affecting physiologic 
responses through autonomic nervous system stimulation are not 
usually useful in the transplanted heart. Atropine, for example, 
with its effects mediated by a parasympatholytic mechanism, does 
not speed the allograft ventricular rate when bradycardia is 
present'''. Atropine is, mostly, a useless drug in HTx patients 
when bradycardia, sudden heart block or asystole develop. 
Direct-acting beta-adrenergic stimulating drugs such as iso
proterenol or epinephrine must be used in these circum
stances''' *'. Likewise, edrophronium. a cholinesterase inhibitor, 
has no effect on heart rate"". Sympathetic agents, having direct 
effects on beta-adrenergic myocardial receptors, induce normal 
or even exaggerated effects on heart rate and cardiac contractil
ity. Indeed, cardiac denervation may lead to an increased sensi
tivity of the denervated allograft to parenterally administered 
beta-adrenergic agents"'. Exaggerated sensitivity to acetyl
choline in denervated cardiac paradigms has also been 
observed**-. Very importantly, because acetylcholine and the en
dogenous nucleoside adenosine have similar cardiac electro
physiologic effects, this drug must be used cautiously because 
of the greater changes noted in HTx recipients with denervated 
myocardial autonomic nodes*'. The fact that a denervated sinus 
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node drives intrinsic heart rate means that care should be exer
cised to prevent bradyarrhythmia when the agent is used during 
diagnostic scintigraphic study, or to attempt cardioversion in pa
tients having paroxysmal supraventricular arrhythmias (usually in 
the setting of rejection). 

Because the electrophysiologic effects of digoxin are primarily 
on sinoatrial and atrioventricular nodes, but are mediated by sym
pathetic and parasympathetic nervous signaling, this agent has 
little electrophysiologic activity in the transplanted heart*"*. The 
inotropic effect of digoxin (which is not mediated by the auto
nomic nervous system) seems to remain intact. Utilizing digoxin 
to induce atrioventricular block in patients with atrial fibrillation 
after HTx is not usually effective. Furthermore, the effects of 
digoxin on baroreceptor mechanisms of blood pressure control 
will be minimal. Digoxin's role in patients developing systolic 
ventricular dysfunction after HTx (usually due to acute rejection 
(early) or allograft vasculopathy (late)) remains undefined, but is 
probably not great. 

Certain antiarrhythmic agents (class lA drugs, such as quini-
dine and dysopyramide) have vagolytic effects that increase 
resting heart rate in non-transplant patients"' *''. These changes are 
not observed in the denervated cardiac allograft and, instead, de
creased sinus rate and increased atrioventricular conduction times 
often result when these drugs are administered. 

Calcium channel blockers demonstrate attenuated responses 
with respect to electrophysiologic and electrocardiographic 
changes when compared to their effects in non-transplant patients. 
Diltiazem. a calcium channel blocker frequently used to control 
hypertension post-HTx (and believed by some to be effective in 
attenuating allograft vasculopathy), does not cause substantial de
crease in heart rate in these patients'* '̂*'*. Verapamil produces a 
slight increase in atrial-His interval*'. The dihydropyrimidine 
calcium channel blocker, nifedipine, produces a minimal reflex 
increase in heart rate coincident with decrement in blood pres
sure, and has been shown to produce a slight decrease in the 
atrial-His interval**'. 

HETEROTOPIC HEART TRANSPLANTATION 

Heterotopic, or so-called 'piggy back', HTx has been performed 
much less frequently than orthotopic HTx, comprising <2% of all 
HTx reported to the Registry of the International Society for 
Heart and Lung Transplantation"''. Nevertheless, there may be an 
important therapeutic place for this procedure and, particularly as 
donor-to-recipient size mismatch becomes problematic, it is likely 
to be performed more frequently'" '-. The concept of utilizing a 
heterotopic HTx procedure is, in effect, using the allograft as a 
'biologic' ventricular assist device*" (Chapter 37). Generally, 
heterotopic HTx has been performed in the setting of very ele
vated pulmonary artery pressure, or when the donor size seems 
inadequate in relation to that of the potential recipient. Central 
circulatory hemodynamics are difficult to assess, since the hetero
topic implant is placed in parallel to the existing circulation. 
Therefore, hemodynamic function of the heterotopic heart in
volves additional physiologic variables, such as the contribution 
to overall cardiac output by the native heart and the different 
loading conditions (such as pulmonary hypertension and 
ability/inability to fill the heterotopic right heart system). Because 

both donor and native hearts are beating in parallel but not syn
chronously, hemodynamic assessment of the relative contribu
tions of the two hearts is difficult. However, heterotopic implants 
have been demonstrated to be capable of completely supporting a 
patient's circulation when the native heart becomes asystolic or 
develops ventricular fibrillation". Additionally, with time, reduc
tion in pulmonary hypertension may occur, and right heart hemo
dynamics that are similar to those following orthotopic HTx have 
been observed''-. Heterotopic HTx can provide hemodynainic 
support sufficient to ameliorate many of the abnormalities seen in 
patients with advanced left ventricular dysfunction, and of consid
erable interest is the potential for the heterotopic HTx to reverse 
the biologic dysfunction of a dilated, failing native heart. 

CONFOUNDING ISSUES REGARDING PHYSIOLOGY OF 
THE TRANSPLANTED HEART 

Factors which may significantly alter function of the transplanted 
heart should always be considered. Possibly the most important is 
cell-mediated or humoral rejection, with its subsequent myo
carditis. Mononuclear cellular infiltration and humoral antibody 
production, with concomitant complement system activation, can 
profoundly impair cardiac contractility, as well as affect coronary 
blood flow. The severity of these difficulties relates to the timing 
and dynamics of immunologic activity. During acute rejection, 
coronary vascular reserve is compromised and varying degrees of 
systolic and diastolic ventricular dysfunction can be observed. 
Profound reductions in cardiac output and ejection fraction with 
concomitant acute rise in ventricular filling pressure are fre
quently noted when rejection develops rapidly and is fulminant. 
Treatment of rejection often reverses these abnormalities, result
ing in improved graft function'*'''^. However, permanent bi
ventricular diastolic dysfunction may be the result of frequent, 
severe episodes of histologic rejection. It has been postulated that 
the restrictive hemodynamic patterns noted after HTx relate to 
histologic signs of rejection. Other long-term changes include 
increased left ventricular aftcrload and hypertrophy due to hyper
tension (which in turn contributes to the remodeling process and 
functional alteration noted in the long term). 

Unfortunately, allograft vasculopathy remains frequent in HTx 
patients, and likely contributes to functional graft impairment. 
Left ventricular systolic dysfunction can occur in the selling of 
graft ischemic disease, and coronary angiography defines a high-
risk subgroup for subsequent events such as acute myocardial 
infarction and heart failure''\ Additionally, sudden cardiac death 
syndrome (frequently from bradyarrhythmic death) may be 
related to allograft vasculopathy. 

Pre-existing disease in donor hearts may also account for dys
function after transplantation. Older donor hearts, for example, 
may be at risk for having occult, but significant, coronary artery 
disease. Hypertension in the donor may have led to increased ven
tricular mass and diastolic dysfunction. It has recently been sug
gested that extending donor age to at least 50 years seems 
reasonably safe, but caution needs to be exercised when older 
donor hearts requiring significant inotropic support are used, par
ticularly if the anticipated ischemic time is long'"'. This may put 
the patient at increased risk of receiving a poorly functioning 
allograft, with the attendant higher morbidity and mortality. 
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Confounding issues, such as pre-existing disease in the donor 21. 
heart and rejection, may be important factors in failure of the 
allograft to perform adequately. Function of the heart is critically 22. 
dependent upon eliminating or controlling these factors. Whenever 
one is evaluating function of a transplanted heart, the patient's 
status with regard to these confounding issues must be considered. 23 

10. 

24. 

25. 

26. 

27. 

29. 

30. 

^4. 

3S. 
.36. 

37. 

COMMENT 

The transplanted heart is a denervated preparation that, in the 
absence of substantive rejection, significant allograft vasculo-
pathy or hypertension, performs at rest in a similar but not iden
tical fashion to a normal, healthy heart. Diastolic dysfunction is 
common early after HTx and may recur at later stages in some 
patients. This difficulty may be due to repeated episodes of acute 
rejection, hypertrophy and remodeling secondary to hypertension, 
or significant allograft vasculopathy. Cardiac reserve during exer
cise is usually adequate, but generally less than that seen in 
normal hearts. Augmentation of cardiac performance during 
stress is apparent, and is related to endogenous elevation of cate
cholamines and changes in diastolic loading conditions. In view 
of the preoperative functional limitations obvious in patients with 
advanced heart failure, cardiac allografts demonstrate a welcome 
degree of 'normal' physiologic function. 
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Pathology of Cardiac Allograft Rejection. 
1: Vascular (Microvascular) 
E.H. HAMMOND 

INTRODUCTXION 

Pathologic descriptions of allograft rejection of all solid organs 
have long recognized vascular involvement in the rejection process. 
Renal allografts, the earliest allografts to be studied, commonly 
display vasculitis involving the arteries and arterioles of the kidney 
cortex with or without cellular infiltrates invading tubules' \ This 
vascular inflammatory process, often termed acute vascular 
rejection, is frequently associated with allograft loss in spite of 
increased immunosuppressive therapy- \ Similarly, arteritis has 
been identified in cardiac allografts on endomyocardial biopsy, and 
has been associated with poor allograft survival "•. 

In all these studies, emphasis has been placed on involvement 
of the arterioles and arteries rather than on capillaries or venules. 
Since venules and capillaries are the sites of lymphocyte 
trafficking, as well as being the most important sources of tissue 
oxygenation, it is also important to consider the changes in these 
vascular structures in allograft rejection''^. Studies of allograft 
rejection in animals have shown that the microvasculature is the 
earliest structure to be destroyed during rejection*''. Destruction 
of the microvasculature of human skin allografts has also been 
shown to be the central event in first-set rejection; in fact, the 
destruction of the capillary bed is likely more damaging to the 
graft than piecemeal destruction of the graft parenchyma'". 
Although endothelialitis of venules is considered evidence of 
moderate acute rejection in the liver, and capillaritis is considered 
as an important component of acute allograft rejection in the lung, 
the importance of microvascular changes in cardiac allografts has 
been ignored until recently" '̂ . 

Microvascular rejection is also the morphologic picture of 
rejection seen in treated and untreated experimental cardiac 
xenografts. Studies in several different animal model com
binations, including porcine heart to primate models, have docu
mented that hyperacute microvascular rejection is associated with 
vascular accumulation of immunoglobulin and complement, and 
results in rapid loss of the xenograft'-'-". 

In this chapter, pathologic features of rejection involving the 
microvasculature (capillaries and venules) are described as they 
have been studied and reported from the Utah Transplantation 

Associated Hospitals (UTAH) Cardiac Transplant program (530 
patients receiving cardiac allografts between 1985 and 1995). 
Most of these patients were treated with immunoprophylactic pro
tocols, including anti-lymphocyte globulin (ALG) or murine 
monoclonal antibody against the CD3 receptor (OKT.^)-' --'. 

The morphologic observations in this chapter detail the types of 
microvascular changes that can be encountered in endomyo
cardial biopsies (EMB), explanted hearts, and autopsies from 
such patients'^"*-\ The histologic appearance of acute cellular 
rejection (Chapter 29) and the typical appearance of coronary 
artery vasculopathy (Chapter ^?i) are addressed elsewhere. A 
chronic generalized form of microvascular rejection leading to 
heart failure in transplant patients is described here, since this 
type of chronic vasculopathy is frequently observed in patients 
with microvascular rejection. This process has been designated 
'global myocardial ischemic damage'"*. 

In all histologic investigations it is important to remember that 
our observations are static, and that the rejection processes are 
dynamic. Thus, the real importance of types of infiltrating cells in 
a biopsy or the presence of immune complexes. If nol demon
strated consistently over time, may not be relevant to the mechan
ism by which rejection occurs. Earlier publications have focused 
on the relevance of CDS- or CD4-positive lymphocytes in the 
rejection process involving vessels-''-''. These observations are 
flawed because they try to relate human vascular changes to those 
of well-characterized animal models. The relevance or any 
finding, isolated in time, to long-term outcome of a graft must be 
shown with clinical correlative studies. Of course, the impact of 
immunosuppression, and its effectiveness in treatment of rejec
tion, must also be taken into account. This is a particular problem 
in relating the experience in untreated experimental allografts to 
those of treated human ones'*'' -''"-'*. 

IMMUNOCYTOCHEMICAL AND MORPHOLOGIC 
DETERMINANTS OF MICROVASCULAR REJECTION 

Initial criteria for the diagnosis of microvascular rejection of 
cardiac allografts were the demonstration of immunoglobulin and 
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complement components co-localized to the microvasculature of 
frozen sections of EMB samples'^. These features were deemed 
diagnostic because they correlated with subsequent hemodynamic 
compromise of the allograft in the absence of cellular infiltrates 
diagnostic of cellular rejection"''*-'. Frequently the biopsies also 
exhibited vascular and interstitial fibrin accumulation""'' ' '. 

Since the original publication of the first prospective series of 
patients with microvascular rejection, other investigators have 
confirmed and extended these observations to include other 
immunocytochemical markers of microvascular alteration'^''"'''. 
Faulk and Labarrere have reported elegant studies documenting 
the relevance of immunocytochemical studies of anticoagulant 
and fibrinolytic pathway markers in assessing microvascular 
damage. They have noted that antithrombin III (ATT), a marker 
of the natural anticoagulant pathway, is normally expressed by 
the arterioles and venules, and is lost in instances of micro
vascular damage-**. Furthermore, tissue plasminogen activator 
(tPA), normally present in smooth muscle cells of myocardial 
arterioles, is similarly lost in allograft microvascular injury. 
Associated with this loss of tPA is the accumulation of micro
vascular complexes of tPA with plasminogen activator inhibitor-1 
(PAI-1 )"''''•'". Fibrin and plasmin are found in the interstitium of 
such biopsies. Whether these changes of anticoagulant and 
fibrinolytic pathway expression are results of, or precursors to, a 
vascular endothelial-specific immune response is unknown. 
However, the alteration of the expression of these molecules 
clearly precedes permanent microvascular injury of cardiac 
allografts and has been correlated with cardiac allograft loss-*'". 

Lones and his colleagues have also noted that EMB with 
microvascular rejection have a large number of intravascular 
macrophages accumulating in the microvessels, which are 
often confused with activated endothelial cells". Immuno-
cytochemically, using antibodies directed against macrophage 
antigens KP-1 and CD68, these cells can be shown to be 
macrophages. Antibody directed against factor-VIII-related 
antigen (FVIII ra) or CD34 can be used to highlight endothelial 
c e l l s " ' " " " ' . The prominence of intravascular macrophages has 
been documented by ultrastructural examination of EMB'--''. The 
association of prominent intravascular macrophages and dys-
regulation of fibrinolysis and anticoagulation is potentially 
important to our understanding of this process: macrophages are 
able to alter fibrinolytic processes directly and indirectly, at least 
in atherosclerotic lesions. Tipping et al. have reported that 
macrophages from these lesions are able to make PAI-1 and also 
stimulate production of PAI-1 by endothelial cells (but not stimu
late tPA production), probably through augmented secretion of 
interleukin-1 (IL-I) and tumor necrosis factor alpha (TNF-a)". 

In the following classification of microvascular rejection, both 
the light microscopic and immunocytochemical findings will be 
described, since both are used to arrive at the appropriate 
classification. The methodology used for immunocytochemistry 
by immunofluorescence is the standard methodology used for 
investigation of renal biopsies and includes: (I) direct immuno-
fluorescent examination of frozen unfixed endomyocardial biopsy 
sections with IgG, IgM, C3, Clq and fibrin, and (2) indirect deter
mination of the presence of HLA-DR (MHC class II), ATT, and 
tPA^"'». 

It is not recommended that the sections be stained with anti
body directed against the MHC class I backbone determinates 

since they are so pervasively present''*. We do not recommend 
that EMB be routinely evaluated for immunophenotyping of lym
phocytes, since studies of this type have not yielded clinically 
useful information-''-''. Immunocytochemical demonstration of 
macrophages using antibody directed against KP-1 or CD68 may 
be a useful adjunct to show the intravascular localization. 
Antibody directed against FVIIIra or CD34 may also be used to 
highlight the endothelial cell changes in these biopsies. Since 
these later antibodies are used to extend histologic observations, 
they are best performed on unstained sections of paraffin blocks 
of the biopsies by immunoperoxidase techniques"''''"'. 

Other immunocytochemical studies may prove useful in the 
future. It has been suggested that the evaluation of biopsies for 
macrophage activation (CD 14) and markers of lymphocyte 
activation, IL-2R (CD25) may yield important information 
relevant to prediction of rejection""'"". Others have evaluated vas
cular adhesion marker expression in cardiac allografts. A recent 
longitudinal study of 20 allograft recipients suggested that 
increased expression of vascular cell adhesion molecule-1 
(VCAM-I) and intercellular adhesion molecule-1 (ICAM-I) on 
the microvasculature is found temporally related to cellular 
rejection''-. 

VCAM expression was restricted to venules surrounded by 
infiltrating CD3-positive lymphocytes, which may provide a 
necessary co-factor for its expression. The temporal relationship 
of ICAM-1 to rejection events is consistent with the proposed role 
of this adhesion molecule as a mediator of high-affinity binding 
and transmigration events, as well as its co-stimulator function in 
antigen-dependent activation of T lymphocytes'". Since ICAM 
can also be induced in ischemic injury, its presence may be some
what non-specific. In vitro studies have shown that anti-HLA 
antibodies can also stimulate ICAM expression by cultured 
endothelial cells''''. By contrast, endothelial leukocyte adhesion 
molecule-1 (ELAM-I or E-selectin) preceded cellular rejection 
and was only expressed transiently. Its expression was highly cor
related with subsequent rejection. In animal models of allograft 
rejection, ICAM-1 and VCAM-1 expression has been demon
strated during rejection using PER to detect mRNA; antibodies 
directed against VCAM-I were efficacious in abrogating the 
rejection'""'*'. This finding is confirmatory of the relationship of 
lymphocyte adhesion and infiltration, but is not diagnostically 
useful. 

If up-regulation of these adhesion molecules can be consist
ently demonstrated before infiltration of lymphocytes, or can be 
correlated with need for treatment, they may become important 
monitoring criteria. Similarly, studies in human and animal allo
grafts have attempted to characterize cytokine expression using 
PER to detect mRNA. Even in isografts, mRNA of IL-I, IL-6, 
TNF, LT, and TGFb can be found. By contrast, mRNA of IL-2. 
IL-4, and interferon-gamma (IFN-y) were found only in allo
grafts. Use of this information in monitoring human allografts for 
rejection must await further study''''-"*. 

The archiving of frozen tissue on all EMB will be crucial to 
these approaches, since all of these markers can be found only on 
frozen sections using immunofluorescence, immunoperoxidase, or 
PER techniques. 

These studies highlight the crucial importance of the endo
thelial cell in all rejection processes. Expression of adhesion 
molecules, cytokines, ATT, and PAI-1 is limited to microvascular 
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endothelium. Studies have shown that lymphocytes adhere only to 
these structures within the myocardium*''. In addition, recent ex
perimental evidence has sliown that endothelial cells, stimulated 
by IFN-y possess the necessary signaling capacity to 
cause T lymphocyte proliferation, without the addition of 
macrophages'*''. 

CLASSIFICATION OF MICROVASCULAR REJECTION 

Microva.scular rejection can be evaluated descriptively or semi-
quantitatively by immunocytochemistry. Categories are described 
below on the basi.s of histologic and inimunocytocheniical 
findings. Such features have been seen in human allografts as well 
as treated animal xenografts in which acute vascular rejection has 
been prolonged to several days or weeks"' ̂ *'. 

The value of a classification of microvascular rejection is 
unknown. It is offered here to provide a framework for evaluation 
of biopsies. Criteria are summarized in Table 1. Specifically, 
there may not be any significance to the designation of mild 
ver.sus moderate microvascular rejection. Morphologically they 
appear a.s a spectrum of rejection of increasing severity: they are 
distinct froiB severe microvascular rejection which is identical 
morphologically to severe cellular rejection (Inlernalional Society 
for Heart and Lung Transplantation (ISHLT), grade 4)"-2. The 
designation of equivocal is offered to explain changes that may be 
found which are not diagnostic but may cause confusion. 

No evidence of microMascular rejection 

In this category are included all EMB which show no light or 
immunofluorescent evidence of vascular rejection. By light 
microscopy such biopsies show no endothelial cell swelling, 
endothelial cell necrosis, thrombosis or inflammatory infiltrates in 
the walls of microvessels. Inlersdlial edema and hemorrhage are 
not present (Figure 1). 

By immunofluorescence, negative biopsies show no significant 
MHC class II expression by endothcMal cells. Furthermore, no 
vascular accumulation of immunoglobulin or complement com
ponents is detected. Leakage by fibrin and albumin, which would 
indicate increased vascular permeability and endothelial cell 
activation and/or injury, is not seen. Examination of the biopsy 

Figure 1 Photomicrograph stiowing Ihe hislulogic leatures of an allograit 
biopsy wiihoul rejeclion or microva!>ciilar alleraiiori. The capillary and arterio
lar endothelial ceils are flat. No inleritilial edema or hemorrhage is present 
(magnification x 7.5). Used %ilh pertnibsion rroni ref. !6 

for evidence of anticoagulant pathway expression shows strong 
unifomi ATT expression of arterioles and venules without expres
sion by capillaries (Figure 2). This is the normal pattern of 
expression in the heart^'. Tissue plasminogen activator (tPA) is 
expressed exclusively by smooth muscle cells of the arterioles 
within the heart, also the normal pattern of expression-̂ **. The sites 
of these substances in allografts without rejection have been 
confirmed by double-labeling experiments^'''". 

Equivocal ewldence of microvascylar rejection 

By light microscopy, equivocal biopsies show histologic endo
thelial cell activation or damage with/without associated edema or 
hemorrhage. No inflammation or thrombosis is demonstrated in 
the walls of aoy capillaries, venules, or arterioles within the 
sample. Histologically, such biopsies are ISHLT grade 0. Since 
these features are very subjective, microvascular rejection can 
only be suspected on the basis of these findings (Figure 3). 
Similar equivocal findings can be seen in patients with systemic 
viral illnesses, especially those caused by cytomegalovirus'*"'*. 

Table 1 Vascular rejection criteria using imitiune complexes, fibrin, ATT and tPA 

ISHLT Grade Vascular grade Light microscopy ATT/tPA Fibrin Ig/C 

0 

0 

0 

0 

4 

Negati%"e 

Equivocal 

Mild 

Moderate 

Severe 

Negative 

Endothelial activation, edema, hemorrhage 

Endothelial activation, edema, hemorrhage, or 
focal vasculitis 

Endothelial activation 

Diffuse aggressive polymorpljous ± edema 
± hemorrhage ± vasculitis 

Normal 

Normal or equivocal 

Normal or absent 

Absent 

Absent 

0 

0 

0 - 1 + 

1 - 3+, also interstitial 

2 - 3+, vessels, 
interstitial with necrosis 

0 

Ig or C 

Ig aod C 
inBV 1 + 

Ig and C 
in vessels 2+ 

Ig and C 
in vessels and 
interstitial 

ATT -^ amillirombin III; tPA - tissue plasminogen activator (see text fbi explanation); Ig = immunoglobulin; C = complement 
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Figure 3 Equivocal histologic evidence of microvascular rejection or 
damage. Biopsy sliows emlolhelia! activation characterized by swelling of the 
capillary endothelium. No cellular rejection is seen (H&K X 187). Used with 
pcrini.s.sioii from rcf. 16 

Another equivocal histologic feature is the presence of focal 
myocyte necrosis or healing necrosis with granulation tissue. 
Focal ischemic injury is commonplace in the first weeks post-
transplant in some transplant programs, and cannot be u.sed to 
diagnose microvascular rejection. By contrast, the finding of 
myocyte necrosis, of either coagulation or contraction band type 
in the interval of months to years post-transplant, is a feature 
strongly suggestive of either allograft vasculopathy or global 
ischemic damage which is a consequence of long-standing 
microvascular rejection'"''"^. 

By immunofluorescence, such equivocal biopsies may show 
microvascular accumulation of immiinoglobidia or complement 
components, but not both (Figure 4). Furthermore, vascular 
leakage may be demonstrated by seeing extravasated albumin in 
the absence of vascular immune complexes^*. These features indi
cate that diffuse vascular permeability is present. Thus, these fea
tures are quite non-specific and cannot be used to specifically 
diagnose vascular rejection or vascular damage. MHC class II 

antigen expression may be up-'regulated on the microvasculature. 
Expression of ATT is of equivocal significance if loss of ,\TT is 
from vcniiles but nor aiterioles. Tissue plasminogen activator may 
shtav fnca) loss from aiientrrlar smooth muscic-''̂ --''-. 

These changes are ubiquitous in the hrst weeks post-transplant 
in patients undergoing induction immunosuppi'ession with mono
clonal aiiti-Cf)3 (0ICT3) which has been shown to produce tran
sient lymphocytic activation and release of cytokines, such as 
iumor necrosis factor trfNF) and inierleukin-l''-"^-', Sitice these 
factors lead to vascular permeability and endothelial aciivaiion, it 
IS not surprising that patients show these features during OKT3 
llierapy-5-'-'*. Tiie clinical syndrome associated with 0K'13 can be 
abrogated by treatment of patients with antibody directed against 
'fj\ipj'!.4.'_ YIJJ^ provides evidence of the im.portancc of lliis 
cytokine in mediating these effects. 

Mild micro¥ascular rejection 

The presence of leukocytoclastic vasculitis, in the absence of 
cellular rejection, qualifies the EMB for a diagnosis of mild vas
cular rejection. This vasculitis involves venules and capillaries, 
but spares arterioles. The vessels may show prominent accumu
lation of nuclear dust, and the invading inflammatory cells are 
lymphocytes and macrophages and rarely neutrophils (Figure 5). 
Alternatively, the biopsy may be deceptively innocuous, showing 
only interstitial edema and/or hemorrhage with endothelial cell 
activation (which may be partially activated macrophages) and no 
inflammation (Figure 6). This is the type of biopsy in which 
immunofluorescence is particularly useful, since one can be 
misled by the light microscopic appearance, which is 
indistinguishable from the appearance of equivocal biopsies. 

By immunofluorescence the EMB will show co-localization of 
immunoglobulin and complement components in capillaries and 
venules, with possible intravascular localization of small amounts 
of fibrin (Figure 7). Rarely, vasculitis can be caused by cellular 
immune mechanisms and, in such cases, ifiimune complexes in 
vessel walls are not demonstrated. We have seen this pattern of 
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findings in only three of 75 patients with vascular rejection, but it 
has been more frequent in the experience of others, cs|x:cial])' in 
the absence ofimmunoprophyiact ic therapy ' ' ' " ' ' " . 

Biopsies with mild vascular rejection consistently demonstrate 
alterations of the nal'ural anticoagulant and fibririolylic pathways. 
The niicrovasculaturc exhibits partial loss of ATT (on venules) 
and tPA (in smooth mu.sclc ceils of arteiiolcs) or complete loss of 
A T T on all arterioles and venules and loss of smooth muscle 
IPA'"--'^-'''. Up-regulat ion of M H C class II is also uniformly 
•seeii"^'*'. 

Figure S In addiiioii to eiidailielia! activation, capiilariev iii this biopsy ,-.;;io* 
vasaiiitis. No eeliiiiur rejettion is seen. intervi,ili;ii edema is dbvic-us (H&E 
X P.5) 

Moderate microwascular rejection 

In this category, vascolitis may be extensive and arteriolitis may 
be {bond (Figures 8 and 9). Alternativety, patients with moderate 
.miciovaseuiar rejection may show no vasculitis and may only 
show severe interstitial edema with a blue fibrillar appearance of 

Figure l» In tliK phi.rtoniicrogrypti. at iiigh rnagnilicaiiGii, an cclcmatoiis area 
of irilCTMiliuin is visiuili/.ed. The libriilir c'nanicter of this edciiiaious change is 
evident. Patient iiad positive iKunuiionuovescerice for iinrniintigiobiiliii aiui 
coir.plemeii! CH&E x 30j. Used with permi.ssiisn fropT ret". 16 

Figure 7 Frozen jn}Xicardiuin from patient witli niild vascular rejectiun. 
Tissue was reaeied with fiiioresceinated amihiiiiHii IgG. Theic is a punclaie 
pattern of staining, indicating vascular localization in round vessel profiles. 
Complement w;« present in an identical dLsttibiiiiori. Compare »itli Figures 4 
a,ndlO(.>-' 178). Used witli permission ITOIII rcf, 16 

Figure 9 .Moderate vascular rejection. This venule shows obvious inflamma-
tton. Inlerslilial edema is proirnnent. I'he immunofluorescence exatnination 
sliowcd vascular accumulation of IgG and complement in capillaries 
and fibrin wittiin the inlerslilium (see Figure 10). lised with permission from 
ref. 16 
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the iDtersiitium, which has been shown to be associated with 
fibria accumulatioo (Figure 6). In such patients it is critical to 
review the previous biopsy, to see whether or not the process is 
worse or better, in order to make an adequate assessment. 

By inimunofluoTesccnce, moderate microvascular rejection 
osually shows obvious accumulations of immunoglobulin and 
complement components diffusely within capillaries and vennles 
(Figure 10). In some cases, particularly in long-standing vascular 
rejection, only intravascular and interstitial fibrin is detected''*-'* 
(Figure 11). In biopsies of patients with moderate microvascular 
rejection, ATT and iPA are usually completely lost, and 
tPA-PAl-1 complexes are often present. This pattern of expres
sion is often associated with clinical hemodynamic com
promise''-''-'-^*^ (Figure 12). immunofluorescence is helpful in this 
setting because light microscopy may merely show interstitial 
edema without evidence of vasculitis. Such EMB may show 
piecemeal myocyte necrosis or subendocardial infarction, either Figure 12 This photon!icrograph of tissue reacted witts amibady a ;t 

antittirombin-III sho-»vs no .staining of venules in (he. biopsy. Only two fl 
ccinatcd dots arc seen, wtiich are artifactuai. Coinpare wit.ii Figure e 
nomiitl distribution ibr A'lT. Both slides were exposed for .30 seconds at the 
same rnagniricalion (X 178) 

Figure 10 Immunofluorescent findings in moderate vascular rejection. 
Capillaries showed co-localized IgG and C3. The complement staining is 
shown iiere. Fibrin was abuntlanl io the interstitinm, and antithrombin-lll -was 
not found on arterioles or venules, consistent with moderate vascular rejection 
(X 178). Used with permission from ref. 16 

Figure 13 This biop.sy from a riatient -.vith persistent VHSCiilar Kyccli jr 
several weeks stiows contraction band necrosis of jTivocytes witiioul sun 1-
ing inflamniation (arrows, H&E X .300). Used '*ifh permission from ref. 16 

of which is evidence that larger arterioles, not included, in the 
biopsy, may have vascular compromise (Figure 13). This is par
ticularly true in the early months post-transplant, when it is very 
unlikely that the process could be related to epicardial coronary 
vasculopathy. Myocyte necrosis without inflammation, detected 
in the first few weclcs post-transplant, may be caused by pro
longed ischemic time or perisurgieal hypoxia*^. In our program 
such myocyte necrosis is very uncommon; other prograrns have 
reported that as many as 80% of early biopsies show this feature. 

Figure 11 Fibrin localized by immunoflurcseenec is illustrated. Frozen 
tnyocardium is stained with fluoresceinated antibody directed against tibrin. 
Same biopsy as Figure 10 (X 178). Used -with pemiission from ref. 16 

Severe micro¥ascolar rejectioin 

Severe microvascular rejection is morphologically indistinguish
able from severe cellular rejection (.ISHLT grade 4). It is the end-
result of any severe rejection process. The EMB shows a diffuse, 
mixed leukocytic infiltration including neutrophils and 
eosinophils (Figure 14). Myocyte necrosis and interstitial edema 
and hemorrhage may be prominent. Vasculitis is obvious. 
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Figure 14 Histologic appearance of severe eeliular and vascular rejeclkm: 
arleriolitis is seen as well as other vasculitis. There is a mixed cellular 
infiltrate with myocyle necrosi.s and prominenl mieixeliular edema. 
Immunofluorescejice showed loss of antithrombin-IU and extensive fibrin, im
munoglobulin and complement in ve.',sel walls (H&E X 17.5) 

Immunocytochemically, biopsies with severe cellular/vascular 
rejection will often have vascular deposits of immunoglobulin 
and complement, as well as interstitial and vascular accumultitjoii 
of fibrin. Complement components may also be distributed in the 
interstitium. Examinatioo of biopsies for ATT and tPA will show 
loss of these reactants. Some tPA-PAI-1 complexes may be 
prcsent'̂ '*'''-'-'''. The microvasciilature may paradoxically show lack 
of MHC class II expression, resulting from the relentless vascular 
injury. This can be highlighted by immunopcroxidase staining of 
vessels with factor Vllira'*. In severe rejection, endothelium is 
ragged or frayed, or may show areas wliere endothelial cells are 

missing"-'* (Figure 15). 

Sewere hyperacute lmicro¥ascylar| rejection 

Hyperacute rejection of cardiac allografts is very rare and cata--
strophic. Acute cardiac dysfunction results from deposition of 
preformed antibody {IgG or IgM) and complement components in 
the microvasculature of ihe allograft'*-*. This process has been 
reported to occur even in the presence of a negative lympho-
cytotoxic crossmatch*-*. Allograft dysfunction results from endo^ 
thelial damage, vascular permeability, ititerstilial edema and 
hemorrhage, which cause myocardial ischemia. If the process 
persists for several hours an iofikrate of neutrophils within and 
around vessels can be seen. 

Untreated xenotransplantation rouimcly leads to hyperacule 
rejection in discordant animal species where it has been 
investigated most thoroughly^--20 (Chapter 81). The pathologic 
process is characterized by prominent interstitial edema followed 
by inlersiitial hemorrhage and swelling of the capillary and 
venular endothelium. loflammatory infiltrates are not a feature, 
because of the rapid time-course of the process which leads to 
xenograft loss within minutes or hours. Hyperacute rejection is 
mediated by deposition of xenospecific antibodies in the donor 
heart. If the process is abrogated by depletion or inhibition of 
natural antibodies, or inhibition of complement activation, the 
histologic findings often include inflammation and venular throm
bosis. Ischemic myocyte injury with myocytolysis and eventual 
coagulative necrosis is seen in xenografts siirvivmg several 
weeks. ,.4 pattern of rejection identical to severe mixed acute cel
lular and vascular rejection (ISHLT grade 4) is observed in 
xenografts m which complement function returns (after 25 
days)"-'". 

RELATIONSHIP OF MICROVASCULAR REJECTION TO 
ISHLT GRADING 

The current ISHLT grading scheme for cardiac allograft rejection 
does not include provision for grading of the above-described 
processes5'-52. The relationships between these microvascular 
grades of rejection and the ISHLT grading schema (revised in 
1995) are shown in Table 2'^. Because features of the micro-
va.sculaturc are ignored in this grading schema, the presence of 
microvascular changes causes difficulty in interpretation, and 
leads to interpretive disagreements, even among experienced 
pathologists*^. However, since trie incidence of microvascular 
rejection and the proper treatment for this pathologic entity are 

Figure 1.5 Vessels in this case of njodcratc juicrovascular rejection show 
ragged cndotheiial surfaces m tliis factor-Villra-staJned section. The vessels 
from a biopsy with severe microvascular or hyperacute rejection would appear 
identical. (Immunoperoxidase metliod, countersSainsd -»vith hematoxylin 
X 280). Used with permission from ref 16 

Talilc 2 Comparison of UCTP and ISHLT grades 

Celhilar rejeakm: variations of ISHLT and UCTP grades 
Focal mild rejection; ISHLT lA 
Mild rejection; ISIILT IB and '2 
Moderate rejection; ISHLT 3A or 3B 
Severe rejechon: ISHLT 4 

Vascular rejeclkm: variations of ISHLT and UCTP grades 
.Mild va.scular rejection: ISHLT 0 
Moderate vascular rejection: ISHLT f) 
Severe vascular rejechon; ISHLT 4 

Mixed rejection: all considered as corresponding ISHLT cellular grade 

UC'TP = Utah Cardiac TransplanI Program; ISHLT = Internationai Society of Heart and 
Lung Transplaniaiion 
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unknown, it is of less importance that a unifonn grading schema 
for these changes be adopted. It was felt by the panel of patho
logists, including tliis author, that these features should be further 
studied before being incorporated into a grading schema to be 
uniformly adopted. 

Furthermore, ii may not be useful at this time to adopt a 
classification of microvascular rejection into mild, moderate and 
severe subcategories, since no outcome or treatment differences 
between the groups have been established. Acute increases in 
immunosuppressive therapy are not undertaken on the basis of 
this information unless hemodynamic compromise is present''''. 
Such hemodynamic compromise is much more common in pa
tients with multiple episodes of microvascular rejection (vascular 
rejecters). These patient also have associated echocardiographic 
evidence of diastolic dysfunction* .̂ 

CLASSIFICATION OF MIXED {CELLULAR AND 
VASCULARI REJECTION 

Mixed cellular and microvascular rejection may occur in an EMB 
simuhaneously'-"''''*''*. Independent grades of each process are 
assigned in our program. The cellular grading criteria are shown 
in Tabic 2, along with the corresponding ISHLT grades according 
to the revised ISHLT grading schema. Vascular grades are 
assigned according to the criteria described in Table 1. IVIixed 
rejection, as defined in this chapter, is not recognized in 
the ISHLT schema; such biopsies are desigoated only by 
their cellular grade. Vasculitis is often ignored in the ISHLT 
schema except in severe rejection (grade 4), where it is the rule^-
(Figure 16). 

DESIGNATION OF DOMINANT PATHOLOGIC 
REJECTION PATTERN 

We have found it prognostically useful to designate patients 

according to their predominant form of histologic rejec-
tion"''*-'*''^'. Three separate clinical correlation evaluations of our 
patients have shown that these designations by predominant 
rejection type are prognostically iinportant'"'*-^^. Patients with 
microvascular rejection have a significantly worse survival than 
patients with cellular or mixed rejection patterns, prospectively 
assigned in the first 3 months post-transplant (Figures 17 and 
18)'«-l 
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Figure 17 ttaplan-Meier graft failure curves are shown for each type of re
jection group. Tarone Ware te&t was significant {p = 0.027) and the propor
tional hazard regression model showed the patients with vascular rejection 
had signiticantly different survival (p = 0,012) from patients witli combined 
cellular and mixed rejection. Used with permission from ref. 14 
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Figure l i Histologic picture of moderate mixed rejection. Vasculitis and a 
space-occupying infiltrate of cells are seen, associated with myocyte damage. 
By ISHI^T grading this biopsy would be considered 3B or 4, depending on the 
extent of ilie involvement of the biopsy with this process (H&E X 178). Used 
with permission from E.H. Hammond, editor. Solid Organ Transplantation 
Pathology vol.30 in series. Major Problems in Pathology, 1994 

Time (Months) 
Figure 18 Kaplan-Meier graft failure curves are shown for each type of re
jection group when OKT3-sensitized patients were eliminated from the analy
sis. Tarone Ware test for these data was not significant ip = 0.223). Used with 
permission from ref, 14 
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Figure 19 Kaplan-Meier coronary-free survival curves are shown for each 
type of rejection group. Tarone Ware lest was significant among groups re
gardless of whether 0KT3-sensitize[l patients were included (/) = 0.014). The 
proportional hazard regression model showed that patients with the vascular 
pattern {p = 0.0001), as well as those with the mixed pattern (/) = 0.014). were 
signihcantly different from cellular pattern patients. Used with permission 
from ref 14 
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Figure 20 Kaplan - Meier coronary-free survival curves are shown for each 
type of rejection group. Tarone Ware test was significant among groups (p = 
0.001). 0KT3-sensltized patients were excluded from this analysis. The pro
portional hazard regression model showed that patients with the vascular 
pattern (p = 0.0001), as well as those with the mixed pattern (p = 0.011), were 
significantly different from cellular pattern patients. Used with permission 
from ref. 14. 

Interestingly, although patients with mixed rejection have a 
survival rate similar to that in patients with cellular rejection, they 
have a 4-fold higher risk of developing allograft coronary artery 
disease; vascular rejection patients have an 8-9-fold greater risk 
(Figures 19 and 20). These risks are irrespective of the time post
transplantation'''. The relationship of these rejection patterns to 
the occurrence of coronary artery vasculopathy is very impres
sive, especially when reviewed in the light of other published 
associations of coronary artery vasculopathy risk. Modest 
increases in risk of allograft coronary artery disease have been 
associated with: (a) degree of HLA mismatch, (b) HLA anti
bodies, (c) anlicndothelial antibodies, or (d) panel-reactive anti
bodies detected in the serum of the patient post-transplant, 
(e) CMV infection, (f) donor-recipient mismatching for sex, 
(g) cellular rejection frequency, and (h) forms of hyperlipidemia 
(increase in total cholesterol, LDL cholesterol, or elevated plasma 
triglycerides). These data were recently reviewed by Marboe''**. 

Faulk and Labarrere have presented compelling evidence that 
abnormalities in the expression of natural anticoagulant and 
fibrinolytic molecules are also associated with early graft loss: 
this loss, however is often very early, and is associated with acute 
myocardial infarction rather than diffuse coronary artery 
vasculopathy-'^"". 

ALLOGRAFT CORONARY ARTERY VASCULOPATHY -
RELATIONSHIP TO DIFFUSE CHRONIC 
VASCULOPATHY (GLOBAL MYOCARDIAL ISCHEMIA) 

Elsewhere in this book are descriptions of the pathologic (Chapter 
33) and clinical (Chapter 35) aspects of allograft coronary artery 
vasculopathy. One forin of this vasculopathy will be discussed in 
detail here because of its prevalence in patients with multiple 
episodes of microvascular or mixed cellular and microvascular re
jection. This form of chronic vasculopathy, studied in detail in 
explant and autopsy hearts from our transplant patient population, 
involves penetrating arteries and arterioles within the myo
cardium as well as the epicardial coronaries. The history and 
pathologic features are quite specific when present. The patient 
develops evidence of heart failure manifested by a decreasing left 
ventricular ejection fraction and the usual symptoms and signs. 
EMB is performed to rule out acute rejection as a cause of the 
patient's clinical symptoms. 

On EMB a distinctive group of morphologic features is deinon-
strated. The biopsy shows focal areas of myocyte dropout in 
which myocytes are replaced by loose connective tissue and 
eventually collagen. Surrounding myocytes are often hyper-
trophied and vacuolated. Inflammatory cells such as lymphocytes 
and macrophages may be seen, but they are limited to the areas of 
myocyte dropout or scarring. Capillaries are difficult to find, and 
no endothelial activation is present (Figure 21)'*'^' ' '"l 

The patchy nature of this process, and its predilection for the 
subendocardial region, suggests that the myocyte loss is due to 
generalized microvascular damage, which includes small arteries 
and arterioles outside of the field of examination on endomyocar
dial biopsy. This observation has been documented on autopsy 
and explant evaluation of such hearts'"*'^. The changes are also 
seen in patients with allograft coronary vasculopathy. If these 
changes are encountered on repeated EMB in patients with slowly 
worsening cardiac function, they are an ominous sign. Such 
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Figure 21 llisl'.iiiigic findiiigs. in a biopsy with changes su.cgcsii^c of allo
graft coroiiiiry vasculopalhy or .global inyiicardiai ischernia. Biopsy shows 
irregular ai'eas of scarrijig surrounded by hyperiropliied iiiyocyies. suggesting 
that this area was a microinfarct which was healed- These small scarred 
regions were not in relationship to the emiocardiimi as expected for biopsy site 
remnants- Koic tr.c prorriinent vacuolizaiion of the siirroiindina myocytes. 
Parient had a history of repeated episodes of iriicrovascular rejection over 
several years post-transplant (H&E x 178). Used wiili permission fioni 
ref. 16 

patchy iiiyocj'te io.ss i.-? disdiicrive from the loss usually assi.iciated 
with inyocardiai infarction, in which large zones of myocyte 
necrosis ai-e ult imately replaced by dense scarring. When we 
recognize this change suggestive of d.iffuse tnyocardial ischemia 
at intervals after the first few tiiooths post-transplant, we note it in 
t.Hir reports. .411 patieols m whom this finding was present on 
biop.sy, and who have come to allograft repLacement ur atiiopsy, 
have had global myocardial ischemic damage in the heart as die 

predominant explanation of their cardiac failure'*-'*-"", Coronaty 
artery involvement with vasciilopathy was often also seen, but 
areas of complete occlusion of coronary vessels were absent 
(Figure 22)'*-" (personal uopiiblished observations). 

By irnniunocylochemistry, patients with global myocardial 
ischemia or allograft coronary vasculopalhy usually show gen
eralized increased MHC class II (HLA-DR) staining of micro-
vasculature of EMB in the absence of other pathologic evidence 
of acute rejection'*-'*. The immunocytoehemical findings of 
microvasculai- immunoglobulin and complement components may 
be decreased from previous biopsies, or may be totally absent. 
ATT is often absent in the microvasculaturc and tPA is un
detectable in smooth muscle. This pattern of ATT and tPA 
expression was detected in seven of 11 hearts examined at 
autopsy it! which global ischemic changes were the predominant 
cause of heart failure (unpublished observations). We have seen 
biopsies from several patients who lack microvascular damage 
but have coronary vasculopathy; ATT and tPA staining were not 
diminished. The amount of fibrin staining is often decreased over 
previous biopsies. 

We believe that these altered morphologic expressions in the 
microvasculaturc may be the results of attempted repair of 
chronic damage of the microvasculaturc. In such patients 
it is only the observation of serial EMB, plus a careful exami
nation of the light microscopic findings, which will lead to 
the correct pathologic diagnosis of global myocardial 
ischetnia. 

Ultrastructural observations of EMB from patients with his
tologic evidence of chronic damage of large and small blood 
vessels have .shown changes analogous to those .found in ischemic 
hearts of e-xperiineotal animals; these hearts show a prominent 
loss of actin over myosin in myofilament bundles that are intact, 
giving a coarse appearance to the myofilaments (Figure 23)'*-™. 
In addition, large numbers of myocyte cytoplasmic organelles are 
often scattered around in the interstitium, associated with a patchy 
and haphazard collection of collagen ibrils. The vessels usually 
have irregular proiles and may show irregular endotheHal cell 
swelling'*-™. 

Figore 22 This i-picurdia! coronury artery 'J<-as sectioaed at the ri.rne of 
aiitopsy 4 months after transpiaiH- The paiietit iiad multiple episodes of acute 
mlcrova-scalai rejectioi! wiiich -*efe i-ic4 associated with, heiriodyriatnic com
promise and weri; not treated prior to death. Marked najTowing of the vessel 
'wriii subintirnal Hbrosis is seen. Nianerous infiarnmatory cells were foinid in 
this regioij. consisting of tnacropliages and lynspiiocytes (H&E x 75). Lised 
with pemdssion from ref. 16 

Figure 23 Ldtrasttnetitral appearance of ttiyoeytes iVorr'i a biopsy show-tng 
histologic evidence of global myoeardial isehemia. Myiililaineiii si-ructiire 
.appears coarse, due to the p.redorninant loss ot actin filaraerns. Origiiiai print 
magniiieadon X 10.000. Used with per)-nission from ref 16 
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DRUG-INDUCED VASCULAR PROCESSES 
SIMULATING VASCULAR REJECTION 

In patients treated with antibodies raised in various animal 
species, sucii as horse, rabbit, sheep or mice, an inimune-
complex-mediated response to these Foreign proteins may 
develop"' "\ In patients who develop these reactions the immuno
suppressive function of the monoclonal antibody is abrogated by 
the production of antibodies against the immunosuppressive 
agent. Such patients may show early rejection because of lack of 
immunosuppression^'*. Alternatively, patients may show a serum-
sickness-like process within their cardiac vessels related to the 
deposition of immune complexes of the monoclonal antibody 
and the host antibody directed against it^\ Usually these anti
bodies are anti-idiotypic antibodies directed against the foreign 
protein. 

In our institutions, where the vast majority of patients have 
been treated with OKT3 (a mouse monoclonal antibody), all 
patients are routinely evaluated by immunocylochemistry for the 
accumulation of mouse immunoglobulin (the antigen) in cardiac 
vessels^''. Typically, the efficacy of OKT3 therapy is monitored 
by following total daily T lymphocyte counts or, in the case of 
OKT3, CD3 lymphocyte counts. This method is an insensitive 
way to detect early anti-idiotypic antibody accumulation. A better 
method is the flow cytometric assay described by Wittwer et ai, 
which detects declines in steady-state plasma levels of the OKT3 
(due to complexing of antigen with anti-idiotypic antibody) 1-3 
days earlier than the return of CD3+ cells in the serum^^. The 
value of early detection of 0KT3 sensitization (anti-idiotypic 
antibody activity sufficient to cause plasma OKT3 levels to 
fall significantly) is that the patient can be immediately with
drawn from OKT3 therapy and placed on alternative 
immunosuppression. 

We have demonstrated that maintaining the patient on OKT3 in 
the presence of anti-idiotypic antibodies leads to humorally 
mediated microvascular alterations in every case'^. Since this is 
associated with severe hemodynamic consequences, it should be 
avoided. A subsequent study, in which patients sensitized to 
OKT3 had therapy promptly aborted, has led to dramatic 
improvement in allograft survival̂ **. Eleven of 12 patients shown 
to be sensitized, and removed from therapy at the time of sensi
tization, have not lost their allografts acutely. In this later report, 
patients without OKT3 sensitization during induction treatment 
also did not develop sensitization if retreatment was necessary. 
This is another situation in which routine immunocytochemical 
monitoring is very helpful in understanding the nature of the 
immunologic response. 

Morphologically. EMB have features of microvascular alter
ation identical to those found in vascular rejection patients. The 
only different feature is the presence of mouse, horse or rabbit 
immunoglobulin in a distribution identical to the human 
immunoglobulin and complement components which serves to 
distinguish it from vascular rejection. There are no direct data 
concerning the distribution of altered ATT and tPA expression in 
these patients, since most of the sensitized patients were studied 
prior to routine use of these reagents. However, fibrin was found 
in an interstitial and vascular distribution in all of the biopsies, 
suggesting that ATT and tPA would be expected to be missing 
from the microvasculature''^. 

PATHOGENESIS OF MICROVASCULAR REJECTION 

The changes described in this chapter suggest that endothelial cell 
activation, vascular permeability, and subsequent myocyte degen
eration are prominent features in patients displaying light micro
scopic and immunocytochemical alterations associated with 
microvascular rejection. These morphologic features suggest that 
the endothelial cell plays a pivotal role in this rejection process. 
In-depth investigations of endothelial cell biology have shown 
that, rather than being non-specific targets of injury, endothelial 
cells are capable of many important functions which can be 
altered in the allograft- "'*"" ''^ 

Endothelial cells provide a natural anlicoagulated surface 
through their binding of antithrombin III and thrombomodulin, 
although the evidence in cardiac transplants suggests that the 
former pathway is more important than the latter'^ -". Endothelial 
cells produce diverse cytokines which can modulate the biologic 
behavior of cells in the myocardial tissue. These cytokines are 
produced in inflammation, ischemia, and many other circum
stances commonly operative in transplantation, such as infection 
and lymphocyte activation'''. There is good evidence that 
endothelial activation can be the result of immunosuppression or 
immunoprophylaxis utilizing monoclonal anti-T-cell antibodies. 
The therapy can generate T cell activation, as a result of inter
action of the antibody and the CD3 or T cell receptor antigen on 
the lymphocyte surface'̂ ^ '̂ -"̂  '*̂ . A predominant cytokine released 
is tumor necrosis factor alpha; antibody directed against this 
cytokine is effective in abrogating the first dose response com
monly seen in these patients*'''*''. Other reports suggest that such 
lymphocyte activation leads to increased release of lL-2 and 
IFN-y, which promotes further endothelial cell activation, as has 
been elegantly shown by the in vitro studies of Pober and 
colleagues''-'̂  •'̂ '*. 

We have observed that patients with the morphologic pattern of 
microvascular rejection (vascular rejecters) include patients sen
sitized to OKT3 while undergoing immunoprophylaxis. This type 
of microvascular rejection is related to humoral immune 
responses with probable altered B-lymphocyte immune regulation 
or polyclonal B-lymphocytic activation''-^^. The morphologic 
changes are very similar to those described in reports detailing 
humorally mediated vascular rejection in: (a) renal transplant 
recipients, (b) patients with serum sickness, and (c) experimental 
animals with leukocytoclastic vasculitis, (d) the Arthus phenom
enon, and (c) animals rejecting xenografts in which there has been 
a decrease in antibody levels or complement activity'"'"'''*'•" **'*. 
The pathogenic mechanisms responsible for these vascular 
inflammatory processes (where an antigen-antibody complex 
process is definitely implicated) involve complement activation, 
cytokine release, and chemotaxis and activation of neutrophils 
and macrophages. 

Recent work has shed light on the pathogenesis of this process 
in our allograft population. We examined the incidence of vas
cular rejection pattern related to the duration of OKT3 induction 
immunoprophylaxis (Table 3). We found a statistically significant 
association of the vascular rejection pattern with duration of 
OKT3 greater than 7 days. The percentage of patients developing 
microvascular rejection increases in direct proportion to the 
length of 0KT3 therapy. Unfortunately, the number of patients 
treated with standard triple immunosuppression is too small to 
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Table 3 Relationship of duration of OKT3 induction to vascular rejection pattern 

Diiniliim iifOKTJI'lophyhni';' Totat no. ofi>aUeiits Vascular lejciliim partem (i>eni'ii!af;e of rural)' lAtst fii'afts 

7 days 
10 days 
14 days 
21 days 

53 
26 
208 
13 

6(11) 
S(31) 
56 (27) 
6(46) 

3/6 
4/8 
24/56 
4/6 

' Duralion of OKT3 induclion delerniiiied reiro.spcclivol) b\ chart review ([;>r Hong Ma), Palionts ^on^ttizetl tit ()KT3 as delerminctl by the flow cytonielric a.̂ say were exclutletl Inini IhJN 
analysis. Sensitization also documented by chart review. 

Vascular rejection pattern prospectively deterniined during first 3 months post-transplant Patient had at least three episodes of vascular rejection without cellular rejection and prior to 
other rejection episodes, including cellular intiltratcs. See text. 

include in the analysis; the number of these patients with the vas
cular rejection pattern was not significantly different from the 
patients treated with 7 days of 0KT3 immunoprophylaxis. This 
association, in multivariate analysis, was independent of: 
(a) patient sex, (b) age, (c) positive crossmatch, and (d) positive 
panel-reactive antibody status, which were all previous predictors 
of vascular rejection pattern in this patient population. Patients 
with OKT3 sensitization were also excluded from the analysis'"'. 
The association of vascular rejection pattern with durations of 
OKT.3 immunoprophylaxis >7 days suggests that anti-idiotypic 
antibody production, which occurs to some degree in all patients 
after 7 days of induction, synergizes with the humoral rejection 
response so that it becomes the predominant pattern in susceptible 
patients. 

An alternative hypothesis is that the OKT3 induction for 
>7 days alters cytokine production, such as TNF. It is well recog
nized that TNF is the cytokine responsible for the tirst-dose 
OKT3 reaction. Recent studies have shown that TNF may play a 
significant role in allograft rejection""'""'''*. TNF recruits cells to 
the site of antigenic challenge, activates iinmunocoinpetent cells, 
augments the expression of MHC class I and class 11 antigens, 
and induces the production of other cytokines. Lymphocytes, 
macrophages, and endothelial cells are all able to produce TNF-a, 
and are activated by its actions. Elevation of mRNA for TNF-« is 
detected in rat cardiac allografts in advance of clinical 
rejection'"'-^''. Antibody against TNF-« has also been shown to be 
effective, in combination with cyclosporin, in prolonging rat 
cardiac allograft survival. Elevation of circulating levels of TNF 
has been detected in cardiac and renal transplant recipients'" '*-''\ 

Thus, it is likely that TNF is produced concomitantly with each 
dose of OKT3 that is given, so that the amount of TNF produced 
in patients induced for 14 or 2! days is significantly greater than 
in patients receiving the drug for only 7 days. Furthermore, 
activation of macrophages and endothelial cells, which promote 
further TNF production, is accelerated by binding of these cells to 
immune complexes, like complexes of 0KT3 and its anti-
idiotypic antibody. Thus, circumstances are favorable for the in-
crea.sed production of TNF in patients receiving prolonged OKT3 
induction. TNF enhances immunologic responsiveness, and 
would be expected to accelerate rejection responses in patients as 
it has been shown to do in experimental animals. If this hypo
thesis is correct, antibody directed against TNF-a may be an 
effective strategy to prevent microvascular rejection in this 
patient population. 

The likelihood that microvascular rejection is mediated by TNF 
or other cytokines in addition to humoral immune mechanisms 
cannot be differentiated by the present or previous studies''''*'"'**. 

We have consistently seen up-regulation of HLA-DR on the large 
and small ves.sels of the allograft which, at least in experimental 
situations, is produced exclusively by interaction of endothelial 
cells with I F N - y . This finding, as well as the prominent fibrin 
deposition and endothelial activation, suggests that cytokine-
mediated (delayed-type) hypersensitivity may be implicated in 
this process'"'". 

The consequence of either a humoral or cellular immune 
response directed against the vascular endothelium would ulti
mately be comprotnised myocardial oxygenation. Important 
inflammatory participants in this process include neutrophils and 
macrophages which can be activated by immune complexes, cyto
kines, complement components, endotoxin, and platelet-
activating factor^'''''. Such activation can result in the production 
of various leukotrienes, arachidonic acid metabolites, and a 
variety of cytokines which lead to vascular permeability, leuko
cyte adherence via various specifically induced adhesion 
molecules, and the activation of proteolytic enzymes such as 
protein kinase C. The ability of endothelial cells to express 
adhesion molecules (ELAM-1, ICAM-1, VCAM-I) in response 
to inflammatory stimuli or cytokine release, such as IL-1, can 
create the morphologic expression of vascular rejection, including 
endothelial activation and capillaritis. The consequences of this 
process include compromised myocardial oxygenation, diffuse 
myocardial damage, hemodynamic compromise, and allograft 
loss. 
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2 i 
Pathologf of Cardiac Allograft Rejection. 
2: Acute Cellular 
A.G. ROSE 

INTRODUCTION 

Cardiac transplantation has become firmly established as a treat
ment for terminal cardiac failure. The early experimental work in 
animals'"'' that preceded the first liuman-to-human cardiac trans
plant in 1967 is now mainly of historical interest. Thomson* 
documented the pathological findings in the donor heart of Louis 
Washanslcy, who was the recipient in this first historic operation. 
Shortly thereafter Lower et al? reported their experience with 
human cardiac transplantation. 

Despite advances in patient selection, donor heart procurement 
and preservation, and immunosuppressive therapy, acute rejection 
remains an important cause of graft loss and recipient mortality. 

MACROSCOPIC APPEARANCE OF ACUTE REJECTION 

Mild or moderate acute rejection usually fails to produce 
detectable naked-eye changes in the donor heart apart from an 
increased organ mass (Figure l)'". '!. Cyclosporine-induced sys
temic hypertension may also contribute to the cardiac hyper
trophy. Such hearts are seldom examined pathologically unless 
the recipient has died of other causes. 

Severe acute rejection may produce a swollen, mottled myo
cardium with scanty subendocardial hemorrhages. A heterotopic 
transplant which has undergone irreversible, severe rejection may 
not lead to the death of the recipient if the latter's own heart has 
enough residual function to support the circulation. 

Figure 1 Transverse slices of rccipicm heart (left) and donor heart (right) 21 days after heterotopic transplantation. The severely rejected donor myocardium pre
sents a pseudohypertrophied appearance. (Reproduced with permission from ref. 10) 
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Explanted heterotopic grafts usually show very severe acute 
rejection since inimuoosuppression is often reduced in the period 
between cessation of graft function and surgical excision of ttic 
graft. Such hearts (Figure 2) have, a severely hemorrhagic, 
mottled appearance. Geographic zones of pale-colorcd. focal 
infarction stand out against the plum-colored, hemorrhagic, but 
still viable myocardium. Stasis thrombi may be present within the 
cardiac chambers. Orthotopic transplants that have failed pri-
nnaril}^ due to acute rejection usually show less obvious naked-
eye alterations despite the presence of severe acute rejection 
histologically. 

Figure 2 Close-up view of donor hearl left ventricular outflow tract .Severe 
acute rejection has produced diffuse iiitiamyocardial he-morrliage and tlie 
myocardial cut surface shows pale areas of necrosis whicli contrast with tlie 
hemorrhagic background 

ROLE OF ENDOMYOCARDIAL BIOPSY IN THE 
DIAGNOSIS OF ACUTE REJECTION 

Endomyocardial biopsy histology with grading of the severity of 
rejection continues to be the so-called gold standard for the diag
nosis of acute rejection. Usually biopsies are performed weekly 
during the first 6 weeks post-transpiantation and then fortnightly 
for the next few months. Gradually therafter the intervals between 
the biopsies are increased until a stage is reached at which the 
biopsies are done approximately every 3 months. 

Non-invasive methods for diagnosing acute rejection, such as 
magnetic resonance imaging, assessment of peripheral blood lym
phocytic activation and soluble interleukin-2 receptor levels, have 
failed to live up to expectations and have not superseded graft 
histology. It remains to be seen whether other non-histologic 
modalities, e.g. radioimmunoassay assessment of vascular ad
hesion molecules'^ in endomyocardial biopsies, may play a role 
in the routine management of cardiac transplant patients. The 
latter invasive procedure is still dependent on the taking of 
endomyocardial biopsies. 

Earlier criticism of endomyocardial biopsy has focused pri
marily on the possibility of sampling error and the subtlety of the 

histologic changes in diagnosing rejection'^^''*. One study'^ at
tempted to validate the technique by examining 'biopsy' samples 
taken with a bioptomc from formalin-fixed explanted human 
donor hearts, and comparing these in a blind fashion with stand
ard histologic sections taken from the same hearts. Agreement of 
results between the bioptomc samples and the routine sections 
was found in 86% of cases. False-negative results were less than 
1%, Acute rejection involved both ventricles equally. 

Due to the rigidity of the bioptome caihete.r, endomyocardial 
biopsy usually only samples the septal wall of the right ventricle 
towards the apex. Four or five tissue samples are regarded as ad
equate'*. In practice most pathologists usually receive three or 
four endomyocardial samples per biopsy procedure. In the study 
referred to earlier, it was found that even as few as two endo
myocardial samples revealed the presence of acute rejection". If 
fewer samples are received this should be noted in the pathologic 
report, since it holds the implication that significant rejection may 
be missed (false-negative biopsy). In the light of other clinical 
and laboratory parameters, the cardiac surgeon has to decide 
whether an immediate or earlier than usual repeat biopsy is 
indicated. The size of the biopsy specimen varies according to the 
bioptome used. If the biopsy specimens are small, then a sub-
optimal number of samples has more severe implications than 
would be the case if the samples were large. 

At some centers the endomyocardial biopsies are submitted to 
the laboratory in 5% buffered glutaraldchyde to facilitate sub
sequent ultrastructural examination of one of the fragments, if this 
is deemed necessary. Selected fragments for light microscopic as
sessment of rejection are transferred into 5% buffered form
aldehyde and processed in a hypercenter tissue processor for 
expedited handling. 

Paraffin-embedded sections are stained by the hematoxylin-
eosin, Masson's trichrome, elastic van Gieson, and Unna-
Pappenheim methods. One or two biopsies may also be submitted 
unflxed for immediate frozen section. This gives immediate 
information regarding the presence of rejection, and additional 
sections may be cut for the determination of lymphocyte subsets. 
The latter is performed more for research purposes than for 
influencing management of the patient. Electron microscopy and 
immunofluorescence microscopy play only a small role in the 
routine diagnosis of acute rejection. 

HISTOPATHOLOG¥ OF ACUTE REJECTION 

One of the earliest changes observed m acute rejection is the 
development of inter^tiltal edema iFigure ^). whitli is most 
prommenl periva.-.cularly and less evident in the endocardium, 
which has a denser connective tissue component. The edema is 
probably a result of tnicrovascular damage. Interstitial edema is 
less severe in patients receiving cyclcbporin compared to the 
earlier, steroid-based immunosupprcssmn. The vascular endo
thelium IS diat portion ot the graft v^hich hrst encounters the host 
lymphocytes which ate attracted into the graft, since dtese cells 
reach the graft vw the bloodstream. 

In the early stages of acute rejection the small blood vessels 
within the graft contain increased ntimbers of mononuclear cells 
(Figure 41, which may jl!>o he seen to be passing through ihe 
vcisels' walls iniu ihe .surrounding myocardium The early 
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Figure 3 A: Eariy iicure rejecrian I'gracie iA of LSHLT). Mild iiitcrstitiai 
edema spares, llie ei>!ii>c;irdiuin. which copiains a more florid lymprioej'tic 
infiltralion than is seen in the rayocardioi interstiiiiini (H&E- X i35). 
B: Sciuity interslii;;!! lyrnpliocylic ioHltrate of mild acute (grade IB ui ISllLl') 
reieciioii{H&n, x bin 

•••-£:; .. 

infiltrating cells (Figure 5) consist mainly of non-activated lym
phocytes and small unideniified mononuclear cells of lymphoid 
type, together with histiocytes and scanty neutrophils plus 
eosinophils. The cellular infiltration of mild acute rejection 
(Figure 6) has a focal, mainly perivascular distribution. The lym
phocytes soon develop a prominent cytoplasmic pyroninopliilia 
(activated or aggressive lymphocytes), as do the endothelial cells 
of the small blood vessels. Focal infiltration by similar cells is 
also noted in the endomyocardium. Cardiac histiocytes 
(Anitschkow myocytes), presumably of donor heart origin, also 
appear activated and prominent. 

B 

Figure S A: Donor tieait biopsy shows numerous Ij'mphocytes in relation to 
necrotic myocytes (H&E, X 420). B: The edematous inlerstitium between two 
myocytes (top right and bottom left) contains aclivaled lymphocytes and some 
free-lying erythrocytes. (Lead citrate and uranyl acetate, X 2400) 
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Figure li Mild acve fsiecii' ,:_ • . . . _• , ;, c 
ag!;Teg:il!i;n wi(!;oiil invijcyi^ uadiagc 

if oiitreaied. one may nave the developmeni of moderate 
(Fi|iijre;; 7 und 8j ami severe (Figure 9) acuic rcieelioii. In such a 
case all of iiie above changes will progress ami increase in inicii-
sky. aiid wiH be acconipariied by damage to ihe inyoeyres anci 
blood vesNcls. Tims, intersliiia! edetiui inerear^es and inierstiiial 
fibrin deposition may also occur. Fibrinolysis may render the 
latter incoiispieuiaus microscopically. The niosi reliable indication 
of progression in severity of acute rejection is more intense and 
widespread lymphocytic infiltration f>f the graft. With time there 
is enlargcnieni of the iiucJci and cytoplasm of tlie lymphocj'tcs. 
which now have the appearanee of immunoiilasis (Figure 10). 
Siniilai lymptioid cells iniilirate die iniiina of intraniyoeardiai 
blood vessels where they are admixed with prohferatina endo
thelial and intiniai cells. Fewer lyoiphceytes may also be seen 
widwfi the media and the adveiiiitit) (Figure I 1), 

fierskowitz et a!.'' identified intet^stitiai edetna. perivascular 
keryorrhexis. arid perivascular iyiriphocytic innltratioii with 
iritermyueyie extension as three histologic abnormalities that lieip 
predict the future developnient of more severe acute rejection 
a.ssocialed sitli myocyte necrosis. 

m 

Figure S Mocicracc acute rcjcc'ion igradc 3B of ISHLTi. A diftiis.;, iyir.pho-
cyiic aiiilitaiion is present togi-flier with tbc;!l myocyle riecf05i« i;l:l&ty X 8--i) 

i5 
Figure "•' A: Oradc 3.A (ISH?. Ts acme rejctl'on i>: ch;-!f;)c!eri7„;:,1 iiv nvjiriili-
LSJ! lyeipheLyti'.: miiltiahen'! •;( (he nnocaniiutii (Id&R. >; It)}, ft iligher-
power View ei'Katr.e liiopsy stuisv:. !iiyoc)'le OfCfe'̂ is HI retutieii ics an jfiicrse 
nuinenuetear ceiiiilar iafiltralieti. Tht pre!.en(;e DI [iecro>is siecrs ihc grading 
towards srade 3B [U&L. y: ?S!n 
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Figiire '•* A Sowre riCiiic rcjecfio'i (graiic. 4 of ISHL.T) exhibits severe iiiter-
•-(i:iai iyinphocyUc ifililcrcnon uriii focai mvtcyie necrosis fH&E, >< iOO). 
B' DU'Fcren! area f:i' she same bions_y >iKnv>; tacal loss ui myistytes .md masses 
ofiyiTiphocvjcs piiis scanty haemorrha;;v' (l-i&ii.. x .'iXD 

Figure Hi Ficcsrori iriicrograph in acute rcjccticpn. A group of aclivated lym
phocytes occupies the myocardial inlerstilium. A piasma cell is present (lower 
right} (Lead citrate and uranyl acelale, X L"":)!)) 

Hgurc 11 Coronary arterial alterations in severe acute rejection. A: Acute 
rejection lias caused subendothclial intimal edema in a smail epicardial coro
nary artery. B: At times the edema can be quite striking. C: Small coronary 
artery shows outer medial defects of the Iclnd associated with ao immune-
mediated arteritis (All H&E, X lot)) 
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Small^'Vcssci thrombi have been an iiieonspiciiouh feature of 
rnild and rnoderaie acuie rejection in human cardiac traiihplanis. 
btit they have been encountered bj' oshers in canine cardiac aiio-
grafts'"''. The occurrence of siicli ihrombi in severe acute rejection 
in liumans is not surprising, since there is evidence that rejection 
may activate the coaguiation niechaoism"*-"". The cardiac ^Tins 
and venules arc seldom affected by iiorid acute rejectioii 
changes'. 

The above-described niicrovabcular changes, together with the 
cytotoxic effects of the infiitraiing immiiiioblasfs. combine to 
produce deieierious effects on the myocardium. Thus, die fuyi.i-
cyies may show a range of appcariiiices from norma! through 
cytoplasmic swcUiiig. lipid vacuolation ro focai necrosis, l i te 
presence of zonal myocvtolysis or coagiihitivc iiccrosis usuahy 
indicates graft arteriopathy (chronic rejection) rather than aciiLe 
rejection. Rarely, fibrinoid necrosis of coronary arteues (Figure 
12'! associated witli very severe acute rejection may lead to zones 
of n-jyocytolysis or coagulative necrosis in the donor vealricles. 
Associated focal interstitial hemorrhages may also uccur in such 
cases. li will be neeessarv to avoid confusion with dclaved vas

cular rejection, but lymphocytic innltradon is not a feature cjf the 
latter process in its pure form. 

Focal myocyte iiecrosi,s is not a nniforni hading in severe acute 
rejection. Lesser changes indicati\'e of myocyte damage are often 
noted, e.g. hypereosinophilia of iadividual myocytes, bluiTiog of 
the edges of myocytes, atteiiuaiioti of iriyoeytes, reduction in 
visibility of cross-siriations and vacuolization of die cyioplasin. 
Damaged myocytes often have lymphocytes closely applied to 
their sarcolemmal sheaths. It has been elaiined thai the myocyte 
injury in acute rejection is reversible-' and ihat the inju.red 
niyoeytes m acute rejection .ire capable of recoristitution-^f 

HISTOLOGIC GRADING OF ACUTE REJECTION 

A variety of histologic grading systems for acute rejection have 
evolved at various centers worldwide--' *'. No matter which 
grading system has been u.sed the essence of its successful appli
cation has been frequent and clear dialogue between the patho
logist and fhc clinicians looking after the recipient. The 
pathologist must clearly indicate the degree of rejection present. 
The use of a grading system has the advantage that the severity of 
rejection can be swiftly communicated without going into de
scriptive histologic details which may confuse the clinician. The 
pathologist examining the biopsy should be experienced in the 
interpretation of endomyocardial biopsies, since the unwary may 
read too much into biopsy-induced artefacts with possibly unto
ward results for the patient if such artefacts are interpreted as 
being due to rejection. 

B 

Fignre 12 Severe acute rejeclion. A: Early fibrinoid necrosis (ari-owsj of 
m'all of ao intramyocardial coronary artery, B; Advanced fibrinoid necrosis of 
a .small coronary artery with superimposed thrombosis (Both H'&E, X KM)) 

STANDARDIZED GRADING SYSTEM FOR HISTOLOGIC 
ASSESSMENT OF DONOR HEART ENDOMYOCARDIAL 
BIOPSIES 

.A standardized grading system was established by the Inter
national Society for Heart and Lung Transplantation (ISHI.T)-^ 
in order to facilitate nnilticenter trials, and for uniformity in pub
lications, .so that results from different centers may be compared 
cffcciively. The Working Formulation for the Standardizadon of 
Nomenclature in the Diagnosis of Heart Rejection-^* acts as a 
Rosetta .Stone by which gradings in one scheme can be compared 
with the gradings of another. Whilst the aim was not to replace 
the pre-e.xisting individual grading schemes, many centers have 
adopted the proposed Working Formulation in their day-to-day 
practice. 

The various categories within ihe standardized cardiac biopsy 
grading system are given in Table I, This grading system for 
acute rejection tnay be paraphrased as follows. 

(jmde 0 (no acute rejection): this indicates the absence of acute 
rejection or of any feature of myocyte damage in the sample. 
Equivocal findings of rejection arc similarly graded as 0. 

Grade !A (focal, mild acute rejection): one or more samples may 
show focal, interstitial or perivascular infiltrates of lympho
cytes unassoeiated with myocyte damtige (lugures 3A and 6). 

Grade IH (diffuse, mild acute rejection): a more diffuse infiltra
tion (Figure 3B) of a simfiar intensity to that seen in lA is 
present. Not all samples need to show features of rejection. 
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Table 1 Standardized cardiac biopsy grading 

Grade 'New' nomenclaiure 'Old' nomenclature 

No rejection 

A = Focal (perivascular or interstitial) infiltrate witiiout necrosis 
B = Diffuse but sparse infiltrate without necrosis 

One focus only with aggressive infiltration and/or focal myocyte damage 

A = Multifocal aggressive infiltrates and/or myocyte damage 
B = Diffuse inflammatory process with necrosis 

Diffuse aggressive polymorphous ± infiltrate ± edema. ± liemorrhage, ± vasculitis, with necrosis 

No rejection 

Mild rejection 

'Focaf moderate rejection 

'Low' moderate rejection 
'Borderline/severe' 

'Severe acute' rejection 

'Resolving' rejection is denoted by a lesser grade. 'Resoivetf rejection is denoted by grade 0, 

Grade 2 {focal, modemie acuie rejection): this is indicated by tlie 
presence of only one focus of lymphocytic infiltration wliich is 
shaiply circumscribed. Arcliitcctiiral distortion witli myocyte 
damage within ttie focus is listed as an additional prerequisite. 

Grade 3A (multifocal moderate acute rejection): multi
focal iniamraatory infiltrates (Figure 7) made up of large, 
aggressive-looking lymphocytes with or without eosinophils 
involve one or more of the endotnyocardiai samples. 

Grade 3B (diffuse, borderline, severe, acute rejection): diffuse 
lymphocytic infiltration (Figure 8) is observed within several of 
the biopsy samples. Myocyte damage is noted. Scanty 
eosinophils and the occasiooal neutrophil may be seen. 
Hemorrhage is usually absent. 

Grade 4 (severe acute rejeciion): the hallmarks of this grade 
(Figure 9) are a diffuse, polymorphous inflammatory infiltra
tion composed of 'aggressive' lymphocytes, eosinophils and 
neutrophil.s. Myocyte damage or even necrosis is 'always' 
seen. Edema, hemorrhage and vasculitis are often present too. 

It is recommended that 'resolving' acute rejection (Figures 13 and 
14) should be indicated by denoting a lesser grade than that given 
in the previous biopsy. (The term 'resolving' may also be used in 
parenthesis after the given numerical grade). .Similarly, 'resolved' 
acute rejection is diagnosed as grade 0. ('Resolved' may also be 
given in parenthesis after the grade). 

Additional information that should be included in the patho
logic report includes the following: (a) the number of endo
myocardial samples supplied for the biopsy (four or more 
are considered adequate); (b) presence of humoral (antibody me
diated) rejection; (c) presence of a Quilty effect (endocardial lym
phocytic infiltration) ± myocyte encroachment; (d) ischemic 
changes (early on related to donor heart procurement and late due 
to graft arteriopathy), early on catecholamine-induced brain death 
effects may also be encountered; (e) infection present - biopsy 
cannot be interpreted for rejection; (f) lymphoproliferative dis
order; (g) other (to be specified). 

••; .-:13 A:Pi-
..•••. -. .;ellular infi 
_. L'̂ e-retjolvinj; 
stromal collapse f 

PROPOSED REVISION OF THE iSHLT GRADING SYSTEM 

As may be expected, practical use of the ISHLT grading system 
has highlighted its inherent deficiencies. The following revision to 
the ISHLT grading system (Table 2) was proposed at the 15th 
Annual Meeting of the Intemational vSociety for Heart and Lung 
Transplantation held in San Francisco, 5-8 April 1995. Grades 0 
and I (lA and IB) remain as before. Grade 2 has beeti abolished. 
Grade 3 is divided into Grade 3A (two or more multifocal, dis
crete lymphocytic infiltrates with focal, occasional eosinophils) 

and Grade 3B (diffuse mononuclear cellular infiltration in several 
or all of the biopsy fragments; at least two samples show evidence 
of myocyte damage). Grade 4 (all of the biopsy samples show 
edema, hemorrhage and vasculitis with rare areas of normality). 

Footnotes to this revised grading system include the following: 

(1) An inadequate sample is less than four pieces. Four to six 
samples are the optimum to be aimed for. If less than three 
samples are received, the pathologist cannot rule out the 
presence of rejection if appearances arc negative. If less than 
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(6) The worst area in the sampled myocardium should be used to 
choose the grading number. 

GENERAL COMMENTS ON THE PATHOLOGIC 
DIAGNOSIS OF ACUTE CARDIAC REJECTION 

Myocyte necros is in acu te rejection 

The preseoce of myocyte necrosis is taken as a firm indicator of 
clinically significant acute cardiac rejeclioE in most grading 
systems used for assessing endomyocardial biopsies^*-^'. Multiple 
foci of necrosis have more significance than only a single such 
focos. Such necrosis is rare in my experience, even in patients 
witii florid lymphocytic infiltrates. 

Ratliff et fll.-'-^*-^'^ have performed exten.sive electron micro
scopic studies of myocytes that appear to be necrotic by light 
microscopy, and they report that such myoctes show a unique 
form of reversible myocyte injury. Centralization of the 
myofilaments occurs and the latter are surrounded by a radially 
orientated bundle of myofilaments. They suggest that the myocyte 
injury of transplant rejection is generally reversible and is similar 
to apoptosis. 

Fiijiire 14 Eariy-orgaiiizmg fibrin thrombus (top) covers the surface of a 

previous rigtit ventricular endomyocardial biopsy site (H&E. X 15(1) 

two samples are positive for rejection, one cannot rule out a 
higher grade of rejection. 

(2) No immunoiluorescence is needed. 
(3) Quilty change is noted if present, but is not characterized 

further. 
(4) Ischemic changes, both early (<3 months post

transplantation) and late (>3 months) are looked for and 
noted. 

(5) The grading should not be applied to autopsy material. 

R e s o M n g acy te rejection 

Augmented immunosuppresion usually leads to abolition of an 
acute rejection episode. This process, which may take days to 
weeks to reach completion, is termed resolving acute rejection 
(Figure 13). Since the clinical concern is whether rejection has 
been controlled, this is a period in which further biopsies arc 
often taken. 

In patients receiving cyclosporin-based immunosuppression 
les.s rapid dissolution of the lymphocytic cellular infiltration 
occurs when pulsed doses of corticosteroids are given to over
come acute rejection, compared to patients receiving the previoos 
steroid-based immunosuppressive regimen^'. Thus, acute 
rejection in patients treated with cyclosporin resolves slowly. 
Myocyte damage may persist for about 2 weeks despite increa.sed 
immunosuppression-^. With resolution of acute rejection the 
remaining lymphoid cells show minimal pyroninophilia, and the 
removal of dead myocytes leads to early replacement fibrosis. 

Table 2 Revised s t anda rd i i ed cardiac biopsy grading 

0 No rejection 

1 A = Focal (perivascular or interstitial) infiltrate without necrosis 
B = Diffuse, but sparse infiltrate without necrosis 

2 Has been abolished/no longer exists 

3 A = Multifocal, discrete lesions, focal occasional hypereosinophilia 
B = Diffuse mononuclear cells in several or all fragments. Two samples sbow myocyte damage 

4 AH biopsy samples .show edema, hemorrhage, vasculitis with rare areas of normality in the sample 

Less than four pieces is an inadequate biopsy. Ttircc pieces cannot rule out rejection. If two pieces are positive rejection can be diagnosed, but cannot rule out a higber grade. At least 
three levels sliould be cut on each block. 
The worst area is the keynote area for grading. 
No inrmunoftuorcsccnce is needed. 
Qyilty (not Quilty A or B). 
Ischemic changes may t)C noted early (< 3/12) orlale (> 3/12). 1'he grading is no! for use in autopsy orexplanted material. 
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Detection of possible over-immunosuppression 

If repeated biopsies are totally negative for the presence of any 
lymphocytes within the myocardium, this should be brought to 
the attention of the clinician caring for the recipient, as there is 
the possibility of over-immunosuppression and an attendant 
danger of infection. This dictum is especially important in 
patients receiving cyclosporin, since endocardial lymphocytic 
infiltrations are commonly seen. 

Immunofluorescent studies 

Immunofluorescent studies for the immunoglobulins IgG, IgM, 
and IgA, and complement (C3) on biopsy and autopsy material 
from human and animal donor hearts yielded unhelpful results by 
both direct immunofluorescence and immunoperoxidase methods 
in acute rejection. Moderate amounts of fibrinogen and C3 may 
be found within the walls of some intramyocardial blood vessels. 
Immunofluorescence may be useful in some circumstances'' and 
it has also been used for the detection of microvascular 
rejection'''. 

Lymphocyte subpopulations in acute cardiac rejection 

T lymphocytes are the predominant cell type in acute cardiac 
rejection. The ratio of helper to suppressor T lymphocytes in the 
cardiac biopsy does not correlate with rejection. However, the 
greater the number of lymphocytes in the biopsy, the greater is 
the likelihood of significant acute rejection. B lymphocytes are 
seldom present in endomyocardial biopsies and, if present, are 
seen in very scanty numbers only. Macrophages are more 
prominent in resolving acute rejection. 

Cyclosporine suppresses the generation of inducer T cells, but 
allows the generation of suppressor cells. Monoclonal antibodies, 
which destroy the T3 cell subset, are playing a small, but possibly 
increasing, role in the treatment of acute ejection. 

Electron microscopy 

In the early stages of acute rejection there is a preponderance of 
mononuclear cells of undistinguished appearance. In biopsies of 
cardiac allografts implanted in baboons, unidentified mononuclear 
cells composed 53% of the interstitial cellular infiltrate overall in 
acute rejection'". Later activated lymphocytes predominate 
(Figure 10); occasional histiocytes, neutrophils and eosinophils 
may also be seen. In resolving acute rejection a few plasma cells 
may also be observed. The latter cells are characterized by the 
presence of numerous polyribosomes and cisternae of rough-
surfaced endoplasmic reticulum. Such cells stain weakly with the 
Unna-Pappenheim stain. 

The myocytes of donor heart biopsies may show a variable loss 
of myofilaments leaving free-lying Z-bands within the sar-
coplasm. Some Z-bands have a widened, smudgy, ill-defined 
appearance. As detailed above, Ratliff et al.^" report an unusual, 
reversible form of myocyte damage, characterized by radially 
arranged myofilaments. Severe acute rejection associated with 
vasculitis may cause complete myocyte destruction. Other ultra-
structural features of note include swollen mitochondria, dilated T 

tubules, cytoplasmic lipid vacuoles and swelling or necrosis of 
capillary endothelial cells. Severe acute rejection associated with 
vasculitis may cause complete myocyte destruction. 

SPECIAL PROBLEMS REGARDING THE LIGHT 
MICROSCOPIC DIAGNOSIS OF ACUTE REJECTION 

Certain special problems may be encountered in interpreting 
donor heart endomyocardial biopsies-"''"^. 

Inadequate biopsy 

The rejection process in cyclosporin-treated patients is more focal 
than that seen in steroid-azathioprine-trealed patients'^. At least 
three to five tissue samples from different areas of right 
ventricular cndomyocardium should be obtained at each biopsy 
procedure, in order to accurately assess the degree of rejection 
present. Personal experience with steroid-azathioprine immuno
suppression is that the rejection changes are not uniformly dis
tributed throughout the myocardium, but endomyocardial 
sampling is representative of the overall situation''*. In the 
Standardized Grading System of the ISHLT four or more 
samples of cndomyocardium are considered adequate (see 
above). 

Thrombus obtained on biopsy 

Occasionally, one or more endomyocardial samples are found to 
consist solely of fibrin thrombus. The source of the latter is not 
always clear. Possible sites of origin include the biopsy catheter 
itself, endocardial thrombus, thrombus at the vein entry site, or 
even a previous biopsy site. 

Previous biopsy site 

Since right ventricular endomyocardial biopsy samples a limited 
area of the apical portion of the interventricular septum, there is a 
possibility that the thrombus may even be derived from a pre
vious biopsy site if serial biopsies have been taken''"'. A local
ized lymphocytic response and/or even myocyte necrosis may 
also be evoked by the biopsy procedure, and this may lead the 
unwary to consider the presence of rejection-^"". The presence of 
organizing thrombus (Figure 14) or hemosiderin deposits should 
provide a clue as to the correct diagnosis. Myocytes running ver
tically into an organizing thrombus are also characteristic of a 
previous biopsy site. 

Presence of fibrous tissue 

Another problem is the sample that is composed solely of fibrous 
tissue. While such a finding raises the possibility of chronic 
rejection, it should be borne in mind that chronic rejection com
monly spares the myocytes that lie immediately below the sub-
endocardium-'. If the donor heart has a greatly reduced ejection 
fraction, and biopsy reveals no evidence of acute rejection, then 
chronic rejection is high on the list of possibilities. 
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Sometimes the fibrous tissue is easily identifiable as a portion 
of the tricuspid valvular chordae tendincae. Usually such removal 
of tricuspid valvular tissue docs not result in significant valvular 
dysfunction. Occasionally tfie bioptome may penetrate the right 
ventricle and sample the fibrosed epicardium, with or without 
small epicardial blood vessels. A healed previous biopsy site may 
also show abundant fibrosis. 

Infection of the donor heart 

Althougii infection of tlic donor heart is very rare, the pathologist 
should be couilaiuly on the alert tor such a [jossibility. Infections 
include toxoplasmosis, coccidioidomycosis, cytomegalic incki-
sion disease, and Chagas disease. Sarcocysiix species, which may 
occasionally nd'ect luanians, can produce a similar appearance to 
Ihai of loxopkisrnusis m the heart. These myocardial infections 
may elicit a aioiionaclear cellular inriliration dint may be 
confused v.'itli acute reject ion, 

J liave encountered tw-o cardiac Iransplant patients witii toxo
plasmosis, in oae patient with a heterotopic allograft a diagnosis 
of infection of both the donor and the recipient hearts by 
'hixapia.vna gondii was made by enciomyocnrdial biopsy (Mgure 
15A,i. Electron microscopy (Figure 15Bi and serology served to 
confirm ilic diagnosis''\ The iniecdon hud been Iransmiiied to diis 
tecipieui viii die donor heart. Toxoplasmosis has also been 
reported from se\eral other centers''"-''-'. 

The interstitiai rnoiionuclear eelhiiar iniiltration ihal follows 
release of the I'oxoplasmu organisms from the cysis within myo
cytes is vimilai lo diat seen in acute rejection despiie its sup
posedly more mixed nature (preserice of plasma cells, as well as 
hisrioeyies and seitniy eosinophils). In acute rejection the cellular 
infiltrate consists almost eiirirely of activated ! jiuphycy urs-'-f 

Despite diesc theoretical dsffereitces there is no certain way of 
diagnobjrig acute rejection in the presence of an active cardiac 
infectiun by Toxoplasma. Sinct our first patient with loxo-
piasrnosis. referred n> ;ibove, had a heterotopic transplant, the 
recipietii heart served as a control for chenu.Hhcrapy and for 
deciding whether a moiionuciear cellular inhltraiion of the 
donor heart was likely lo be due io acuie rejection or toxo
plasmosis. 

Myocardial ischemia 

Early ischemia 

Early myocardial ischemia may be eiieounlered if the donor heart 
has not been adequately protected prior to implantation. The 
paucity of human donor hearts available for transplantation has led 
to distant heart procurement, whereby the excised donor heart' nmy 
be stored and transported i'n a cardiopiegie solution in ice, or by 
using a portable hypothermic perfusion system. A prolonged trans
plantation operalion itself may cause myocardial damage. If preser
vation is unsatisfactory, various forms of myocardial necrosis 
(eoagulative, myocytolytie, and contraction band) may be ob
served. Widespread interstitial hemorrhage indicative of a reperfu-
sion-lype infarction may also be observed. Subsequent stromal 
collapse fibrosis may be evident in 1-2 weeks. 

B 

Figure 15 .4: Psirliiilly ruptured intraniyocyte cyst of Toxoplasma gondii is 
evoking an early, mixed chronic inflammatory celkilar response (H&E, X 
250). B; Electron micrograph of donor heart biopsy stiows numerous 
Toxoplasma within a myocytic cyst (Lead citrate and uraiiyl acetate, ';-< .IJSO) 

Late ischemia 

Late ischemic changes in the myocardium may be related to 
chronic rejection. The presence of a band of extensive eoagulative 
necrosis or myocytolysis (Figure 16) in an endomyocardial 
biopsy in a patient who has survived longer than 3 months 
after transplantation may indicate graft arteriopathy (chronic re
jection). 

Similarly, healed infarction of the right ventricle may yield an 
endomyocardial sample which consists almost entirely of fibrous 
tissue with a band of surviving myocytes three to five myocytes 
thick itnmediately deep to the endocardium. 
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Figure 16 Lak̂  i»chtviviic iiecfosis of iight ven̂ ficie uiu' to grafi arieriopath). 
Pale areas show jTiyocyioiyt!!; rieortiMx ,iiid djir'ser siHining iriyoi-yti:-; ^how 
coaguiative necro>,is fH&E, x 45) 

Figure 18 Nuitieaai:; iymnimcxlê : art- applied in liu: 
inyouylc iii severe aeuli- uanjiac rcjcciion (H&H, >'- 480) 

Effects of donor brain death 

Donor hearts arc seldom biopsied in ihe first week foliowing 
trasispliuitjition, Coniracrioii haritliisg of Jiivocyies î . a iVequenT 
biopsy-induced artcfaci, particiilariy al tht: margins of Ihc biopsy. 
The preseiice of very numerous contraciion bands has been taken 
as a sign of rejeclion by Keinrdiz el air-. Caiecfiolatrune over-
producrioii asbocialed with braio death pioduces inyocyie 
jiij,jry,4i -i\ which corisisis (if heightened CDKinophiba of myt)-
cyies, eoniraction banding, focai coaguiative nix-rosis, and appii-
cai.ioii of uioiioouckar cells io the surfaei; of d.iiiiaged myocyf?^ 
(f-igure 17). The appearances can be similar to myocyte tieerosis 
induced by acute rejeciion (Figure !8>. 

Localized endocardial lymphocytic infiltration (Quilty 
lesion) 

Focal collections of lymphocytes which have been attracted to the 
endocardium arc not an unusual finding in patients treated with 

H e 
un 
foi 

.iia! lyniphtcyiic infilrration v/ith entcnsioii into the 
II <si>callcd Quilty B lesion). (ltti)iiii(iO|,>ero.\;iJiise slain 
20) 

cyclosporin. If the lyinphoeylie inliltradon becomes florid it may 
lead to exophydc thickening of the endoeardiutn, or it may extend 
mlo ihc underlying adjacent myocardium (previously termed an 
aggressive Qiiilly effect {Quilty F5), The Quilty lesion (Fdgiire 19) 
does not represent significan! acute rejection, and augmented 
irnmunuMippression is no! warranted. The response is more 
frequent in the paedialric age group. 

Figure 17 Mononuclear cellular ret.ponse l_ ..__;_.L__ --V-- ,-- --. :;-itian 
donor bean damaged by brain-dealh-indueed eafectiolamine excess (H&E, X 
4901 

Vascular (humoral/antibody-mediatedl rejection 

Vascular rejeci.ion m.ay lake one of two fornis '̂*- '̂'; hyperacute 
rejection which occurs within 24 hours following transplantation, 
or delayed vascular rejection which is a similar process occuixing 
later due to immuoosuppression. The earliest features consist 
of swelling of capillary endothelial ceils, venous thrombosis 
(seldom observed in endomyocardial biopsy), capillary con-

263 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

gcstion, interfascicular followed by interstitial edema, and 
interstitial hemorrhage. 

Lack of correlation with hemodynamic data 

Hemodynamic function and inflammation or fibrosis detected on 
biopsy show a poor correlation. Greenberg et al^^ found no 
significant difference in mean ejection fraction and left 
ventricular end-diastolic pressure between patients with and 
without fibrosis on biopsy, or between those with and without 
inflammation. At Groole Schuur Hospital, Cape Town, a good 
correlation was noted between changes in left ventricular 
volumes and histologic semiquantitative scores for acute 
rejection'*^. 

ALTERNATIVES TO ENDOMYOCARDIAL BIOPSY 

As indicated earlier, several methods are being explored with the 
purpose of finding an acceptable substitute for endomyocardial 
biopsy in the diagnosis of acute cardiac rejection (Chapter 30). 
These include magnetic resonance imaging, assessment of 
peripheral blood lymphocytic activation, soluble interleukin-2 
receptor levels"*^ and induction of vascular adhesion molecules"*^. 
For the foreseeable future, graft histology will remain the gold 
standard for the early diagnosis of acute rejection. 
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30 
Clinical Diagnosis of Acute Rejection 
M.R. COSTANZO 

INTRODUCTION 

The alloimmune response of the recipient against the transplanted 
heart can injure the constituent ceils of the graft, impairing their 
function'. The potential target cells for injury include not only the 
myocytes, whose destruction forms the basis for rejection sur
veillance and treatment, but also the cells of the vasculature, 
which provide the interface between donor and recipient. The 
alloimmune respon.se involves the pre.sentation of donor antigen, 
by vascular endothelial cells and/or by passenger leukocytes, 
leading to the activation and clonal proliferation of T cells that 
specifically recognize alloantigens' (Chapter 7). These events, as 
well as recruitment of macrophages and the up-regulation of cell 
surface antigens for adhesion of inflammatory cells, lead to the 
release of cytokines and the up-regulation of their receptors. The 
consequence of these events is the release of powerful biologic 
effectors of cell injury'. Myocyte injury and necrosis occurring 
during this process are readily recognized by histologic examin
ation, and form the cornerstone of rejection surveillance in heart 
transplant (HTx) recipients. 

Acute rejection is not a steady phenomenon, but occurs in 
sporadic waves, extending over a few days or a week or two. 
Since the introduction of cyclosporin (CsA) as an immunosup
pressive agent, severe acute rejection episodes have become 
relatively rare. Mild acute rejection (cellular infiltration) is seen 
fairly frequently, but many groups would not increase therapy in 
such cases. It is impossible to predict whether or not any individ
ual patient will experience episodes of rejection and, when it 
occurs, it may be impossible to make the diagnosis on clinical 
evidence until it is extremely advanced. 

The frequency and severity of acute rejection episodes tend to 
diminish with time, the recipient's immune system appearing to 
adapt to the presence of the donor organ and its histocompatibility 
antigens. A state of relative unresponsiveness is frequently 
achieved, and maintenance immunosuppressive therapy may be 
progressively reduced. A few patients have been weaned from 
immunosuppressive therapy entirely, usually in the presence of 
lymphoproliferative disease or severe infection, and there are 
anecdotal reports of patients surviving months or years when not 

receiving immunosuppressive drugs. However, it would appear 
that the possibility of an acute rejection episode is almost always 
present, even some years after HTx, particularly if a patient fails 
to take his/her medication regularly. 

DIAGNOSIS OF ACUTE REJECTION 

The patient may feel completely well until the rejection episode 
has progressed for some days and donor heart function has 
deteriorated (sometimes irreversibly) to the point that cardiac 
failure occurs. (Identification of features of cardiac failure from 
acute rejection may prove more difficult in a patient with a 
heterotopic HTx, in whom the recipient heart may assist the 
cardiac output for a considerable period of time, delaying the 
onset of symptoms and signs of cardiac failure.) Irreversible 
damage of the myocardium may occasionally occur before 
clinical features become manifest. For successful therapy to be 
initiated at an early stage, the diagnosis must therefore be made 
before clinical features of cardiac failure occur. 

Endomyocardial biopsy remains the most reliable method of 
confirming rejection. The search for a simple, noninvasive 
method of detecting acute rejection in its early stages (or even of 
predicting rejection in advance) has continued for a number of 
years. Such methods are reviewed below. There are, however, 
some clinical features and simple investigations that may make 
the attending physician suspicious that a rejection episode is 
developing. 

Clinical features 

Acute rejection is frequently totally asymptomatic, particularly in 
its early stages. In a patient with an orthotopic allograft the 
clinical diagnosis of rejection relies mainly on symptoms and 
signs indicating cardiac failure, particularly of right ventricular 
failure due to the decreased compliance associated with cellular 
infiltration and edema of the graft. In the early stages following 
HTx, however, several other factors may affect the performance 
of the right ventricle, e.g. inadequate preservation of the heart 
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during transportation and transplantation, an increased pulmonary 
vascular resistance, and fluid overload (secondary either to steroid 
therapy or to impairment of renal function I'rom CsA therapy). 
These factors may make a clinical diagnosis of rejection 
uncertain. 

In the heterotopic HTx. however, due to the support given by 
the patient's own right ventricle, evidence of right ventricular 
failure may not cK'cur during rejection and, therefore, such symp
toms and signs cannot he relied upon in the diagnosis of this 
complication. 

The onset of features of cardiac failure, however, should 
always be considered to he due to acute rejection until proved 
otherwise. If acute rejection is confirmed, the treatment is pri
marily increased immunosuppression rather than anti-failure 
therapy, though this may be indicated also. 

Clinical features suggesting a reduction in cardiac output (e.g. 
weight gain, diminished pulse volume, cold extremities), muffled 
or reduced-amplitude heart sounds, the development of a peri
cardial friction rub, tachycardia or gallop rhythm, or a dysrhyth
mia (in the absence of electrolyte or acid-base disturbance) 
should be viewed suspiciously until acute rejection has been 
excluded. Very occasionally, patients complain of vague chest 
discomfort or are feverish during an acute rejection episode. 

Radiographic appearances 

Radiographic evidence of rejection consists of progressive cardio-
megaly. increasing pulmonary plethora and. rarely, pulmonary 
edema. An increase in cardiac volume of more than 10% or 
100 tnl compared with the previous measurement, and a simul
taneous increase of the cardiothoracic ratio, have been suggested 
as confirmation of acute rejection-. Using these criteria, sensitiv
ity and specificity were 76% and 97%, respectively. Predictive 
values of a positive or negative test for the presence or absence of 
rejection were 82% and 96%, respectively. Such radiographic 
changes may well make the physician suspicious that rejection is 
occurring, but should not be relied upon exclusively. 

Occasionally, the appearances are those of an exudate from the 
cpicardium. Following orthotopic HTx, fluid exuding from the 
epicardium may show up as a pericardial effusion (and may be 
associated with clinical features suggestive of subacute tam
ponade); after heterotopic HTx, it may present as a right-sided 
pleural effusion. The presence of a pericardial or pleural effusion 
should be considered suggestive of acute rejection until proved 
otherwise. A pleural effusion may, of course, suggest an under
lying infective condition of the lung, which should also be 
aggressively sought. With satisfactory treatment of the acute 
rejection episode, these effusions will regress and disappear. 

Effusions, however, may be absent in patients with severe 
acute rejection, or may appear very late in the episode. Their 
development cannot be awaited, therefore, as a reliable diagnostic 
aid in the recognition t)f early rejection. 

Endomyocardial biopsy (EIVIB) 

Survival after HTx has improved steadily over the past decade, 
with mortality at I year falling to as low as 10% in many centers'. 
This improvement in survival is owed in part to better, more 
specific immunosuppression, but also, to a large extent, to sur
veillance endomyocardial biopsy (EMB). which allows diagnosis 
ol' rejection to be made, in most instances, before the develop-
inent of allograft dysfunction'*. Early diagnosis is exceedingly 
important due to the high mortality in patients with acute 
rejection associated with consequent allograft dysfunclion\ The 
histologic diagnosis of cardiac allograft rejection is obtained by 
light microscopy examination of the specimens obtained by trans-
venous EMB, which is performed at regular intervals after HTx. 
In many centers, EMB are performed weekly for the lirst 
4-6 weeks, biweekly for the subsequent 2 months, then at pro
gressively longer intervals until a frequency of =s3 EMB per year 
is reached*". 

EMB can be performed with a variety of bioptomes which arc 
inserted through the internal jugular, subclavian or femoral veins, 
and advanced, under radiologic or echocardiographic control, to 
the apical portion of the right ventricular septum'. Adequate sam
pling and proper handling of EMB specimens are critical to 
obtain accurate diagnoses. Because rejection is often a focal 
process, three to five specimens are necessary to achieve a sensi
tivity ranging between 75% and 98%"''. Once six specimens are 
examined, obtaining additional tissue does not significantly in-
crea.se the diagnostic yield"'. The specimens should be tixed in 
10% formalin for light microscopy (Chapter 29). The tissue is 
processed for paraffin embedding, serially sectioned at 4 ^tm, and 
stained with hematoxylin and eosin and Masson's trichrome''. 
Electronmicroscopy. immunohistochemistry and immunofluores-
cent studies are performed at some centers as part of research pro
tocols (Chapter 28), but are not mandatory for the routine 
diagnosis of acute rejection''. 

Since the Stanford original histopathologic classification of 
acute rejection'", many modifications have been proposed (Table 
I). The feature common to all classifications is that severity of 
rejection is graded according to increasing degrees of inflam
matory infiltrates and increasing damage to the myocardium. The 
categories of mild and moderate rejection are often subdivided 
into focal and diffuse, in an attempt to predict which subset of 
patients within each category is most likely to progress to the next 

Table I Comparison of individual centre grading systems for acute rejection 

Stanford 
Texas 
Hannover 
Boston 
Loyola 
Pittsburgh 
Utah 

None 1 Mild | Moderate | Severe 
- 0 I 2 -̂  4 5 _ _ 6 - - 7 - - K - - 9 10 
- A - 0 -
- 0 
None — 

A - l - A - 2 - -

FM - - Mild 
_() 1 2 
- I 2 - - 2 . 5 3 

1 

A - 3 

— FMod— - Mod 
3 

4 

- - A - 4 

- Severe 
4 
5 

i-'roni Ref. 6. 
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Table 2 International Society for Heart and Lung Transplantation (ISHLT) standardized cardiac biopsy grading 

Grade Descriplion 

0 
lA 
IB 
2 
3A 
3B 
4 

No rejection 
Focal perivascular or interstilial infiltrale without myocyte damage 
Diffuse but sparse perivascular and/or interstitial infiltrate without myocyte damage 
One focus only with aggressive infiltration and/or focal myocyte damage 
Multifocal aggressive inhltrates and/or myocyte damage 
Diffuse inflammatory process with myocyte damage 
Diffuse aggressive polymorphous intiltrate ± edema ± hemorrhage ± vasculitis, with necrosis 

Fnim Kcl. 13. 

higher grade and should, therefore, be monitored more clo.sely 
and/or receive increased immunosuppression" '-. The î ey hist
ologic feature which differentiates 'moderate' from 'mild' rejec
tion is the presence of myocyte damage since, in general, the 
presence of this finding warrants augmentation of immuno
suppression. At present the rejection grading syslern introduced 
by the International Society for Heart and Lung Transplantation 
(ISHLT)" is the most widely accepted among transplant centers 
(Table 2). 

Undoubtedly, standardization of cardiac allograft rejection 
criteria has greatly improved the ability of HTx centers to com
pare rejection rates, severity and thresholds for treatment. 
Accurate comparison of EMB results between in.slitutions is also 
essential to the conduct of multicenter immunosuppressive trials. 
However, even the ISHLT grading system is not exempt from 
criticism. It has been pointed out that the ISHLT classification of 
rejection does not immediately convey information on whether 
the histologic changes detected in an individual EMB represent 
ongoing or resolving rejection. Criteria for the diagnosis of 
chronic and 'humoral' rejection are classified as 'additional infor
mation" rather than separate entities. The ISHLT classification 
does not account for the fact that the significance of a given 
histologic finding may change over time. For example, grade 2 
detected early after transplantation may forecast impending 
rejection of greater severity, whereas the same rejection grade 
detected beyond the third postoperative month may be an entirely 
benign, self-limiting finding'-. The relative severity of grades IB 
and 2 remains unclear; recent studies on the evolution of 

untreated rejection have shown that diffuse cellular infiltrates 
without myocyte damage may progress more often than an 
isolated ce\\u\di infiltration associated with myocyte damage'-. 

In addition to the specific limitations of the ISHLT rejection 
classification, other factors can complicate the histopathologic 
interpretation of EMB specimens (Table 3). Some of these are 
related to the procedure and tissue processing, some to tissue sam
pling, and others to transplantation-related effects^. Since the 
average HTx recipient undergoes 15-20 EMB in the first post
operative year, and the bioptome tends to follow the same path due 
to the structure of the instrument and the configuration of the right 
ventricular trabeculae, it is common to take an EMB specimen 
from a previous EMB site. EMB site changes, which can be present 
in 16-69% of surveillance EMB specimens, range from a fresh 
thrombus overlying an area of myocyte itijury and hemorrhage in a 
recent EMB site, to granulation tissue, often containing mononu
clear inflammatory cells and myocyte disarray at the periphery of 
the EMB site, to dense fibrous tissue in a fully healed EMB site'' '̂ . 

It remains unclear whether endocardial infiltrates iQuilty 
effect), which are found in 5-l09f of adult recipients and up to 
50% of pediatric recipients receiving cyclosporin, forecast 
impending rejection, or are benign collections of lympho
cytes'''"'. In some cases it is difficult to distinguish Quilty lesions 
froin rejection, particularly when the lesion extends into the sub-
adjacent myocardium and encroaches upon, surrounds, and 
damages myocytes. Contiguity of the endocardial and myocardial 
components is the key histologic feature which confirms the 
presence of a Quilty lesion and excludes acute rejection'\ 

Table 3 Diagnostic diHiculties encountered in the liistopathologic interpretation of endomyocardial biopsies 

Procedural/processing 
Forceps artifacts 
Edema 
Hemorrhage 
Contraction bands 

Sampling 
Previous biopsy site 
Endomyocardial fibrous tissue 
Adipose tissue 
Extracardiac tissue 

Transplant-related 
Ischemic injury 
Endocardial infiltrates (Quilty effect) 
Opportunistic infections 
Post-transplantation lymphoproliferative disorder 

Adapted from Ref. 6. 
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Histologic evidence of ischemia detected in the first few post
operative weeks may result from the use of pressor agents in 
donor and/or recipient, preservation injury, or microinfarcts due 
to air bubbles entrapped in the coronary circulation during the 
operation". In ischemic injury the degree of myocyte damage 
appears to be disproportionate to the sparse infiltrate, which is 
composed of neutrophils in the early stages and of macrophages, 
histiocytes and granulation tissue in the organizing phase*'"'. 
Differentiation of ischemia from acute rejection during the early 
postoperative period can avoid unnecessary intensification of 
immunosuppression. However, ischemia, when present later after 
HTx, may unveil cardiac allograft vasculopathy'''. 

Other potential pitfalls of EMB include sampling error, which 
leads to a falsely negative diagnosis of rejection in 15*%̂  of cases, 
recovery of insufficient tissue in b% of cases, and incorrect inter
pretation of entities that may mimic rejection, such as infections 
and post-transplantation lymphoproliferative disorder (PTLD)''. 
Careful search for infectious organisms is warranted. The two 
organisms most likely to be encountered in EMB are Toxoplasma 
gondii and cytomegalovirus. When the myocardium is involved 
with PTLD, the distinction between this infiltrate and reactive T 
lymphocytes of acute rejection can prove very difficult''. The 
presence of atypical lymphocytes, lymphoplasmacytoid or 
immunoblastic mononuclear infiltrates, necrosis and frequent 
mitotic figures should suggest the possibility of PTLD. 

Immunohislochemical studies for light chain restriction, gene 
rearrangement for clonality and in-situ hybridization for EBV are 
useful diagnostic studies-". 

Recently, investigators have observed clinical examples 
wherein patients with hemodynamic and echocardiographic evi
dence of allograft dysfunction lack the classic histopathologic 
findings of cellular infiltrates and myocyte injury on EMB speci
mens-'. The EMB specimens instead display evidence of endothe
lial activation and injury in the capillaries, venules, and arterioles 
t)f the myocardium--. The earliest findings include enlarged, 
prominent, swollen endothelial cells and interstitial edema. In the 
later phases vasculitis is observed with infiltration of the vessel 
wall by lymphocytes, macrophages and neutrophils. This has 
been designated as acute vascular or humoral rejection-' (Chapter 
28). In addition to the.se microscopic findings, immunofluorescent 
studies are required to establish the diagnosis. Vascular injury is 

characterized by deposition of immunoglobulin (IgG or IgM), 
complement (Clq or C3) and fibrinogen in linear or circular pat
terns indicative of deposition within the vessels--. Accurate diag
nosis of humoral rejection is important, since this entity may 
require, in addition to high-dose pulsed corticosteriod therapy, the 
use of plasmapheresis and cyclophosphamide. Furthermore, pa
tients with humoral rejection may be at higher risk of developing 
cardiac allograft va.sculopathy-\ 

The contribution of surveillance EMB to the improved 
outcome of HTx recipients is undeniable. However, some limita
tions of EMB cannot be ignored. The EMB is an invasive pro
cedure which is associated with a rate of complication ranging 
between 0.3% and 1.3%"'''. Processing and interpretation of EMB 
specimens may delay diagnosis of rejection for 8-24 hours. EMB 
is performed at progressively longer intervals after HTx. Thus, 
since the detection of rejection is highly dependent upon the fre
quency of EMB, it is very difficult to estimate the duration of a 
rejection episode. Indeed, the EMB provides only 'snapshots' of 
the rejection process, while the immune response of the recipient 
against the allograft and the resulting effects on allograft function 
are continuously ongoing. Another important limitation of EMB 
is its expense, an increasing concern in this era of health-care 
rationing and cost containment. The limitations of EMB sum
marized above have spurred the search for reliable, safe and less 
expensive noninvasive methods for the diagnosis of rejection. 

Electrocardiographic methods 

During the initial decade of HTx the results of several studies 
suggested that changes in the amplitude of the QRS complex 
measured from the standard 12-iead electrocardiogram (ECO) 
could be used to detect rejection-''. However, since the intro
duction of CsA, QRS voltage reductions on the standard 12-lead 
ECG are typically absent-^. Possible reasons for this include 
minimal interstitial edema, earlier detection by surveillance EMB 
of rejection before it can cause hemodynamic and ECG changes. 
and the occurrence, in CsA-treated patients, of rejection that 
progresses more slowly and is more easily treated. Several 
investigators have therefore studied the potential of ECG 
methods, other than the standard 12-lead ECG, for the early non
invasive diagnosis of rejection (Table 4). 

Table 4 Electrocardiographic methods evaluated for the diagnosis of cardiac allograft rejection 

Authors/year (ref.) 
Echiicariiio^raphic 
melhod 

Ecln>ctirdiof>r(iphic 
rejection crilerici SensitivilY (9( I Specificity ('/cj 

Keren eial. 19X4-'' 

Lacmix etal. IW2-' 

Haberlpf^;. 1987-" 

Warnecke cr;;/. 1992=" 

Grace etaf. 1991'" 

Sands el al. 1989" 

Pkanoetiil. 1990'-

SAECCi 

SAECG 

SAECG (EFT) 

Inlramyocardia! ECG Iransmiued 
by implanled telemetric pacemaker 

Epicardial paced evoked response 

Power .spectral analysis of heart 
variability 

Dipyridamole ECG 

Decreased total QRS vector voltage amplitude 

11 % decrease of QRS voltage between two 
consecutive recordings 

Increased frequency content of QRS complex 
7(f-ll()H2 

15% decrease of QRS voltage from control 

Decrease in evoked T wave amplitude 

Increa.sed heart rate variability 

> 0.1 mV ST segment depression 

82 

88 

90 

88 

92 

72 

81 

78 

96 

100 

94 
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High-frequency signal-averaged ECG (SAECG) is a teciinique 
that enhances the signal-to-noise ratio and excludes the low-
frequency signals of the standard ECG by electronic filtering 
methods. With this technique the averaged QRS complex can be 
analyzed: (a) in the time domain, using a high-pass filtering 
technique, and (b) in the frequency domain, using fast Fourier 
transformation (FFT) techniques. 

In one study of 20 CsA-treated HTx patients a decrease in the 
total high-frequency voltage amplitude of the QRS predicted 
EMB histologic findings consistent with definite rejection, with a 
sensitivity and a specificity of 82% and 81%, respectively-^^. The 
method, however, was inadequate in monitoring patients during 
the early postoperative period and in detecting mild forms of 
rejection in the late postoperative phase. In another .study an 11% 
decrease in the QRS voltage between two consecutive recordings 
predicted rejection with a sensitivity and a specificity of 88% and 
78%, respectively^'. In contrast, in other studies, frequency 
domain analysis, but not time domain analysis, of the QRS 
complex provided useful information for the noninvasive diag
nosis of rejection. A single-beat analysis of the QRS complex by 
FFT revealed a progressive change of the spectral morphology 
(increase in the frequency content between 70 and 110 Hz) on the 
days of rejection in 19 of 20 patients^'*. A decrease in the am
plitude of the QRS complex was not a reliable predictor of 
rejection^*. 

In a further effort to identify an ECG correlate to rejection, 
intramyocardial electrograms have also been compared with 
EMB. In a preliminary report using intramyocardial electro
cardiography transmitted by an implanted telemetric pacemaker, a 
voltage reduction >I5% of control had 88% sensitivity and 96% 
specificity^'. Unfortunately, the value of this approach has been 
tested only in small series, and has not been confirmed by other 
investigators. 

An alternative ECG technique is to measure the evoked T wave 
amplitude using an externalized QT-driven rate adaptive pace
maker'^. This technique uses direct measurements from the heart 
rather than body surface recordings, and assesses the repolar
ization rather than the depolarization phase of the cardiac cycle. 
A significant fall in the mean evoked T wave amplitude from 
1.3 mV to 0.6 mV (/xO.005) preceded by an average of 2 days 
the EMB diagnosis of rejection in 11 of 17 patients'". Since 
evoked T wave amplitude did not fall in the absence of rejection, 
and remained unchanged in only one rejecting patient, the sensi

tivity and specificity of this noninvasive method for the diagnosis 
of rejection were 92% and 100%, respectively'". The above ob
servations, however, were limited to the first 20 postoperative 
days, and whether a fall in the evoked T wave amplitude predicts 
rejection late after HTx remains unknown'". 

Since denervation of the heart reduces heart rate variability, 
some investigators have studied beat-to-beat heart rate variability 
by power spectral analysis to determine if changes in this para
meter might be a noninvasive marker of rejection. One study 
showed that the development of rejection was as.sociated with a 
significant increase in heart rate variability". 

Since characteristic ECG changes occur in response to di
pyridamole infusion in conditions associated with a decreased 
coronary reserve, one study sought to establish whether acute 
cardiac allograft rejection might induce ECG alterations during 
dipyridamole infusion'-. A dipyridamole-induced ST segment 
depression >0.1 mV detected EMB-proven acute rejection with a 
sensitivity and a specificity of 72% and 94%, respectively'-. As 
with other ECG markers of cardiac allograft rejection, di-
pyridamole-elicited ST segment changes were studied only in the 
first few postoperative weeks, and it is not yet known whether this 
technique would continue to predict rejection later after HTx". 

Echocardiographic methods 

A variety of echocardiographic techniques have been used to 
characterize the transplanted heart from both an anatomical and a 
functional standpoint. Anatomic changes, such as the presence of 
a pericardial effusion, and quantitative changes, such as an 
increase in left ventricular (LV) mass, can be evaluated by 
echocardiographic techniques". The EMB histologic abnormal
ities typical of acute rejection which produce qualitative and 
quantitative echocardiographic changes include edema, cellular 
infiltrates, and myocyte damage. In addition, since cells of the 
microva.sculature express foreign antigens and produce cytokines, 
they may become the target of alloimmune responses. This 
microvascular damage, in turn, may produce acute diastolic dys
function, a process that would go unrecognized by conventional 
histologic evaluation, but could be detected by echocardio
graphy'''. The cardiac allograft anatomic and functional variables 
and the echocardiographic techniques that detect them are 
summarized in Table 5. 

Table 5 Echo cardiographic methods evaluated for the diagnosis of cardiac allograft rejection 

Authors/year (ref.} 
Echocardiographic 
method 

Echocardiographic 
rejection criteria Sensitivity (%j Specificity i'Jc) 

Dawkinse(a/. 1984" M-mode and phonocardiography 

Valantine f / a/. 1991 *> Doppler 

Dodd et al. 1993« M-mode and Doppler 

Park et al. 1992*' Digitized M-mode 

Masuyama f/a/. 1990" Ultrasonic back.scaUer instrumentation 

Liebacke/a/. 1994*^ Texture analysis 

10% decrea.se of IVRT 

Decreased IVRT and PHT 

Echocardiographic score > 4 (LVEEDV, filling 
velocity LVPW, velocity of LVPW thinning) 

20% increase of time interval (Te) over 
prerejection values 

Decreased cyclic variation of integrated 
ultrasonic backscatter 

Change in three texture parameters 

87 

82 

100 

80 

86 

89 

90 

79 

75 

94 

85 

84 
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In patients who underwent HTx before the introduction of CsA, 
increases in wall thickness and LV mass measured by M-mode 
echocardiography were reported to occur during episodes of acute 
rejection". Subsequently, a decreased LV lengthening rate and 
posterior wall thinning rate consistent with significant LV dys
function were reported in association with episodes of acute 
rejection"'. In a prospective study of 20 patients, using M-mode 
echocardiography and phonocardiography, a 10% decrease in iso-
volumic relaxation time was 87% sensitive and 90% specific for 
the diagnosis of acute rejection'". After the introduction of 
Doppler echocardiography, Doppler indices of diastolic function 
have been applied to the diagnosis of acute rejection, since this 
process appears to be characterized by the onset of 'restrictive 
physiology''". 

This has been defined as a decrease in either isovolumic 
relaxation time (IVRT) or pressure half-time (PHT), as deter
mined by the analysis of the Doppler mitral flow velocity curve''. 
The discrete signal of aortic valve closure may be recorded with 
the transducer oriented to encounter both mitral and aortic flow 
velocities. IVRT is measured from aortic valve closure to the 
onset of mitral flow'''. Peak early mitral valve flow velocity (Ml) 
is measured vertically from the baseline to the maximum recorded 
velocity. The maximum velocity is related to the rate of decrease 
of pressure difference across the mitral valve'''. The PHT is the 
time taken by the peak pressure difference to decline by one 
half'. In some studies a 15% decrease in either IVRT or PHT had 
a sensitivity in excess of 80% and a specificity of 70% in the 
diagnosis of acute rejection"'. Analysis of the factors that con
tribute to an incorrect Doppler echocardiographic diagnosis of 
rejection revealed that while false-negative studies occur most 
frequently when rejection is already being treated with intensified 
immunosuppression, restrictive physiology preceding biopsy evi
dence of rejection accounts for a large proportion of Doppler 
false-positive studies. These observations suggest that positive 
Doppler echocardiography in the absence of concurrent rejection 
by EMB is a strong indication for an earlier follow-up EMB^". 

Other investigators have challenged the value of Doppler 
echocardiography for the diagnosis of acute rejection due to a 
wide overlap of measurements in individual recipients with or 
without rejection"". Factors which may be responsible for thi.s 
overlap include a variety of hemodynamic factors (pulmonary 
hypertension, perioperative ischemia, hypertension) which affect 
diastolic function and are superimpo.sed on the restrictive left ven
tricular filling pattern caused by rejection and LV hypertrophy". 
Differences in patient selection, duration of follow-up, anti
hypertensive therapy, and immunosuppression may also influence 
the outcome of Doppler echocardiographic studies". 

To accommodate differences between patients and between 
serial studies in the same patient, some investigators have 
combined multiple echocardiographic parameters into a scoring 
algorithm^-. Such an algorithm is based on echocardiographic 
indices of LV chamber size, diastolic function and LV mass 
obtained by computer-assisted digital analysis of two-
dimensional-guided M-mode echocardiograms. When applied 
prospectively to 49 studies, an echocardiographic score 5^4 
detected rejection with a sensitivity of 100%, a specificity of 
75%, and a negative predictive value of 100%'''. 

Based on the assumption that abnormalities in microscopic 
tissue structures are identified by their acoustic properties, some 

investigators have evaluated the ability of texture analysis of 
echocardiograms to detect morphologic changes in the myo
cardium caused by rejection. In some studies abnormal patterns of 
echocardiographic myocardial texture detected rejection with a 
sensitivity and specificity of approximately 85%'*''''*. 

In summary, the main advantages of echocardiography in the 
diagnosis of rejection are the noninvasive nature of the technique, 
the ability to obtain results immediately, and its value as an 
adjunct to EMB. Echocardiographic changes consistent with re
jection may prompt an earlier EMB, leading to an earlier diag
nosis of rejection. Conversely, absence of echocardiographic 
changes consistent with rejection may reduce the frequency of 
EMB"*'•**. However, the ability of echocardiography to detect 
rejection is limited by: (a) insufficient sensitivity, (b) effect of 
image quality, (c) need for serial studies, (d) inter-observer 
variability, and (e) occurrence of echocardiographic changes 
resulting from conditions distinct from rejection". 

Radionuclide methods 

Different radionuclide techniques have been evaluated to deter
mine their usefulness for the noninvasive diagnosis of cardiac 
allograft rejection*'''. These include myocardial function studies, 
imaging with radioisotopes which assess myocardial perfusion or 
detect inflammation, and imaging with radiolabeled blood cellular 
elements or radiolabeled monoclonal antibodies. Functional 
studies are not sensitive enough unless further investigation on 
quantitative ventricular volume changes shows a consistent cor
relation with acute rejection'*''. Routine myocardial imaging 
agents such as ''•'Ga, '''*TcPP, or the perfusion agent -"'Th are 
clearly not specific enough to detect rejection until the allografts 
are nearly losf*''. Use of radiolabeled lymphocytes may hold some 
promise. However, this technique is limited by an unacceptably 
long radiation exposure, and by the inability to discriminate 
between rejection episodes that require intensified immuno
suppression versus those that do not"*''. 

'"Indium-radiolabeled Fab fragments of monoclonal anti-
myosin antibodies have been shown to specifically delect myo
cyte necrosis that occurs at the microscopic level. In one study the 
sensitivity, specificity, and overall accuracy of this technique in 
detecting cardiac allograft rejection were 80%'"'. In another study 
in which '"indium antimyosin imaging had a sensitivity of 100% 
and a specificity of 67% in detecting cardiac allograft rejection, 
falsely positive images were obtained in patients that had 
myocyte necrosis attributable to ischemic rather than rejection-
induced myocyte injury-^'. However, because of the high sensi
tivity of antimyosin scintigraphy, EMB can be avoided in the 
presence of a negative scan. Using the heart/lung (H/L) ratio as a 
measure of '"indium antimyosin antibody uptake, a H/L ratio 
3^1.6 was 93% sensitive and 98% specific in detecting rejection'-. 
The results of more recent studies suggest that '"indium anti
myosin antibody scintigraphy predicts the occurrence of rejec
tion-related complications in the early postoperative period and 
of subsequent rejection episodes 5il2 months after HTx-''"*. 
Based on the latter finding, the authors recommend that, if the 
antimyosin scan is negative 3=1 year after HTx, rejection surveil
lance be carried out noninvasively; in contrast, if the antimyosin 
scan performed s=l year postoperatively is positive (H/LSil.55), 
EMB should be performed at 4-month intervals''''. 
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Despite these encouraging results the limitations of '"indium 
should not be underestimated. These include: (a) the slow blood 
clearance of antimyosin antibodies which delays scanning and 
diagnosis; (b) the long half-life of '"indium which limits the 
ability to repeat injections at clinically required intervals; (c) the 
hepatic uptake of "'indium which may obscure the uptake in 
the adjacent myocardium; (d) the production of human anti-
mouse antibodies; and (e) the binding of antimyosin antibodies 
to dying myocytes regardless of the etiology of myocyte 
injury^'. 

Based on the knowledge that expression of class 11 major histo
compatibility complex (MHC) antigens increases in rejecting 
organs, experimental work in a rat heterotopic HTx model 
has evaluated the ability of "'indium-labeled anti-MHC class II 
monoclonal antibodies to detect in-vivo induction of MHC class II 
antigens and, therefore, rejection". Radiotracer uptake in the 
grafts was significantly correlated with the presence and severity 
as defined by histologic abnormalities. Furthermore, increased ex
pression of MHC class II antigens was detected in the presence of 
cellular infiltrates before the occurrence of myocyte necrosis-''''. 
These experimental results are encouraging, but scintigraphy with 
'"indium-labeled monoclonal antibodies directed against the 
constant region of MHC class II antigens still awaits clinical 
application. 

Magnetic resonance imaging 

The possibility that magnetic resonance imaging (MRI) might be 
a useful tool for the noninvasive diagnosis of rejection is based on 
the assumption that cellular infiltrates, hemorrhage, and myocyte 
damage may alter MRI relaxation times'*'. Prolongation of T2 has 
been reported in rejecting heterotopic canine heart allografts''^ To 
date only a few clinical studies conducted in a very small number 
of patients have been published on rejection surveillance with 
}î R]S6,58 jfjg results of these studies suggest that MRI is of 
limited utility for the diagnosis of rejection in human HTx recipi
ents. Limitations of MRI include: (a) a lack of diagnostic value in 
the early postoperative period when T2 values are uniformly 
increased by myocardial edema'''; (b) a large degree of overlap in 
T2 values when T2 measurements are sorted according to EMB 
grade; (c) the difficulty in monitoring critically ill patients 
in a high magnetic field; and (d) the limited availability of MRI 
equipment"""^*. 

Cytoimmunologic monitoring 

A steady and progressive rise in the white blood cell (WBC) 
count, or in the total lymphocyte count, or, particularly, in the 
T- l l lymphocyte subset, may, on occasion, indicate that a 
rejection episode is occurring, but is unreliable'^''. A rise in the 
T cell fraction has been considered helpful, and there is some evi
dence that fluctuations in the number of circulating T cells may 
reflect an earlier phase of the host immune response to the cardiac 
allograft than that provided by endomyocardial biopsy""^'. This 
Stanford experience, however, was documented before the intro
duction of CsA, at a time when antithymocyte globulin (ATG) 
was administered regularly for several weeks post-HTx. A rapid 
expansion of the circulating T-lymphocyte population, after dis
continuation of ATG, was shown to correlate closely with the 
development of acute rejection. As CsA does not depress the 
number of circulating T lymphocytes, monitoring of the T cell 
fraction has not been put forward as an indicator of acute rejec
tion in patients receiving this drug. A persistent rise in the T cell 
fraction in the early post-transplant period, however, reflects the 
fact that the host's immune system is responding to the presence 
of the foreign tissue, and may therefore suggest that acute rejec
tion is occurring, but is not reliable. 

Numerous cytoimmunologic variables have been measured in 
an attempt to identify a highly sensitive, easy-to-adniinister 
repetitively, and inexpensive noninvasive index of cardiac allo
graft rejection (Table 6). The earliest studies involved the meas
urement of urinary polyamines that reflected increased cellular 
proliferation or degeneration''' ' '\ Later, changes in prolactin 
levels were measured as an indicator of immune activation*"*. The 
sensitivity of these measurements never exceeded 80%. With 
improved understanding of the immune response, lymphocyte 
subsets, and activation markers, along with the development of 
flow cytometry techniques, several groups have investigated the 
possibility that assessment of activation antigens on circulating 
lymphocytes, cytokines*' (plasma tumor necrosis factor alpha 
levels)*''' ''*, cytokine receptors (serum interleukin-2 receptor 
levels)''**'''*, and components of MHC class I antigens (serum /3-2 
microglobulin levels)'''''*' might predict rejection. Although one 
group reported a sensitivity of cytoimmunologic monitoring of 
94% in the detection of rejection'', these striking results have not 
yet been reproduced by others*'''". 

Important limitations of cytoimmunologic monitoring include: 
(a) the possibility that events occurring in the periphery may not 
reflect immunologic activity in the allograft; (b) the observation 

Table 6 Cytoimmunologic monitoring methods evaluated for the noninvasive diagnosis of cardiac allograft rejection 

1. Lymphocyte subseLs in the peripheral blood 
2. Urinary polyamines 
3. Serum prolactin levels 
4. Plasma lumor necrosis factor alpha 
5. Serum interleukin-2 receptor levels 
6. Serum (3-2 microglobulin levels 
7. Interleukin-2-ciriven growth of graft infiltrating cells 
8. Cytotoxicity of graft infiltrating cells 
9. Expression of adhesion molecules (VCAM-1, E-selection, ICAM-1) in the graft 

10. Frequency of alloreactive cytolytic T lymphocytes in the peripheral blood 
11. T cell receptor subsets 
12. Phosphotyrosine levels in peripheral blood mononuclear cells 
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that single determinations correlate poorly with EMB findings; 
and that (c) values are not reliable in the early postoperative 
period because abnormalities may be due to preoperative illness, 
surgical trauma and ischemic injury; and (d) abnormalities 
induced by rejection may be indistinguishable from those occur
ring as a result of infection'*^-'*. 

Other immunologic approaches have recently been proposed 
either as adjuncts to the EMB histologic diagnosis of cardiac 
allograft rejection, or as noninvasive diagnostic alternatives to 
EMB. A correlation has been found between the frequency of 
IL-2-driven propagation of graft-infiltrating lymphocytes and the 
degree of cellular infiltration in EMB specimens. Furthermore, a 
positive correlation was found between the growth of alloreactive 
lymphocytes from histologically negative EMB and the incidence 
of subsequent histologic rejection™. 

In another study in which lymphocyte cultures established from 
EMB (taken before, during, and after rejection episodes of ISHLT 
grade >1) were assayed for cytotoxicity, the patients whose cul
tures remained cytotoxic after a rejection episode went on to 
develop further rejection episodes***. These results suggest that 
both the growth of alloreactive T cells and persistent cytotoxicity 
of IL-2-responsive T lymphocytes in EMB may be useful 
prognostic indicators of future rejection episodes™. 

Other studies have shown that increased expression of adhesion 
molecules in EMB specimens may be a marker of rejection, 
necessitating augmentation of immunosuppression, and that 
expression of inducible endothelial cell adhesion molecules may 
predict impending clinically significant rejection"'"'*^. In one study 
a percentage of ICAM-1-positive vessels >80% predicted the 
presence of rejection necessitating treatment, with a sensitivity 
and specificity of 85% and 95%, respectively*'. In another study, 
increases in E-selectin and ICAM-1 were most likely to occur in 
EMB just prior to rejection episodes"^. 

Some investigators have used limiting dilution analysis (LDA) 
technology to monitor the frequency of donor-reactive cytolytic T 
lymphocytes in the peripheral blood of cardiac allograft recipi
ents. In one study the frequency of donor-reactive cytolytic T 
lymphocytes was significantly higher (p<0.05) in blood samples 
from patients whose simultaneous EMB showed histologic evi
dence of cardiac allograft rejection than in patients showing no 
evidence of rejection*\ Although this method is noninvasive, and 
the results do not seem to be influenced by infection, the 10-day 
culture period required for LDA makes it impractical when a 
rapid diagnosis of rejection is needed. 

Based on the hypothesis that quantitative changes in T cell 
subsets can be detected in the peripheral blood, and that these 
changes correlate with rejection, some investigators performed T 
cell subset analysis by flow cytometry using monoclonal antibod
ies recognizing six isotypic epitopes of the T cell receptor /3-chain 
variable (V) region. In this study, regression analysis showed a 
significant (p<0.001, /?=0.91) temporal association between cellu
lar rejection and abnormal sub.set fluctuations"''. Although this ap
proach holds potential for the noninvasive diagnosis of rejection, 
much remains to be learned about the physiological mechanisms 
underlying changes in T cell receptor subset expression in 
the peripheral blood. Furthermore, it remains to be established 
whether there is a relation between receptor subset expression 
in the peripheral blood and T cell subsets that infiltrate the 
blood. 

Tyrosine phosphorylation is an early critical event in lympho
cyte signal transduction and activation. In a porcine HTx model, 
levels of phosphotyrosine in peripheral blood mononuclear 
cells were increased 2-5 days before histologic signs of allograft 
rejection*^. 

Thus, future methods for the noninvasive diagnosis of rejection 
may focus on the detection of molecular events participating in T 
cell activation. 

COMMENT 

There are .some clinical, electrocardiographic and radiographic fea
tures that suggest that an acute rejection episode may be occurring, 
but EMB represents the only generally accepted reliable method of 
confirming the presence or absence of rejection. Even EMB can be 
misleading on occasions, however, and if biopsy proves negative 
and yet clinical suspicion of rejection is high, then EMB must be 
repeated as a matter of urgency. There are occasions when the 
result of the EMB, if negative, should be ignored and, if the phy
sician's suspicions are high, the patient should be treated for 
rejection even in the absence of confirmation. 

The procedure of EMB is unpopular with the majority of heart 
transplant recipients, and is not without risk. The search for non
invasive techniques for diagnosing the presence of early rejection 
(or preferably for predicting the onset of rejection) should there
fore continue. Further investigations and trials are required, 
however, before any noninvasive technique can be accepted as 
being totally reliable; only then will EMB prove unnecessary. 
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the transplanted human heart: improved management of acute rejection episodes. 
Lancet. 1974:1:821. 

11. Yeoh TK, Frist WH, Ea,stbum TE, Atkinson J. Clinical significance of mild rejectn)n 
of the cardiac allograft. Circulation. 1991;86(Suppl.ll):267. 

12. winters GL. Loh E, Schoen FJ. Natural history of focal moderate cardiac allograft 
rejection. Circulation. 1995.91:1975. 

13. Billingham ME. Cary NRB, Hammond EH cl at. A working formulation for the 
standardization of nomenclature in the diagnosis of heart and lung rejection: heart 
rejection study group. Heart Transplant. 1990:9:587. 

14. Sibley RK, Olivari MT. Bolman RM, Ring WS. Endomyocardial biopsy in the 
cardiac allograft recipient: a review of 570 biopsies. Ann Surg. 1986:203:177. 

15. Forbes RDC. Rowan RA, Billingham .ME. Endocardial infiltrates in human heart 
transplants. A serial biopsy analysis comparing four immunosuppressive protocols. 
Hum Pathol. 1990;21:850. 

272 



CLINICAL DIAGNOSIS OF ACUTE REJECTION 

16. Costanzo-Nordin MR. Winters GL, Fisher SG et al. Endocardial infiltrates in the 
transplanted heart: clinical significance emerging from the analysis of 5026 endo
myocardial biopsies. J Heart Lung Transplant. I993;I2:741. 

17. BiUingham ME. The postsurgical heart: the pathology of cardiac transplantation. Am 
J Cardiova.sc Pathol. 1988;! :319. 

18. Winters GL. John MR, Siebold KM, Costanzo-Nordin MR. Endomyocardial biopsy 
ischemia in heart allograft recipients: frequency, significance and relation to peri
operative ischemic time. Mod Pathol. 1990; 3:107A (abstract). 

19. Palmer DC. Heart graft arteriosclerosis: an ominous finding on endomyocardial 
biopsy. Transplantation. 1985;39:385. 

20. Swinnen U , Costanzo-Nordin MR. Fisher SG et al. Increased incidence of lympho-
proliferative disorders following immunosuppression with OKT3 in cardiac trans
plantation. N Engl J Med. 1991:323:1723. 

21. Costanzo-Nordin MR, Heroux AL, Radvany R, Koch D, Robinson JA. Role of 
humoral immunity in acute cardiac allograft dy.sfunction. J Heart Lung Transplant. 
I993;I2:SI43. 

22. Hammond BH. Hansen JK, Spencer LS et al. Vascular rejection in cardiac trans
plantation: histologic, immunopathologic, and ultrastructural features. Cardiovasc 
Pathol. 1993;2:21. 

23. Hammond EH, Ensley RD, Yowell RL et al. Vascular rejection of human cardiac 
allografts and the role of humoral immunity in chronic allograft rejection. Transplant 
Pr(x;. 1991;23(Suppl.2):26. 

24. Stinson EB, Dong E Jr, Bricker C, Schroeder JS, Shumway NC. Cardiac transplanta
tion in man. 1. Early rejection. J Am Med Assoc. 1969;207:2233. 

25. Oyer Pfi, Siinson EB. Jamieson SW et al. Cyclosporine-A in cardiac allografting: a 
preliminary experience. Transplant Proc. 1983; 15:1247. 

26. Keren A, Gillis AN, Freedman RA et al. Heart transplant rejection monitored by 
signal-averaged electrocardiography and detection of heart transplant rejection; 
comparison of time and frequency domain analyzes. J Am Coll Cardiol. 
1992;19:553. 

27. Lacroix D, Kacet S, Savard P et al. Signal-averaged electrocardiography and 
detection of heart transplant rejection: comparison of time and frequency domain 
analyzes. J Am Coll Cardiol. 1992;19:553. 

28. Haberl R. Weber M. Reichenspurner H el al. Frequency analysis of the surface 
electrocardiogram for recognition of acute rejection after orthotopic cardiac trans
plantation in man. Circulation. 1987;76:101. 

29. Wamecke H. Muller J. Cohnert et al. Clinical heart transplantation without routine 
endomyocardial biopsy. J Heart Lung Transplant. 1992;11; 1093. 

30. Grace AA, Newell SA, Cary NRB et al. Diagnosis of early cardiac transplant 
rejection by fall in evoked T wave amplitude measured using an externalized QT 
driven rate responsive pacemaker. PACE. 1991; 14:1024. 

31. Sands KEF, Appel ML, Lilly LS et al. Power spectrum analysis of heart rate 
variability in human cardiac transplant recipients. Circulation. 1989;79:76. 

32. Picano E, Depiere G, Salerno JA et al. Electrtx'ardiographic changes suggestive of 
mycx-ardial ischemia elicited by dipyridamole infusion in acute rejection early after 
heart transplantation. Circulation. 1990;81:72. 

33. Hsu DT, Spotnitz HM. Echocardiographic diagnosis of cardiac allograft rejection. 
Prog Cardiovasc Dis. 1990;33: !49. 

34. Valamine HA. Rejection surveillance by Doppler echocardiography. J Heart Lung 
Transplant. 1993;12;422. 

35. Sagar KB, Hastillo A, Wolfgang TC, Lower RR et al. Left ventricular mass by 
M-mode echocardiography in cardiac transplant patients with acute rejection. 
Circulation. 198l;64(Suppl.ll):2l6. 

36. Paulsen W, Magid N, Sagar K et al. Left ventricular function of heart allografts 
during acute rejection: an echocardiographic assessment. J Heart Transplant. 
1985.4:525, 

37. Dawkins KD. Oldershaw PJ, BiUingham MH et al. Changes in diastolic function as a 
noninvasive marker of cardiac allograft rejecticm. Heart Transplant. 1984;3:286. 

38. Valantine HA, Appleton CP, Hattle LK et al. A hemodynamic and Doppler echocar
diographic study of ventricular function in long-term cardiac allograft recipients: 
etiology and prognosis of restrictive-constrictive physiology. Circulation. 
1989;79:66. 

39. Valantine HA, Fowler MB, Hunt SA et al. Changes in Doppler echocardiographic 
indices of left ventricular function as potential markers of acute cardiac rejection. 
Circulation. l987;76{Suppl.V);86. 

40. Valantine HA, Yeoh TK, Gibbons R ei al. Sensitivity and specificity of diastolic 
indices for rejection surveillance; temporal correlation with endomyocardial biopsy. 
J Heart Lung Transplant. 199I;I0:757. 

41. Mannaerts HE, Simoons ML, Balk AH et al. Pulsed-wave transmitral Doppler do not 
diagnose moderate acute rejection after heart transplantation. J Heart Lung 
Transplant. 1993; 12:411. 

42. Dodd DA. Brady LD, Carden KA et al. Pattern of echocardiographic abnormalities 
with acute cardiac allograft rejection in adults: correlation with endomyocardial 
biopsy. J Heart Lung Transplant. I993;12:1009. 

43. Masuyama T, Valantine HA, Gibbons R et al. Serial measurement of integrated 
ultrasonic backscatter in human cardiac allografts for the recognition of acute 
rejection. Circulation. 1990;81:829. 

44. Lieback E. Meyer R, Nawrocki M et al. Noninvasive diagnosis of cardiac rejection 
through echocardiographic tissue characterization. Ann Thorac Surg. 1994:57:1164. 

45. Amende I, Somon R, Seegers A et al. Diastolic dysfunction during acute cardiac al
lograft rejection. Circulation. 1990;81(Suppl.ni):66. 

46. Park JW, Wamecke H, Deng M et al. Early diastolic left ventricular function as a 
marker of acute rejection: a prospective serial echiKardiographic study. Int J Cardiol. 
1992;37:351. 

47. Mannaerts HFJ. Balk AH, Simoons ML et al. Changes in left ventricular function 
and wall thickness in heart transplant recipients and their relation to acute 
rejection: an assessment by digitized M mode echocardiography. Br Heart i. 
1991:68:356. 

48. Ciliberto GR, Mascarello M, Gronda E et al. Acute rejection after heart transplanta
tion: noninvasive echocardiographic evaluation. J Am Coll Cardiol. 1994;23;1156. 

49. Addonizio U . Detection of cardiac allograft rejection using radionuclide techniques. 
Prog Cardiova.sc Dis. 1990;33:73. 

50. Frist W, Yasuda T, Segall G et al. Noninvasive detection of human cardiac trans
plant rejection with indium-1 11 antimyosin (Fab) imaging. Circulation. 
l987;76(Suppl.V):8l. 

51. Denardo D, Scibilia G. Macchiarelli AG et al. The role of indium-111 antimyosin 
(Fab) imaging as a noninvasive surveillance method of human heart transplant 
rejection. J Heart Transplant. 1989;8:407. 

52. Schuelz A, Fritsch S. Kemkes BM et al. Antimyosin montx:ional antibtxlies for early 
detection of cardiac allograft rejection. J Heart Lung Transplant. 1990;9:654. 

53. Ballester M, Obrador D. Carrior I et al. Early postoperative reduction of monoclonal 
antimyosin antibody uptake is associated with absent reject ion-re I a ted complications 
after heart transplantation. Circulation. !992;85:6I. 

54. Ballester M, Obrador D. Carrio 1 et al. Indium-111-monoclonal antimyosin antibody 
studies after the first year of heart transplantation. Circulation. 1990;82:2100. 

55. Isobe M, Narula J, Southern JF et al. Imagmg the rejecting heart: in-vivi) detection of 
major histocompatibility complex cla.ss II (inligen induction. Circulation. 1992:85:738, 

56. Doornbos J, Verwe H, Essed CE et al. MR imaging in assessment of cardiac 
transplant rejection in humans. J Coniput Assist Toniogr. 1990;14:77. 

57. Aherne T, Tscholakoff D, Finkbeiner W el al. Magnetic resonance imaging of 
cardiac transplants: the evaluation of rejection of cardiac allografts with and without 
immunosuppression. Circulation. I986;74:I45. 

58. Smart FW, Young JB, Weilbaecher D et al. Magnetic resonance imaging for assess
ment of tissue rejection after heterotopic heart transplantation. J Heart Lung 
Transplant. 1993:12:403. 

59. Hanson CA. Boiling SF, Stoolman LM, et al. Cytoimmunologic monitoring and 
heart transplantation. J Heart Transplant. 1988:7:424. 

60. Bieber CP, Griepp RB, Oyer PE, David LA, Stinson EB. Relationship of rabbit ATG 
serum clearance rate to circulating T cell level, rejection onset, and survival in 
cardiac transplantation. Transplant Proc. 1977;9:1031. 

61. Oyer PE, Stinson EB, Bieber CP et al. Diagnosis and treatment of acute cardiac 
allograft rejection. Transplant Proc, 1979;11:296, 

62. Winlaw DS, Schyvens CG, Smythe GA et al. Lrinary nitrate excretion is a non
invasive indicator of acute cardiac allograft rejection and nitric oxide production in 
the rat. Transplantation, 1994:58:1031. 

63. Carrier M, Rus.sell DHJ, Davis TP ei al. Urinary polyamines as markers of cardiac 
allograft rejection, J Thorac Cardiovasc Surg. I988;96:806, 

64. Carrier M, Ru.s.sell DH, Wild JC, Emer>' RW. Copeland JG. Prolactin as a marker of 
rejection in human heart transplantation, J Heart Transplant. 1987:6;290. 

65. Jordan SC, Czer L, Toyoda M et al. Serum cytokine levels in heart allograft recipi
ents: correlation with findings on endomyocardial biopsy. J Heart Lung Transplant. 
I993;I2:333, 

66. Rondeau E, Cerrina J. Delarue F. ei al. Tumor necrosis factor alpha {TNF-alpha| 
production by cells of bronchoalveolar lavage (BALI and peripheral blcHxl mono
nuclear cells (PBMC) in cardiopulmonary transplant recipients. Transplant Prtx\ 
1990:22:1855, 

67. ChoUet-Martin S, Depoix JP, Hvass U et al. Raised plasma levels of tumor necrosis 
factor in heart allograft rejection. Transplant PrtK. 1990:22:283. 

68. Arbustini E. Grasso M, Diegoli M et al. Expression of tumor necrosis factor in 
human acute cardiac rejection. Am J Pathol. 1991:139:709. 

69. Roodman ST, Miller LW, Tsai CC. Role of imerleukin-2 receptors in immunologic 
monitoring following cardiac transplantation. Transplantation. 1988;45:105(1 

70. De Maria R, Zucchelli CG, Clerico A et al. Serum interleukin-2 receptor levels 
measured by enzyme immunoassay in heart and kidney transplanted patients. Int J 
TissReac. 1989; 10:261, 

71. Lawrence EC, Holland VA, Young JB el al. Dynamic changes in .soluble interleukin-2 
receptor levels after tung or heart-lung transplantation. Am Rev Respir Dis. 
1989:140:788. 

72. McNally CM, Luckhurst E, Penny R. Cell free serum interleukin-2 receptor levels 
after heart transplantation. J Heart Lung Transplant. 1991;10:769. 

73. Young JB, Windsor NT. Smart FW et al. Inability of isolated soluble inIerleukin-2 
receptor levels to predict biopsy rejection scores after heart transplantation. 
Transplantation. 1991:51:636. 

74. Young JB, Lloyd KS, Windsor NT el al. Eilevated soluble interIeukin-2 receptttr 
levels early after heart transplantation and long-term survival and development oi 
coronary arteriopathy. J Heart Lung Transplant. 1991 ;10:243. 

75. Schmitt F, Myara I, Benoit MO et al. Monitoring of heart allograft rejection by 
simultaneous measurement of serum /32-microgIobulin and urinary neoptrin. Ann 
Biol Clin. 1989:47:237. 

76. Teufelsbauer H. Prischl FC. Havel M et al. ^ Microglobulin a reliable parameter 
for differentiating between graft rejection and severe infection after cardiac trans
plantation. Circulation. 1989;80:168L 

273 



THE TRANSPLANTATION AND REPLACEMENT OH THORACIC ORGANS 

77, 

80. 

82. 

May RM. Cooper DKC. Du Toil ED, Reichart B. Cvtoimmunologit; monitoring after 
heart and hean-lung iransplaniation. J Heart Transplant. 1990;9:133. 
Gamer RJ. Springgate C. Hoyt T. Immune monitoring of bkxKl in heart transplant 
recipients: application of tlow cytometry. Semin Diagn Pathol. 1989;6;83. 
Weber T, Zerbe T. Kaufman C et at. Propagation of alloreactive lymphocytes from 
histologically negative endomyocardial biopsies from heart transplant patients. 
Transplantation. I9S9;48:43(). 
Frisman DM. Fallon JT. Hurwitz A ef al. Cytotoxic iictiviiy of grafl-inhltrating 
lymphtK'ytes correlates with cellular rejection in cardiac transplant patients. Hum 
I'mmunof. 1991;.^2:241. 
Tanio CJW, Basu CB, Albeldu SM et al. Differential expression of the cell adhesion 
molecules l C A M - 1 . VCAM-1 and E-selectin in normal and posttransplantation 
my<Kurdium. Circulation. I994;8y:l760. 
Briscoe DM. Yeung AC. Schoen l;I. ei aL Predictive value of inducible endothelial 
cell iidhesion molecular expression for acute rejection of human cardiac allografl.s. 
Transplantation. 199f;:59;204. 

83. 

8.*). 

86. 

87. 

[-emstrom K, Koskinen P. Hayry P. induction of adhesion molecules on the endo-
thelia of rejecting cardiac allografts. J Heart Lung Transplant. 1995:14:205. 
Carlos T, Gordon D, Fishbein D ei al. Vascular cell adhesion molecule-1 is induced 
on endothelium during acute rejection in human cardiac allografts. J Heart l u n g 
Transplant. t992;n:l 103. 
Reader J A, Burke MM, Counihan P et al. Noninvasive monitoring of human cardiac 
allograft rejection. Transplantation. I99();50:29. 
CarlquisI JF. Hammond ME, Yowell RL et al. Correlation between cellular rejection 
of cardiac allografts and quantitative changes among T-cell subsets identified by y fi 
epitope expression. Circulation. 1994:90:686. 
Tsao PW, Mills GB. Diaz RJ et al. Evidence that increases in lymphocyte tyrosine 
phosphorylation precede cardiac allograft rejection. Transplantation. 1994:58:451. 

274 



31 
Treatment of Cardiac Allograft Rejection 
LW. MILLER 

INTRODUCTION 

The development of the endomyocardial biopsy by Caves et al.' 
was one of the most important developments in the management 
of heart transplant recipients, and remains the gold standard today 
for the diagnosis of allograft rejection. Subsequent investigation 
has shown that a minimum of four and preferably five adequate 
pieces of endomyocardium are required to achieve satisfactory 
diagnostic accuracy'. The samples should be taken from as many 
different locations as possible for maximum sensitivity, a task 
perhaps made easier by use of echocardiography (versus fluoro
scopy) to guide the bioptome and allow safe sampling from the 
anterior free wall and apex I 

The decision or threshold to initiate bolus therapy for treatment 
of cardiac allograft rejection has evolved over time. In the mid-
1980s low-grade rejection (grades 1B and 2) was routinely treated 
in many programs'*. However, a number of investigators have 
shown that as many as 80-85% of both diffuse mild and focal 
moderate rejections resolve spontaneously, or with a simple 
increase in maintenance immunosuppression''^*. Although there is 
increasing evidence of a strong correlation between the occur
rence of even one rejection episode and the development of 
chronic rejection in kidney transplant recipients'*'", there are few 
data demonstrating a correlation between the incidence, severity, 
or time to first rejection and the development of chronic rejection 
or allograft coronary disease in heart transplant recipients'" ' ' \ 
As a result the pendulum has swung to a more conservative 
approach or threshold to treat cardiac allograft rejection over the 
past 5 years. 

Most recently, however, data from Kobashigawa and the CVIS 
investigators'•*, involving over 250 patients, demonstrated a cor
relation between the average biopsy score (ABS), which takes 
into account all low-grade untreated as well as treated rejection 
during the first 3 months post-transplant, and the development of 
coronary intimal thickening (chronic rejection) as measured by 
intravascular ultrasound. Of note, the incidence of treated rejec
tion episodes did not correlate with intimal thickening. In addi

tion, Anguita et al.'^ have recently reported that repetitive 
episodes of untreated grade IB or 2 rejection impair long-term 
cardiac graft function. These important data suggest a need to re
evaluate the threshold for initiating treatment of even mild rejec
tion, and studies are needed to compare the morbidity of a more 
aggressive approach. 

The risk factors for early and late cellular rejection have been 
reviewed"^"*, and a number of factors have been identified which 
additionally impact on the decision to treat a given biopsy, 
including: (a) grade of the previous biopsy; (b) time post-
transplant - data from a large review from Stanford''' have shown 
that rejection is much more likely to progress to a higher grade 
if untreated early (<9 months) post-transplant than later (>9 
months); (c) level of other maintenance immunosuppressive 
medications; and (d) clinical signs or symptoms. 

Many patients are treated for rejection with <grades IB or 
2 histologic criteria on biopsy. The CTRD database on over 
900 patients transplanted between January 1990 and January 199.̂  
indicates that 12% of treated rejection episodes had grade 0 or 1A 
biopsy score". Often the most compelling reason to treat low-
grade evidence of rejection is hemodynamic compromise. 
Possible explanations for the disparity between histologic findings 
and clinical signs or symptoms include sampling error on biopsy, 
passage of cytotoxic lymphocytes out of the allograft after initiat
ing damage, or the possibility that the primary mechanism asso
ciated with acute allograft dysfunction is not cellular but 
humoral'' ' ' ' '. Many centers give a course of corticosteroids for 
patients with acute graft dysfunction, even with limited evidence 
of cellular rejection'"*, followed by more aggressive therapies if 
no response is evident-" (see discussion on humoral rejection 
below). 

The following is a review of the numerous options for the treat
ment of cardiac allograft rejection, including doses recommended 
and associated side-effects. Comments regarding treatment of 
rejection in pediatric patients are combined with discussion of 
adult treatment. This review will not deal with strategies or agents 
used as prophylaxis against rejection. 
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TREATMENT OF ACUTE CELLULAR REJECTION 

Corticosteroids 

Acute cellular rejection is the most common form of cardiac allo
graft rejection, and corticosteroids have been the most commonly 
employed treatment^^. There is, however, no uniform agreement 
on the amount or route of administration for this agent in the 
treatment of acute cellular rejection. The most common route has 
been intravenous, utilizing doses of 1 g of methylprednisolone per 
day for three consecutive days^^. However, the dose of 3 g in 
3 days is frequently suprapharmacologic, especially for patients 
of small body size. Heublein et alP, in fact, performed a ran
domized prospective/retrospective study of 512 biopsies in 
128 patients, comparing the 3 g dose to a dose reduced by 50% 
(i.e. 0.5 g/day for 3 days) and found no increased efficacy in 
reversing rejection or the rate of subsequent rejection with the 
higher dose. 

Perhaps the most reasonable approach is to individualize the 
dose by kilogram body weight in order to minimize unnecessary 
steroid side-effects in smaller patients, and provide equivalent 
dosing to all patients. The dose of i.v. methylprednisolone used at 
St Louis University Health Sciences Center for the past 5 years 
has been 10 mg/kg per day for 3 days. Miska et al?^ have shown 
the feasibility and practical advantage of giving the intravenous 
steroids as an outpatient. While there are clear side-effects of 
high-dose i.v. steroids-', especially if given too rapidly, most 
patients can be treated safely as outpatients. 

In contrast, many centers now use oral steroids to treat all 
rejections not associated with hemodynamic compromise that 
occur more than 3 months post-transplant'*-^''. Kobashigawa 
et al.-*^ performed a randomized study comparing an oral dose of 
100 mg/day for 3 days (plus an oral taper over 2 weeks) to a con
ventional dose of 1 g/day x 3 days of intravenous methylpred
nisolone in 41 asymptomatic patients with grade 3A rejection. 
They showed no difference in rate of resolution of the biopsy 
(95% with i.v. vs 91% oral) at 4 weeks post-treatment, and no 
difference in infection. However, cost was significantly lower 
with oral therapy ($6.30 vs $180). Unfortunately, there are no 
prospective trials comparing the dosage required for treatment of 
rejection with oral steroids, but the most common dose reported 
has been 100 mg/day for 3 days-^-'. 

The use of a 'taper' of the steroid dose after the bolus dose is 
also controversial. Lonquist et al?* showed no statistically 
significant difference in the incidence of rejection over the next 
3 months or the number of rejections requiring additional therapy 
to achieve resolution in patients returned directly to pre-bolus 
steroid dose (no taper) versus the group that had the steroid dose 
tapered from 200 mg/day to 30 mg/day over 2 weeks. These data 
raise questions about the need for further steroid exposure by 
routine use of a taper over 1-4 weeks. Oral steroids have become 
the standard therapy for uncomplicated rejection in many pro
grams, but generally only after the first 3 months, during which 
period i.v. steroids remain the more common practice. 

The response rate to a course of steroids for the treatment of 
grade 3A rejection may be as high as 85% with one course^*-^'. 
Patients who fail to demonstrate an improvement on biopsy after 
a course of steroids generally receive a second course of steroid 
therapy, typically i.v., if there is no evidence of graft dysfunction. 
Patients who fail to improve with the first course of cortico

steroids have approximately an 80% chance of improving with a 
second course^'. Most programs have evolved to waiting a 
minimum of 7 days, and most commonly 14 days, before repeat
ing the biopsy in patients with no evidence of hemodynamic com
promise, to allow adequate time for histologic evidence of 
improvement in biopsy grade. Biopsies performed at <1 week 
may give a false impression of persisting rejection where, without 
further treatment, the biopsy may be substantially improved after 
another 7-10 days. However, patients whose grade 3A biopsy 
progresses to a grade 3B or greater are at higher risk of not 
responding to a second course of steroids^'. In these cases con
sideration should be given to cytolytic therapy with agents such 
as OKT3, particularly if there are any signs of hemodynamic 
compromise and the doses of cyclosporin and azathioprine are 
considered to be at the maximum tolerated. The response rate 
with 0KT3 in this setting may be as high as 80%'". 

Many programs administer prophylactic antimicrobial therapy 
during or following a course of rejection therapy, as a course of 
antirejection therapy has been shown to significantly increa.se the 
risk of infection". Common strategies include Mycelex (one tab. 
b.i.d.) for prophylaxis against Candida infection, and acyclovir 
(400 mg t.i.d.) to prevent exacerbations of herpes simplex virus 
during and/or for 1 week after a course of steroid therapy for 
rejection. Following antirejection therapy, patients should be 
carefully monitored for signs or symptoms of infection, as high-
dose steroids may significantly inhibit typical signs of inflam
mation and pyrexia. 

Cyclosporine 

Cyclosporine (CsA) is not typically considered an agent for the 
treatment of acute cellular rejection, but several investigators'^'"* 
have documented successful use of high-do.se oral or i.v. CsA for 
the treatment of mild to moderate acute allograft rejection. This 
approach would seem counterintuitive to our understanding of 
T cell activation which has progressed to acute cellular rejection 
in terms of the ability of CsA to turn off IL-2 generation and 
allow clearing of rejection. 

However, Kobashigawa et alP have shown that only one of 
21 patients (5%) with mild rejection who had at least a 50% 
increase in CsA level (169—413 ng/ml) progressed to moderate 
rejection. Radovancevic and Frazier^'' reported an 81 % response 
rate in a series of 24 patients with moderate rejection treated with 
high-dose oral and i.v. CsA (14 mg/kg per day of oral CsA plus 
1-3 mg/kg i.v.). These patients were compared to a group treated 
with i.v. steroids over a similar time, and no significant difference 
was found in resolution of rejection, but there was a significantly 
lower incidence of infection with the high-dose CsA. Sur
prisingly, there was no irreversible liver or kidney damage with 
use of these high doses. 

FK506 (tacrolimus) 

Recently, the new immunosuppressant drug FK506, now known 
as tacrolimus, has been investigated in cardiac transplant recipi
ents as a primary therapy for refractory cellular rejection'', as 
well as maintenance immunosuppression'*'. Despite a nearly 
identical mechanism of action as CsA (inhibition of IL-2 syn-
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thesis), in current doses this drug has been shown to be effective 
in reversing rejection in patients previously receiving CsA. The 
dose of tacrolimus for treatment of rejection is 0.15-0.30 mg/kg 
per/day p.o. in two divided doses. CsA should be held for 24 h 
before initiating tacrolimus due to the strong overlap of mechan
ism and side-effects. The target level for tacrolimus by the com
mercial kits now available is 15-20 ng/ml. The main side-effects 
are neurologic and renal toxicity. 

Methotrexate 

The folic acid analogue, methotrexate (MTX), has been utilized 
for reversal of refractory-"-'*' or recurrent acute cellular rejection 
with reasonable success^'^\ including pediatric patients^*'*^. By 
blocking the conversion of dihydrofolic acid to tetrafolic acid this 
agent inhibits purine synthesis which is essential to DNA syn
thesis and cell division, especially in rapidly dividing cells. MTX 
is an antiproliferative that affects both cellular and humoral 
immunity. 

Reports by Costanzo-Nordin er al?'^ and Bourge et al?^ demon
strated resolution of acute rejection in nearly 90% of patients 
treated with high doses of MTX (15-50 mg/week i.v. or 
10-30 mg/week p.o.) over 1-3 days/week for 3-6 weeks. 
However, nearly half of these patients had recurrent rejection 
after MTX was discontinued, but again responded to a second 
course of the drug. Given the efficacy of a short course of MTX, 
but the high incidence of rebound rejection, Jennison et al.'^ 
reported safe administration in 27 patients who received the drug 
for an average of 16 months (range 1^3 months). There was no 
significantly increased risk of infection with MTX, and the inci
dence of rejection was significantly reduced during the period of 
administration (compared to the pre-MTX incidence). Currently 
its most common usage is in patients with persisting grade IB or 
grade 2 rejection'""''-''''', particularly without hemodynamic 
compromise. 

MTX is usually given 2 days per week, either on 2 consecutive 
days (e.g. Saturday and Sunday) or split (e.g. Monday and 
Thursday) with doses ranging from 2.5 to 7.5 mg/day based on 
white blood cell count. Side-effects include gastritis and neu
tropenia, and occasionally patients describe a fatigue syndrome 
which may improve by separating the dose by a number of days. 
Bourge et al}'' noted that the risk of neutropenia with MTX corre
lates with: (a) the dose of MTX, (b) the WBC before starting 
MTX, and (c) the WBC 1 month after therapy. Protocols vary 
with respect to whether the dose of azathioprine is reduced or dis
continued entirely during MTX therapy. 

Mycophenolate mofetil 

The newest immunosuppressive agent which has been used for 
the treatment of recurrent or persistent cardiac rejection is myco
phenolate mofetil"". This drug is a derivative of mycophenolic 
acid which inhibits the de-novo pathway for purine synthesis of 
activated lymphocytes'**. Its ability to reverse recurrent cardiac 
rejection was evaluated in a multicenter study of 17 patients"^. 
Rejection was controlled in all 14 patients who were able to 
receive the drug long-term at a dose of 3 g/day p.o. The incidence 
of rejection decreased from 0.67 to 0.27 episodes/month 

(/xO.OOOl), with no increase in the incidence of infection. The 
major side-effects are neutropenia and gastrointestinal symptoms. 
This drug is designed primarily as a maintenance immuno
suppressive medication, but it may be effective as therapy for 
acute rejection, especially in patients not currently receiving it. 

Total lymphoid Irradiation 

Total lymphoid irradiation (TLI) has been used as a form of 
immunosuppression since the 1960s, but largely as prophylaxis. 
Salter et al.'^'' recently reported on the use of TLI as a primary 
therapy for the treatment of recurrent or persisting early severe 
cardiac allograft rejection. This therapy was able to reverse acute 
rejection in 18 of 19 patients. The authors also demonstrated a 
highly significant reduction in the incidence of subsequent rejec
tion, from 1.3 to 0.07 episodes/month (p<0.0001). The usual dose 
is 800 cGy in divided treatments 2 day.s/week for 5 weeks. The 
major side-effects are neutropenia, which is correlated with a 
lower tolerated do.se of azathioprine pre-TLI, and infection. The 
course of treatment may require several interruptions, each for 
5-7 days, if neutropenia (WBC<3000 cells/mm') develops. 
Reversal of rejection is not very rapid with TLI, and it is therefore 
not designed for the treatment of severe or symptomatic rejection, 
but may be very effective in the long-term control of recurrent or 
persisting rejection, even if refractory to cytolytic agents"'*''". TLI 
may also be effective in pediatric patients'"'. 

Photochemotherapy 

Recently, a new form of therapy for the treatment of acute rejec
tion has been reported which is termed photopheresis (PH) or 
photochemotherapy-''''''\ This technique requires patients to 
receive pretreatment with a photoactivating agent, 8-methoxy-
psoralen, either p.o. or i.v. The patient's mononuclear cells are 
then pheresed and extracorporeally exposed to UV-B irradiation 
in a flat field, which alters the cytotoxicity of the photomodulated 
cells. One treatment requires 3 hours to complete, which usually 
involves 1x10' ' cells. The exact mechanism of this modulation is 
unclear. Results of a randomized prospective study of 
12 patients with 16 episodes of grade 2 or 3A rejection showed 
PH to be as effective as oral or i.v. steroids for reversing rejec
tion, and there was minimal or no toxicity with PH. This therapy 
may have more of an application for the prevention of rejection 
than acute treatment'*. 

RESCUE THERAPY FOR ACUTE CELLULAR REJECTION 

0KT3 

The use of cytolytic therapy with agents such as OKT3 is gen
erally reserved for patients with allograft rejection that is refrac
tory to multiple courses of conventional agents, or is associated 
with hemodynamic compromise'"'''''**. 

0KT3 is a murine monoclonal antibody directed against the 
CD3 receptor which is intimately linked to the T cell recognition 
complex'*'' on the surface of most circulating lymphocytes. The 
binding of 0KT3 to the surface receptor causes loss and/or 
internalization of the T cell receptor-CD3 complex, thereby 
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rendering the T cell incapable of recognizing foreign antigen. In 
addition, there is loss of usual T cell functions, such as CD4 pro
liferation, CDS cytotoxicity, and B cell proliferation, essentially 
inhibiting the entire immune response to antigen recognition. 
Coating or complexing of the CD3 complex with OKT3 leads to 
opsonization of the CD3* cells from the circulation by the 
reticuloendothelial system"*'. The count of CDS'^ cells falls 
dramatically within 12-24 hours of administration (usually to 
<100 cells), and biopsies have also demonstrated rapid clearance 
of lymphocytes from the myocardium. 

The standard dose is 5 mg given over 15 seconds once a day. 
Smaller doses (2.5 mg/day) have been found to be effective in 
reversing rejection**, especially in children, and there are anec
dotal reports that the CD3 count may in fact remain <I00 cells 
with only one or two doses. Additional empiric doses of OKT3 
may only increase morbidity without enhancing clinical efficacy. 
However, the major concern of abbreviated, interrupted, or 
reduced dose therapy is enhanced sensitivity to the agent (devel
opment of human anti-mouse antibodies) or further immune 
activation"^'. 

The binding of the OKT3 to the surface receptor triggers a 
release of cytokines (particularly TNF and IFN-gamma) and, po
tentially, prostaglandins, which result in a clinical entity called 
cytokine release syndrome'''"*^. This syndrome, which may be 
manifest by fever, chills or even rigors, vasodilatation, hypo
tension, and a capillary leak syndrome with a pulmonary edema 
picture, particularly if the patient is volume-overloaded, can be 
avoided by pretreatment with a combination of 1 g of intravenous 
methylprednisolone, acetaminophen (650 mg p.o.), diphen
hydramine (50 mg p.o.), and a dose of a non-steroidal anti
inflammatory agent such as indomethacin (50-75 mg p.o.) 
60 minutes prior to giving the first dose of 0KT3. This pre
treatment should be continued for at least the first 3 days, 
although the dose of steroids can be reduced to 500-750 mg on 
day 2, and 250-500 mg on day 3. The steroid dose should then be 
converted to a dose of 0.3 mg/kg/per day p.o. from day 4 to com
pletion of the course of OKT3, when the dose is again increased 
to 1 mg/kg/per day and tapered by 5 mg/day to the usual level at 
the time post-transplant. This post-OKT3 steroid bolus and taper 
are to prevent 'rebound' rejection with cessation of 0KT3. Other 
side-effects include: (a) secondary infection, especially CMV, 
Pneumocystis, and other opportunistic infections; (b) aseptic 
meningitis; and (c) seizures. 

The overall success of OKT3 therapy to reverse allograft 
rejection varies from 70% to 95%-'''''*'. Lower success** seems to 
be related to lack of the use of a pulse and taper of oral steroids at 
the completion of the 7-10-day course of OKT3, to prevent the 
rebound rejection which may occur due in part to the inherent 
property of OKT3 to activate the immune system**. This drug 
may allow substantial improvement in hemodynamic function 
within 1-2 days of initiating therapy. 

Therapy with 0KT3 is monitored by either serum levels of 
OKT3 or counts of CD3* cells". Levels should be >800 ng/ml 
and CD3 counts should drop <100 cells with effective therapy. 
Prior use of this agent, such as perioperative 'induction' therapy 
to prevent rejection, may result in development of human anti-
mouse antibodies (HAMA) which can inactivate OKT3 and 
reduce the response to treatment of rejection'^*'. These antibodies 
can be screened for: (a) prior to initiating a second course or (b) 

in patients whose OKT3 levels fall, or CD3 counts rise, during 
therapy. Demonstration of rising CD3 counts during therapy 
requires use of an alternative therapy. 

Antithymocyte globulin 

The first cytolytic agent used for rejection rescue therapy was the 
polyclonal preparation antithymocyte globulin (ATG). This is 
currently used more for prophylaxis than rescue therapy. This 
agent is made by injecting human thymocytes into the animal host 
(a horse or rabbit), and then harvesting, pooling, and purifying 
the host plasma, which is rich in antithymocyte immunoglobulin. 
Side-effects of ATG include pyrexia and even serum sickness 
reaction, variable efficacy between lots, and contamination with 
other immunoglobulins (such as antiplatelet antibodies)**. 
Numerous studies have compared the efficacy of ATG and 
0 K T 3 * ' " , but primarily as prophylactic (induction) therapy. The 
dose of ATG for rescue therapy is usually 10-15 mg/kg/per 
day i.v. or i.m. (in one or divided doses) for 7-10 days, with 
smaller doses used in pediatric patients*''. Pretreatment with 
steroids, acetaminophen, diphenhydramine, and non-steroid anti
inflammatory agents (see above re OKT3) is recommended. 
Blood level details are not available. 

TREATMENT OF HUMORAL (VASCULAR) 
REJECTION 

The role of the humoral immune system in cardiac allograft 
rejection has been recognized only recently-'^'*"'*. This type of 
rejection is relatively uncommon, but may be the cause of much 
of the acute hemodynamic compromise that may occur with cel
lular rejection. It is very uncommon for vascular rejection to 
occur alone (i.e. without evidence of cellular rejection) with the 
exception of hyperacute rejection, which usually presents in the 
operating room at the time of transplant and is due to circulating 
antibodies against one or more antigens on the donor endo
thelium. The treatment of hyperacute rejection is discussed 
below. 

The graft dysfunction that may occur with humoral rejection is 
largely a result of thrombosis and/or vasospasm of the coronary 
arteries due to an antibody-mediated arteritis. Vascular rejection 
usually occurs within the first month post-transplant and should 
be anticipated in patients with a positive donor-specific cross
match^*. The diagnosis is confirmed by histologic evidence of 
arteritis on routine endomyocardial biopsy and immuno-
fluorescent staining of immunoglobulin deposition on the 
coronary endothelium^''. The immunoglobulin(s) or antibody is 
(are) directed against foreign donor antigens located on the 
surface of the coronary arteries''^''*. 

The treatment of this form of rejection is focused on: (a) re
moving circulating antibody and (b) suppressing new antibody 
formation. The recommendations that follow are based on clinical 
experience in a number of centers, but there are no prospective 
studies comparing various forms of therapy in heart transplant 
recipients. 

The most rapid and effective therapy for humoral rejection is 
plasmapheresis^*'"*'". This requires placement of a percutaneous. 
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dialysis-type central venous catheter to allow pheresis and 
exchange of the patient's plasma. The patient's weight is used to 
calculate the total plasma volume, and a single plamsa volume 
exchange is performed. The replacement fluid is usually a mix of 
.50% type-specific fresh-frozen plasma and 50% albumin. The 
exchange requires approximately 3 hours to perform, but rarely 
results in hypotension or any hemodynamic deterioration. Ionized 
calcium is monitored and replaced as needed. Due to the docu
mented alteration in local plasminogen activators and significant 
coronary endothelial inflammation, patients are usually placed on 
full heparinization to minimize coronary thrombosis. This pro
cedure should be repeated daily for a minimum of 3 days and can 
be done for 5-7 days or until the circulating antibodies (usually 
multiple) are reduced to very low titer, as demonstrated by 
repeated donor-specific crossmatch or panel-reactive antibody 
(PRA) assay. This therapy may be lifesaving, has very little asso
ciated morbidity and should be initiated as soon as possible when 
this diagnosis is confirmed. 

A second alternative method for removing circulating antibody 
is with use of an immunoadsorption column (protein A column, 
Prosorba, IMRE Corp.). As with plasmapheresis, plasma is 
pheresed from the patient, but is then passed over the column 
which is covered with immunoglobulin that absorbs the cir
culating antibodies from the plasma, which is then reinfused to 
the patient. Olivari et alP reported successful reversal of acute 
vascular rejection in three patients with significant hemodynamic 
compromise that was unresponsive to high-dose i.v. steroids and 
cyclophosphamide. After several courses of immunoadsorption 
the left ventricular ejection fraction improved from 23% to 56%. 
The PRA titer fell to <5%. The patients had no further vascular 
rejection. There are no data comparing the efficacy of the two 
forms of antibody removal. 

The second goal of treating vascular rejection is to suppress 
antibody production. A combination of lympholytic agents is 
typically used, including high-dose i.v. methylprednisolone 
(1-1.5 g/day x 'i-A days), and substitution of cyclophosphamide'' 
for azathioprine. The dose of cyclophosphamide ranges from 
1 mg/kg per/day to 1000 mg/day, and several centers have noted 
improved efficacy with the higher dose for the first several days. 
Finally, most centers also use OKT3 to help resolve any com
ponent of cellular rejection and help turn off B cell pro-
liferation'""'*-'. There are a few anecdotal reports of additional 
improvement with conversion from CsA to FK506. Antimicrobial 
prophylaxis, as described above, is also recommended during and 
after this aggressive therapy. 

The prognosis with vascular rejection (especially the hyper
acute form) is worse than with cellular rejection. 

COMMENT 

There are new monoclonal antibodies directed against a variety of 
cytokines and surface receptors, and other agents such as 
rapamycin and leflunomide, that may offer improved or additional 
strategies to manage acute cellular and/or vascular rejection in the 
future. Progress is still needed to help manage an entity which 
continues to be one of the leading causes of death in heart 
transplantation. 
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32 
Infection in Relation to Thoracic Transplantation 
K. LOVE 

INTRODUCTION 

Although the advent of focused and therefore superior immuno
suppressive regimens has greatly decreased the incidence of 
infection in the thoracic transplant recipient, infection remains the 

leading cause of death in many centers' \ Infection is acquired 
exogenously through usual nosocomial and community modes of 
transmission, and through transfusion, or is donor-transmitted. It 
can also result from endogenous reactivation of latent organisms 
within the recipient (Table I). 

Table 1 Organisms causing infections after thoracic organ transplantation 

Bacteria 
Community-acquired bacteria 
Nosocomial bacteria 
Donor trachea flora* 
Legionella species 
Listeria 
Mycobacteria'* 
Mycoplasma hominis 
Nocardia species 
Rhodococcus equi 
Miscellaneous unusual 

Fungi 
Candida species 

Cryptococcus neoformans'^ 
Coccidioides immitis" 
Histoplasma capsulatum"' 

Viruses 
Herpes simplex 1, 2' 
Varicella-zoster* 
Epstein-Barr virus"* 
Cytomegalovirus'* 
Human herpesvirus 6' 
Hepatitis B, C* 
Retroviruses'* 
Polyomaviruses* 
Papillomaviruses'* 
Respiratory viruses 

Parasites 
Pneumocystis carinii^ 
Toxoplasma gondii' 
Trypanosoma cruzi'* 
Strongyloides slercoralis^ 
Cryptosporidium 

Various infections 
Nosocomial infections 
Anastomotic infection in LTR 
Pneumonia 
Meningoencephalitis 
Pulmonary/extrapulmonary disease 
Sternal wound infection 
Pulmonary/extrapulmonary disease 
Pneumonia 
Bartonella (Rochalimea) 

Mucocutaneous candidiasis 
Mediastinitis, sternal infection 
Meningitis, extraneural disease 
Meningitis, extraneural disease 
Pulmonary, disseminated disease 

Mucocutaneous vesicles 
Chickenpox, shingles 
Lymphoproliferative disorders 
CMV syndrome, enteritis, pneumonitis 
? lymphoma, ? other 
Liver disease, hepatoma 
AIDS, leukemia, lymphoma, paraparesis 
JC Virus progressive multifocal leukoencephalopathy 
Warts, ? malignancy 
Respiratory syncytial virus, adenovirus, parainfluenza virus, influenza A, 8 

Pneumonia 
Myocarditis, encephalitis, pneumonia 
Myocarditis, disseminated disease 
Disseminated disease 
Diarrhea 

' Potentially donor-transmitted. 
* Reactivated iutenl infection in the SPR. 
All infections can be exogenously acquired. 
LTR = lung transplant recipients; JC = Jacob Creutz.feldt virus. 
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The type of infecting organism and severity of disease pro
duced is determined by factors such as the age of the patient, the 
intensity and duration of immunosuppression, pre-existing 
diseases such as bronchiectasis, timing after transplant (Table 2), 
and whether disease is due to primary infection or reinfection 
with a donor strain, or reactivation of latent infection in the 
recipient. 

The net state of immunosuppression 

Rubin has aptly pointed out that it is the 'net state of immuno
suppression' that determines the risk of infectious disease in the 
transplant recipient*. This concept takes into account the duration 
of immunosuppression and the contribution from immuno-
modulating viruses such as cytomegalovirus (CMV), Epstein-
Barr virus (EBV), hepatitis viruses, and retroviruses. The 
intensity of pharmacological immunosuppression, especially the 
contribution from corticosteroids, is greatest during the first 
3-6 months after transplant and after treatment for rejection. 
These are the periods in which most acute infections are seen. 

Timing of infection after transplantation 

First month 

In the first month after transplant, nosocomial bacterial and fungal 
infections (pneumonia, intravascular device-related sepsis, 
urinary tract infection, wound infection, and Candida difficile di
arrhea) predominate and are directly related to breeches of integu
mentary and mucosal integrity by invasive devices and wounds, 
as in any other ICU patient. Handwashing with an antibacterial 
soap and other fundamental infection control measures are indi
cated. There is no literature to support the use of barriers, such as 
masks and gowns that were a part of traditional 'protective isola
tion'. This has been studied in both the neutropenic^'* and the 
transplant patient'^ Special air handling and procedures designed 
to minimize exposure to fungal spores are warranted (refer to the 
section on Aspergillus). Herpes simplex virus reactivation occurs 
in this time frame as well but, with the widespread use of acy
clovir prophylaxis, is either delayed or suppressed. 

Sternal wound infection and mediasiinitis are particular prob
lems early after thoracic transplantation; unusual causative organ-

Table 2 Timing of infection after transplant by type of disease 

Site/! ype of disease Early {within J months) Late (after J months) 

Pneumonia 

Sternal and mediastinal infection, empyema 

Myocarditis 

Central nervous system 

Gastrointestinal tract 

Mucocutaneous 

Malignancy 

Mononucleosis syndrome 

Nosocomial pathogens 
Cytomegalovirus (CMV) 
Legionella 
Aspergillus 
Toxoplasma gondii 

Staphylococci, GNB 
Donor trachea flora 
Candida 
Mycoplasma 
Mycobacteria 

Toxoplasma gondii 
CMV 
Trypanosoma cruzi 

Aspergillus 
Toxoplasma gondii 

CMV, HSV esophagitis 
CMV enteritis 
Hepatitis 
Strongyloides 

Candida species 
HSV 
Disseminated fungal infection 
Disseminated mycobacteriosis 

EBV-LPS 

CMV 
EBV 
HBV, HCV 
Retroviruses 
Toxoplasma gondii 

Pneumocystis carinii 
Nocardia asleroides 
CMV 
Community-acquired bacterial, viral, fungal pneumonia 

Listeria monocytogenes 
Cryptococcus neoformans 
Nocardia asteroides 
Toxoplasma gondii 
PML 

CMV enteritis 
Cholecystitis 
Strongyloides 

Candida 
VZV 
Disseminated fungal infection 

EBV-LPS 
Accelerated course of solid tumors. Hepatoma. 
Cervical cancer (? papillomavirus) 
EBV or retrovirus associated T-cell 

EBV 
Community acquired virus 

Disseminated infection can occur with most of these organisms 
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isms such as Candida species and mycoplasma have been re
ported"*. At the Minneapolis Heart Institute the overall deep 
sternal wound infection/mediastinitis rate in 189 thoracic 
transplant-related sternotomies as of December 1994 was 3.2%, 
representing 4/177 (2.3%) heart transplant recipients, 1/6 
heart-lung and 1/6 double lung transplant recipients, respectively. 
Literature rates with which to compare are not readily available. 
Usual perioperative antibiotic prophylaxis regimens are used 
(Tables 3 and 4). 

In the lung transplant recipient, mediastinitis and pleural space 
infection can also result from contamination of the bronchial 

anastomosis by recipient and donor trachea flora, and can be 
prevented by pre-emptively treating the recipient with anti
biotics directed against organisms grown in tracheal cultures, and 
monitoring and treating organisms cultured from chest 
tubes. 

Despite the multiple suture lines involved and the immuno
suppression, there are only two ca.ses of endocarditis reported in 
heart transplant recipients" '-, one at day 8 and the other at 
7 months after transplant. Given the usual time to endothelial-
ization of these anastomoses, it seems logical to provide antibac
terial prophylaxis for dental, genito-urinary and gastro-intestinal 

Table 3 Prophylaxis and prevention of infection 

Organism/infeclion Prevention/prophylaxis 

Sternal wound infection/mediastinitis 

Mediastinitis/anastomotic infection in LTR 

Legionella species 

Listeria monocytogenes 

Mycobacteria 

Nocardia species 

Candida species 

Aspergillus 

Herpes simplex 1, 2 

Varicella-zoster 

Cytomegalovirus 

Epstein-Barr virus 

Hepatitis B 

HIV 

Pneumocystis carinii 

Toxoplasma gondii 

Trypanosoma cruzi 

Strongyloides stercoralis 

Perioperative prophylaxis with cephalosporin or vancomycin to PCN allergic patients 

Perioperative prophylaxis with Imipenem or Clindamycin/Aztreonam for PCN allergic patients, 
pre-emptive treatment of donor trachea isolates post-transplant 

Water treatment for control of nosocoinial transmission 

Recommendations in the text, TMP-SMZ prophylaxis 

Testing and treatment for TB pretransplant 
Avoid exposure to aquaria (W, marinum) 

TMP-SMZ prophylaxis 

Clotrimazole troches or mycostatin S&S q.i.d. x 1 month 
Fluconazole 200^00 mg/day x 14 days for + donor trachea culture 
Daily ingestion of 8 oz of L. acidophilus + yogurt for feinales with recurrent vaginitis 

See Table 4 

Acyclovir 400 mg b.i.d.-t.i.d. for frequent recurrences 

Active immunization of SNR 
Post-exposure VZIG for exposed susceptibles 

CMV-negattve blood products, high dose p.o. ACV or GCV 
± CMVIG for SNR of SPD and SPR x 3 months 

Optimal immunosuppression. ? ACV or GCV, CMVIG 

HBV vaccine + hepatitis immune globulin (HBIG) 

AZT as soon as possible 

TMP-SMZ x 1 year 

TMP-SMZ or pyrimethamine 25 mg/day x 6 weeks for mismatch 

Benznidazole or nifurtimox probably indefinitely 

Thiabendazole 

SNR = seronegative recipient; VZIG = varicella zoster immune globulin; PCN = penicillin. 
LTR = lung transplant recipient 

Table 4 Aspergillus precautions 

The patient is in a private room with positive ventilation and at least 10 air exchanges per hour. 

At least 90% of particles over 0.5 /im in size are filtered from air entering the room. 

Not allowed: plush toys, balloons, pepper for food, artificial or real flowers or plants. 

All horizontal and other surfaces capable of gathering dust are damp-cleaned daily. 

The patient wears an 8710 dust-mist respirator mask (3M) when out of the room and for 30 minutes after cleaning of the room. 

All construction projects are reviewed in advance by the Infection Control Department and suitable barriers and removal systems implemented; some projects 
are postponed until there are no transplant patients in the area. 

These precautions are in effect until the prednisone dose is down to 30 mg/day or, if the patient is discharged before that target is reached, wearing of the mask is 
encouraged for coming to the hospital because of constant renovation, and on windy days and being near excavation or construction sites for 3 months 
post-transplant. 
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procedures for only 3 months after transplant. The American 
Heart Association recommendations for antibiotic prophylaxis to 
prevent infective endocarditis are appropriate for this indication". 

One to six months 

\n the i-6 months after transplantation, cytomegalovirus is far 
and away the most common and important of the immuno-
modulating viruses which become active during this period and 
pave the way for other opportunists such as Aspergillus, 
Nocardia, Pneumocystis, and Listeria. 

After six months 

According to Rubin*, after 6 months 75% of patients are doing 
well, and 10% have chronic infection with immunomodulating 
viruses, which eventually leads to destruction of the infected 
organ or to malignancy. Fifteen percent have poor allograft 
function due to both acute and chronic rejection, and have 
received repeated and prolonged intensive immunosuppression, 
complicated by chronic viral infection, making them prone to 
opportunistic infection with Listeria, Cryptococcus, Pneumo
cystis, and Nocardia. Varicella-zoster reactivation is also a late 
infection. 

Primary infection, reinfection, reactivation 

Primary infections occur with varying frequency in previously 
uninfected persons who receive the blood or organ of a previously 
infected donor, and tend to cause disease more often and with 
greater severity than reinfection or reactivation. Primary infec
tions are usually diagnosed as such by serological testing, 
whereby the seronegative recipient (SNR) becomes seropositive 
after exposure to the seropositive donor (SPD). Primary infections 
are more common in pediatric transplantation. 

Reinfection can occur in the seropositive recipient (SPR) who 
acquires a donor strain of an organism with the donated organ or 
transfusion that is different from the recipient strain. Disease fol
lowing reinfection is usually less severe than that following 
primary infection. Molecular techniques are required to prove 
reinfection. 

Endogenous reactivation of a SPR's latent organisms, such as 
herpesviruses, causes milder disease or none at all. 

SPECIFIC INFECTIONS 

Where cell-mediated immunity is impaired, infections with 
organisms which are engulfed but not killed by leukocytes ('intra
cellular parasites') may either occur more frequently or, though 
not more common in the immunocompromised host, be par
ticularly invasive, disseminated, and severe ('hyperinfection'). 

BACTERIAL INFECTION 

Legionella 

Lef^ionella is a Gram-negative rod aerosolized in a variety of hot 
and cold water sources, including evaporative condensers and 

cooling towers'*"*, showers'"*, whirlpool spas^", respiratory 
therapy equipment^', and grocery store mist machines'-. 
Microaspiration of contaminated water via nasogastric tubes has 
also been implicated in some outbreaks. Legionella has been 
found in 1-30% of home water heaters, especially electric units. 

Legionella species cause < l - 5 % of cases of pneumonia in 
adults, but there is a marked geographic variation in the inci
dence^^*''. In a 1988 survey of 28 centers with 2274 heart trans
plants, representing 73% of the cardiac transplants done in the 
USA as of 1986, the incidence of legionellosis was 2% 
(0->5%F. 

The 'classic' syndrome consists of lobar pneumonia with non
productive cough, pulse-temperature dissociation, rigors, diar
rhea, myalgia, confusion, abnormal liver function tests, 
hyponatremia and hypomagnesemia, but this presentation repre
sents only a small subset of patients with the disease. Prospective 
studies have shown that the usual case consists of non-specific 
clinical, roentgenological, and laboratory manifestations of lower 
respiratory tract infection^'*-'''. Rarely, Legionella can cau.se extra
pulmonary infection-''''. 

The diagnosis is confirmed by culture of sputum, blood, or 
other clinical material; unfortunately, many otherwise sophis
ticated laboratories are not able to culture Legionella as they do 
not routinely use the selective media and techniques required. It is 
therefore necessary to obtain cultures before institution of anti
microbial therapy, and to alert the laboratory to the possibility of 
the diagnosis. 

Antigenuria can be assayed with a very quick and sensitive 
commercially available radioimmunoassay that detects only 
L. pneumophila serogroup 1, but as 70-90% of all cases of 
Legionnaire's disease are probably caused by this serotype, it is 
still a useful test. In many laboratories it has replaced direct 
fluorescent antibody (DFA) testing of clinical specimens, which is 
technically difficult and suffers from a lack of specificity and 
sensitivity. DNA probe methods are about as accurate as DFA 
tests, are easier to perform, and detect all species of Legionella; 
however, they have no practical advantages over the antigenuria 
test. Polymerase chain reaction techniques hold great promise, but 
more experience is needed. 

Serology is widely used for diagnosis, but the specificity 
of seroconversion may be unreliable for species other than 
L. pneumophilia serogroup 1, and false-positives occur due to 
cross-reactivity with other organisms, such as Escherichia coli. 
Also, seroconversion may take as long as 9 weeks. 

In-vitro sensitivity testing is not relevant, as activity of an 
antibiotic against Legionella depends on its ability to enter the 
infected cell. In the past the preferred treatment was with ery
thromycin 1 g intravenously every 6 hours with rifampicin added 
for severe cases. Both of these drugs have major interactions with 
cyclosporin (CsA) which can result in renal failure. For this 
reason (and because in in-vitro models the new macrolides, 
azithromycin and clarithromycin, are much more active) these, 
and the fluoroquinolones, ciprofloxacin and pefloxacin, are prob
ably the drugs of choice. They, too, have some interaction with 
CsA, but it is not so pronounced as with erythromycin, and 
careful monitoring of CsA levels will avoid toxicity. With the 
exception of azithromycin, which is given in a dose of 500 mg on 
day 1, followed by 4 days of 250 mg/day, antibiotic therapy 
should be given for 3 weeks. 
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Though conventional wisdom dictates that imipenem-cilastatin 
should not be effective, we have had good experience with three 
cases of culture-proven Legionella pneumonia treated empirically 
with this drug before the diagnosis was confirmed; after initial 
improvement these patients were sent home on oral ciprofloxacin, 
with complete resolution. 

F*revention of infection with Legionella consists of monitoring 
water sources in areas where it is a prevalent pathogen in the 
transplant population; superheating water to 55-60°C is required 
to eradicate it. Sterile water should be used to irrigate nasogastric 
tubes, and for any respiratory therapy activities such as washing 
nebulizers, tubing or humidifiers, unless this equipment is to 
undergo subsequent sterilization. Samples from home water 
heaters could be cultured and, if positive, the transplant recipient 
could be advised either to replace an electric heater with a gas-
fired one or to increase the temperature of the water heater, taking 
care to avoid scalding injuries. 

Listeria 

Listeria monocytogenes is a Gram-positive bacillus found in dairy 
products, raw vegetables, and undercooked meat and poultry^*, 
which colonizes the gastrointestinal tract in 5-10% of people and 
causes systemic infection in an estimated 7.0 per million popu
lation in the USA per year^'. 

In a recent review of 74 Finnish cases, between 1971 and 1989, 
Skogberg et al. found that around 50% of all patients had primary 
bacteremia-^". In an exhaustive analysis of 178 cases in the 
English literature between 1968 and 1978, Nieman and Lorber^' 
recorded primary bacteremia in ~25% of patients. Acute, or rarely 
subacute or chronic^- meningitis or meningoencephalitis occurred 
in 55% and encephalitis without meningitis in another 6.5%. 
Other sites of infection were described in 12 patients, and 14 pa
tients were diagnosed as having endocarditis. Prominent CNS fea
tures consisted of nuchal rigidity (85% of meningitic cases), 
ataxia, tremors, seizures, and fluctuating consciousness, with pos
itive blood cultures in 75% of cases. The cerebrospinal fluid 
profile was variable; the average leukocyte count was >1000 with 
66% polymorphonuclear cells and counts did not correlate with 
outcome. The glucose was normal to depressed (average 
60 mg/dl) and low levels (<40 mg/dl) seemed to predict a poor 
prognosis. The average protein level was around 200 mg/dl and 
values >300 mg/dl also appeared to portend a poor result. The 
Gram stain was positive in ~40%, and was misleading in some 
cases, as has been previously described by Buchner and 
Schneierson^\ because the organism is often mistaken for a diph
theroid contaminant or a streptococcus. Over-decolorization of 
the Gram stain can lead to the erroneous identification of Gram-
negative bacilli. It is therefore necessary to have a high clinical 
suspicion for this organism in patients with compromised cellular 
immunity, including alcoholics, pregnant females, and neonates. 

On CT scanning, localized abscesses of cortex, spinal cord 
or brainstem, and hydrocephalus can be seen, and generalized 
encephalitis may be diagnosed on biopsy or at autopsy. 

Treatment of choice consists of ampicillin 2 g every 4 hours 
i.v., or penicillin G 3-4 million units every 4 hours i.v., with or 
without an aminoglycoside, for 14-21 days. Cephalosporins are 
ineffective. Patients with a history of life-threatening penicillin 
reactions can be treated with trimethoprim-sulfamethoxazole, 

10-15 mg/kg every 8 hours, i.v. or p.o.'''' ' ' or, if also intolerant of 
sulfonamides, desensitized to penicillin and then treated as above- '̂'. 
Vancomycin is an alternative, but CSF levels should be monitored, 
as the drug has variable blood-brain barrier penetration. 

Efforts at prevention should focus on educating transplant re
cipients as to avoidance of high-risk foods. Schuchat et al?^ make 
the following dietary recommendations for persons immunocom
promised by disease or medication, pregnant women, and the 
elderly (adapted): 

(1) Avoid eating raw or partially cooked foods of animal origin. 
(2) Avoid cross-contamination between raw and cooked foods 

during food preparation and storage. 
(3) Reheat leftovers until too hot to touch. 
(4) Avoid soft cheeses such as feta and Mexican-style cheeses; 

eat hard cheeses, cottage cheese, and cream cheese. 
(5) Wash raw vegetables thoroughly before eating. 

Trimethoprim-sulfamethoxazole is used as prophylaxis against 
Pneumocystis in most transplant programs today. It is likely that 
this drug also offers protection against Listeria. 

Mycobacteria 

As of 1993, only nine cases of mycobacteriosis complicating lung 
transplantation had been reported^**"*^ '̂. At least seven articles 
report on experience in heart transplant recipients''-'"". Tuber
culosis (TB) can be donor-transmitted, reactivated in the pre
viously infected recipient, or acquired through exposure to 
persons with pulmonary TB. Non-TB mycobacteria are acquired 
from environmental sources, such as soil and water, and are not 
transmitted between humans. 

In a world-wide literature review of renal transplant recipients 
before 1983, only 47 mycobacterial infections (23 cases of tuber
culosis) were identified"*. The overall incidence in western 
countries is between 0.3% and 2.3%, but up to 9.5% in high-
prevalence areas'^'"'''. 

Mycobacterium tuberculosis 

With the recent resurgence of tuberculosis (TB) in North 
America, it seems likely that the incidence of this disease, and of 
drug resistance, will increase in transplant recipients. Most of the 
clinical experience has been with renal transplant recipients in 
whom the full gamut of pulmonary, extrapulmonary, and dis
seminated disease has been seen; the only exceptional feature 
seems to be a propensity for bone and joint involvement-''''. 

Diagnosis is made by isolating Mycobacterium tuberculosis from 
clinical material, but as the sensitivity is variable depending on the 
source, it is important to look for acid-fast bacilli on special stains 
and for granulomata on histology. With the advent of newer 
methodologies, mycobacteria will grow within 10-14 days and 
M. tuberculosis can be identified promptly by DNA probe. 

There are no definitive studies on the optimal treatment of TB 
in the transplant recipient. Rubin'' advocates a 12-month course of 
treatment with isoniazid (INH) and rifampicin (RFM) or pyrazi-
namide (PZA), which would suffice for patients with a low 
likelihood of having INH-resistant, or multidrug-resistant TB 
(MDRTB, resistant to at least INH and rifampicin), later confirmed 
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with sensitivities. This approach may minimize the toxicity of 
short-course regimens which require initial treatment with INH, 
RFM, and PZA for 2 months, followed by 4 months of INH and 
RFM. Both INH and RFM induce hepatic microsomal enzymes 
which increase steroid catabolism. RFM, and possibly also INH, 
competes with CsA for the cytochrome P450 enzyme system, 
thus decreasing CsA levels. Rejection has been reported in this 
circumstance^*-^^"'''* as even massive increases in doses of CsA 
may not overcome the RFM effect. 

However, the short-term regimens are attractive because of 
their duration, and it may seem reasonable to try them. If RFM 
cannot be used, the patient should receive 12 months of INH and 
PZA* or 18 months of INH and ethambutol (EMB). 

In communities or areas of the world where there is >4% primary 
resistance to INH, EMB or streptomycin (SM) must be added to the 
initial regimen, pending results of sensitivity tests. If the organism 
turns out to be resistant to INH, this drug should be discontinued 
and 6 months of therapy .should be completed with RFM, PZA, and 
EMB or SM, or 12 months of RFM and EMB. Where MDRTB is 
prevalent, or where the patient with active TB has been exposed to 
someone with MDRTB, therapy with five or six antituberculous 
drugs must be initiated, and when sensitivities are available, at least 
three new drugs to which the organism is susceptible should be 
started. This polypharmacy must be continued until culture con
version occurs, after which 12-24 months of two-drug therapy is 
indicated. Pyridoxine should be given to prevent INH-induced 
peripheral neuropathy in this high-risk population. Other aspects of 
treatment and management are extensively covered in the Center for 
Disease Control's Core Curriculum on Tuberculosis'*. 

The issue of whether or not to give Mantoux-positive transplant 
candidates INH chemoprophylaxis before transplant is con
troversial. The official recommendations of the Centers for 
Disease Control (CDC) state that, assuming active TB has been 
ruled out, tuberculin-positive persons on, or about to go on, pro
longed therapy with immunosuppressive medications receive INH 
prophylaxis, preferably for 12 months, though 6-9 months' 
treatment is often used*'. 

Rubin*' maintains that prophylaxis should be reserved for 
Mantoux-positive transplant candidates who have other risk factors 
such as: (a) recent tuberculin conversion, (b) Asian, African, or 
Native American heritage, (c) other immunosuppressing condi
tions, (d) a history of inadequately treated active TB, and/or (e) 
significant abnormalities on chest radiograph. This is based on the 
fact that TB reactivated in only one of 73 Mantoux-positive renal 
transplant recipients, none of whom received pretransplant INH 
prophylaxis, and that patient was easily treated. This approach 
seems logical in low-prevalence areas of the world, though geo
graphic risk also should include Mexico, Central and South 
America, Mediterranean countries, and central and eastern Europe. 
As the risk of INH hepatitis may be higher than the risk of TB in 
transplant recipients'"^-*', every effort should be made to complete 
the prophylaxis before transplantation. 

who presented at 86 days to 11.5 years after transplant. Twelve 
patients had lung and/or skin involvement, and two developed 
lesions at the site of prosthetic devices, with M. kansasii in six 
patients, M. avium-intracellulare (MAI) in five, and M. fortuitum 
and M. thermoresistibile in one each. The fourteenth isolate was 
an unidentified Runyan group II scotochromagen. In recent years 
MAI has become the most common isolate. A fifteenth patient, 
with mycobacterial coronary arteritis, was reported elsewhere**. 
Other reports describe pulmonary and/or skin infections with 
M. chelonae'*' and M. scrofulaceum*'*. 

Treatment of these infections is variable, depending on sensi
tivities*". 

Nocardia 

Nocardia is a partially acid-fast filamentous bacillus; the species 
N. asteroides and A', brasiliensis most commonly cause disease, 
usually late after transplant*-''^^. Transplant recipients accounted for 
13% of the 5(X)-1(XX) cases reported annually in one report from 
1976* .̂ The reported incidence among renal transplant recipients 
varies from 0% to 20%** *̂ ™ and in one older study of heart trans
plant recipients was 21%*'. The incidence has decreased in the CsA 
era independently of the use of routine trimethoprim-sulfamethoxa
zole prophylaxis for Pneumocystis carinii pneumonia (PCP)**, 
though this might be as expected, as many cases of nocardiosis 
occur after prophylaxis has been discontinued. 

Though some patients can present with dry cough and fever, 
pulmonary nocardiosis in transplant recipients is often asymp
tomatic and detected only on incidental chest X-rays showing 
single or multiple nodules with or without cavitation. Diffuse pul
monary infiltrates can also occur. Dissemination from the lung 
produces abscesses in skin, brain, and other tissue". Primary skin 
inoculation can also occur**. 

Sulfonamides, either alone or in combination with trimetho
prim, are the drugs of choice for treatment of nocardial infec
tions'-. For the allergic or intolerant patient, amoxicillin with or 
without clavulanate, and minocycline are good oral alternatives 
for susceptible strains". Where parenteral therapy is indicated, 
imipenem-cilastatin, ceftriaxone, cefotaxime, and amikacin are 
effective'-'^'. Because of the propensity for secondary CNS 
involvement, CT or MRI scans should be done in any case of 
nocardiosis before starting therapy, as a positive result has several 
implications for management; 

(1) The duration of therapy should be extended from 6 months to 
12 months. 

(2) Brain abscesses, which are large and accessible or do not 
respond to, or progress in spite of, medical therapy, should be 
evacuated. 

(3) CNS lesions may develop on therapy without adversely 
affecting the prognosis or dictating a change in antibiotics, 
therefore it is useful to have baseline CT scan'*. 

Non-TB mycobacteria 

In a review of 17 years' experience with heart transplant patients, 
the Stanford program*' reported on 14 patients with atypical 
mycobacterial disease, 11/200 maintained on azathioprine and 
prednisone and 3/302 on CsA-containing regimens (p = 0.004), 

Miscellaneous bacterial infections 

Rhodococcus equi 

The first case of infection in a heart transplant recipient has been 
reported". This aerobic. Gram-positive, weakly acid-fast cocco-

286 



INFECTION IN RELATION TO THORACIC TRANSPLANTATION 

bacillus is a soil actinomycete which causes pleural-based, ca-
vitating pulmonary nodules or, less often, lobar pneumonia, in 
immunosuppressed hosts. Half of the patients not infected with 
the human immune deficiency virus have a history of exposure to 
horses, swine, or cows or their products'*'^'. Fever, cough, with or 
without hemoptysis, dyspnea, pleuritic pain, and wasting come on 
insidiously in days to months. Recommended treatment includes 
up to 6 months of at least two lipophilic bactericidal antibiotics, 
the choice based on sensitivity testing. Vancomycin is 
widely used, with a quinolone or amoxicillin-clavulanate, or a 
macrolide. 

Treponema pallidum 

Reports of syphilis in modern transplantation literature are rare^". 
Clinical manifestations of this disease are extremely variable and 
diagnosis can be difficult. Testing of donors for syphilis is 
routine, but there is no consistent practice for recipient can
didates. Storing pretransplant recipient serum for future testing 
can be very useful in making this and other obscure diagnoses, 
and it is more cost-effective than obtaining all possible serologies. 
Many cases of latent syphilis may well be treated by virtue of the 
frequent contact most people, especially transplant recipients, 
have with antibiotics. Donor seropositivity need not be a con
traindication to transplantation, as good results have been 
obtained with antibiotic prophylaxis*'. 

FUNGAL INFECTION 

In a recent review by Paya*-, the incidence of fungal infection in 
the CsA era is cited as 0-21% for heart transplants*'"**' with 
Aspergillus predominating*'*-** and 15-35% for heart-lung and 
lung transplants*'**, with Candida as the most common fungal 
pathogen*-'''*''**. Infections usually occur early after trans
plantation, with a median of 23 days for Aspergillus and 44 days 
for Candida^*, and a resultant mortality of between 40% and 70% 
for heart-lung and lung transplant recipients*-'*'** and an almost 
universally fatal outcome for heart transplant recipients with 
aspergillosis despite amphotericin B treatment*''-*'', though other 
reviews quote a better survival rate for isolated pulmonary 
aspergillosis (see below). 

Several factors may contribute to the high mortality of these 
infections: (a) difficulty in making an early diagnosis and unavail
ability of reliable non-invasive tests such as serology*; (b) lack 
of effective therapy for Aspergillus, (c) toxicity of amphotericin B 
and the interaction of antifungal drugs with CsA, making treat
ment an ordeal, and (d) limited data on the efficacy of available 
antifungal prophylaxis*'. 

Candida 

Conditions which facilitate Candida colonization of the skin and 
gastrointestinal tract, such as antibiotics, intravascular and urinary 
catheters, malnutrition, and breaches of mucosal integrity, con
spire with impaired neutrophil and macrophage number and func
tion to establish Candida as an invasive pathogen. Suppressed 
cell-mediated immunity tends to be complicated by the muco
cutaneous forms of the disease. 

Candidiasis is usually caused by C. albicans and can be 
classified as mucocutaneous (thrush, vaginal candidiasis, inter
trigo, and esophagitis), urinary, invasive (sternal osteomyelitis, 
localized abscesses) and disseminated (candidemia with or 
without organ involvement, endophthalmitis). Dissemination, 
with the potential for visceral involvement, results from transient 
candidemia in >50% of immunosuppressed patients as compared 
with 5% in immunocompetent hosts'". Pulmonary involvement is 
rare, and then occurs only in the context of disseminated disease. 
Culture of Candida from multiple sites usually accompanies dis
seminated disease, but is not specific for it. 

Unique to thoracic transplantation is mediastinal abscess com
plicating dehiscence of the infected bronchial anastomosis** and 
fatal rupture of mycotic aneurysms of the aortic anastomosis'""'". 
These latter two disasters can be prevented by pre-emptively 
treating recipient and/or donor trachea cultures positive for 
Candida with fluconazole; there are no data as to the appropriate 
duration. 

Until further data are available, invasive and disseminated 
disease in this population should be treated with amphotericin, 
not fluconazole, though after an initial course of 300-500 mg as 
'induction therapy', the responding patient can receive 'con
solidation therapy' with fluconazole if the organism is not 
C. krusei or C. glahrala, as these species cannot be assumed to be 
sensitive to fluconazole. Candidal sternal wound infections must 
be aggressively debrided and treated with amphotericin. 
Fluconazole does not achieve good levels in bone'*''. Candiduria 
can be treated with daily or continuous amphotericin bladder 
instillations or fluconazole, but none of these works if the catheter 
is not removed. Fluconazole is effective treatment for esophagitis 
and for other forms of mucocutaneous candidiasis that are 
not responding to topical antifungals, such as clotrimazole 
troches. 

Increasing resistance is a concern; C. glabrata develops resist
ance on therapy and C. krusei is minimally susceptible'"'"'. 
Itraconazole is often effective in this circumstance. Antifungal 
therapy is discussed in more detail below. 

Prophylaxis with topical antifungals has produced inconsistent 
results in other populations'" but is standard in most transplant 
programs; 1-3 months seems long enough. While a limited 
number of studies suggest that fluconazole prevents both coloni
zation and disease in neutropenic bone marrow transplant recipi
ents and leukemics''*-'''', routine prophylaxis in thoracic transplant 
recipients would be expensive, and carries the potential to induce 
more resistance and to increase the incidence of infection with 
C. krusei and C. glabrata"^. Daily ingestion of 8 ounces of 
yogurt containing Lactobacillus acidophilus decreased the inci
dence of both colonization and candidal vaginitis in a population 
of women with recurrent vaginal candidiasis"". Surveillance cul
tures have a good negative predictive value but a poor positive 
predictive value, as it is often difficult to differentiate coloni
zation from invasive disease and, as such, are not cost-effective. 

Aspergillus 

Spores of this ubiquitous mold are inhaled, and can colonize the 
respiratory tract or cause invasive pulmonary aspergillosis with 
the potential for extrapulmonary dissemination. For aspergillosis 
confined to the lung, survival rates are 28-82%'°"'*'. The organ-
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ism is highly angioinvasive. Clinical presentation can be insidious 
or acute and consists of: 

(1) a pulmonary embolus-like syndrome with pleuritic chest pain, 
dyspnea, fever, pleural rub and peripheral cavitating nodules 
on chest X-ray; 

(2) diffuse pulmonary infiltrates; 
(3) pulmonary aspergilloma: a focal area of Aspergillus necro

tizing pneumonia with cavitation in which saprophytic fungal 
growth occurs ('fungus ball'); 

(4) single or multiple brain abscesses; 
(5) oculo- or otomycosis; 
(6) disseminated disease. 

It has been suggested that transplant recipients with Aspergillus 
infection can be treated with lower doses than the 1.0-1.5 mg/kg 
per day recommended for neutropenic patients. However, a 
significant number of the treatment failures in this review oc
curred in the patients receiving lower doses (<30 mg/day). 
Recommendations as to total doses of amphotericin B range from 
1.5 to 4.0 g depending on the rate of radiologic resolution of 
lesions, and bone marrow recovery in neutropenics"". The role 
of surgical resection of isolated aspergillomas, pulmonary 
nodules and infiltrates is crucial and underemphasized in the liter-
ature'"^"*"^^. Four heart transplant recipients in the Minneapolis 
Heart Institute program have been diagnosed with invasive as
pergillosis (2.2%): two died with CNS dissemination and con
comitant CMV infection, one did well after resection of a right 
upper lobe aspergilloma and a short course of amphotericin, and 
one with multiple pulmonary nodules is doing well on ampho
tericin, after at least 2 g of which he will be maintained on 
itraconazole. 

Nosocomial outbreaks of aspergillosis in solid-organ transplant 
recipients have been related to local construction work and to 
contaminated ventilation systems"*'™ " ' . Special air-handling 
systems have been shown to reduce the incidence of colonization 
and disease with Aspergillus in bone marrow transplant recipi
ents""*'" ' " and in renal transplant patients'"*. Preventive meas
ures at our institution consist of special ventilation with 
HEPA-filtered air under positive pressure, exchanged at a rate of 
at least 10 times per hour. Additional 'Aspergillus precautions' 
are detailed in Table 4. Systems are monitored on a regular basis, 
but positive pressure can be easily checked with a smoke stick. 

Cryptococcus neoformans 

Cryptococcosis occurs infrequently in thoracic transplant recipi
ents. It constitutes 20% of fungal infections seen in this popu
lation, but is the commonest cause of CNS infection in transplant 
recipients overall*. Although the potential for C. neoformans to be 
passed on in donor lungs is real, the few infections reported in 
heart-lung and lung transplant recipients are thought to have been 
acquired from environmental exposure'*^. 

C. neoformans is a yeast carried in bird feces, and spores are 
inhaled. It causes pulmonary infiltrates or nodules and, from 
there, disseminates to the CNS, skin, and urinary tract. All skin 
lesions and areas of cellulitis should be considered for biopsy, and 
sterile pyuria investigated. The pre.sence of cryptococcal antigen 

in the blood is very helpful*. All patients with extraneural crypto
coccosis should undergo lumbar puncture before starting therapy, 
as the likelihood of CNS involvement is high, even in the absence 
of clinical signs and symptoms. The typical CSF profile consists 
of < 100 WBC, mostly mononuclear cells, glucose between 20 
and 40 mg/dl, and a positive cryptococcal antigen. 

Treatment of meningitis has traditionally consisted of 
6-10 weeks of amphotericin B, 0.3 mg/kg per day, and 5-flucyto-
sine"*, and that remains the therapy of choice for the acutely and 
severely ill; once stabilized, treatment can be completed with 
fluconazole. Ketoconazole and itraconazole do not cross the 
blood-brain barrier. Given the toxicity of amphotericin in the 
transplant population, many are using fluconazole as primary 
therapy in the subacutely ill patient'". In both cases the drug is 
given for 2-4 weeks after the last positive culture and crypto
coccal antigen test. Sequential measurement of the cryptococcal 
antigen titer is helpful in monitoring the efficacy of therapy*. 
Extraneural cryptococcosis can be treated with fluconazole, 
400 mg/day or an equivalent dose adjusted for renal function, 
using the same parameters for duration. 

The dimorphic fungi {Coccidioides, Histoplasma, and 
Blastomyces) 

Common to all of these organisms is a defined geographic dis
tribution and the fact that, although infection is probably no more 
common than in normal hosts, immunocompromised persons are 
more likely to develop disease, and disease is more often dis
seminated and severe (hyperinfection). They exist in nature in 
mycelial forms and in the body as yeasts; hence the classification 
as dimorphic. 

Coccidioides Immltis 

This fungus exists only in the Sonoran desert ecosystem in seven 
southwestern American states and in the Mexican northwest. 
Spores are inhaled and, 1-3 weeks later, cause symptomatic pneu
monitis, often with pleuritis, in 40%, accompanied by a non
specific febrile illness with arthralgias; associated erythema 
nodosum or multiforme is 2-10 times as common in women. Five 
percent have residual pulmonary nodules or cavities which can 
calcify. Chronic cavitary disease occurs more commonly in 
immunocompromised patients. Dissemination to musculoskeletal 
and central nervous systems and to skin occurs in 0.5% of all 
infected persons, this being much more likely to complicate 
immunosuppression, particularly when lymphopenia is present. 
Although reactivation disease can occur, primary infection is 
more likely to cause dissemination in transplant recipients"*. 

Serum IgM precipitins can be detected in 75% of patients 
1-3 weeks after the onset of symptoms of primary coccidi
oidomycosis and disappear within 4 months; persistence is a 
marker of progressive disease. They can also be measured in 
some cases of reactivation. At 3 months, 90% of patients are 
positive for IgG antibodies either by tube precipitin or com
plement fixation (CF) tests, and they may persist for 6-8 months. 
With the exception of meningitis, 61% of patients with dis
seminated disease have CF antibody titers of >1 ; 32 and 41% 
have levels of at least 1 : 64'"*. The serologic response in im-
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munocompromised patients appears to be at least qualitatively 
intact. 

Coccidioidomycosis in heart transplant recipients has been 
sporadically reported before the CsA era" '̂-^*". Copeland's group 
in Tucson, Arizona, reported on their experience in the triple-drug 
immunosuppression era'-'. Six patients had a history of infection 
prior to transplant and were put on ketoconazole afterwards; none 
had recurrences. The rate of presumed coccidioidomycosis occur
ring after transplant was 4.5% or 1.5 episodes per patient-year, a 
rate that was half that seen in the pre-CsA era. Onset of disease 
occurred at a mean of 174 days (range 19-410 days) after trans
plant. Seven of the nine patients had only pulmonary disease, and 
dissemination from the lungs to blood, genito-urinary tract, joints, 
and skin occurred in the other two. Interestingly, no central 
nervous system disease was found. All patients were treated with 
1 g of amphotericin B and then maintained on ketoconazole, 
200 mg p.o. twice a day. Two of the nine had recurrent disease 
under circumstances which required the discontinuation of keto
conazole, a phenomenon that was also reported in previous 
studies'^"'-'. Given the overall prevalence of coccidioidomycosis 
in that part of the continent, their practice is to screen transplant 
candidates, giving prophylaxis indefinitely to those with either a 
positive history or serology. 

All transplant recipients with acute coccidioidomycosis should 
be treated with fluconazole, to prevent dissemination. Neither 
ketoconazole nor itraconazole crosses the blood-brain barrier, 
and meningitis has occurred in patients on ketoconazole. 
Although there is little specific data in the thoracic transplant 
literature on the preferred treatment of disseminated disease, pa
tients with meningitis can probably be effectively treated with 
fluconazole. Extraneural disease can be treated with either 
fluconazole or itraconazole'^^. All patients should receive lifelong 
suppressive therapy. Doses of 400 mg/day are appropriate. 
Critically ill patients may need initial therapy with 0.5-1 g of 
amphotericin B followed by azole therapy and suppression. 
Intrathecal drug may be required to treat meningitis in such 
patients. 

Where disease is confined to the lung, immunosuppressed 
patients do as well as their immunocompetent counterparts. 
Surgery may be indicated for some patients with cavitary 
disease'^-l 

Histoplasma capsulatum 

This fungus exists in mycelial form in the soil of the east central 
United States, especially where concentrations of avian or bat 
feces are heavy. As in most other clinically significant fungal 
infections, the organism is inhaled and, in immunocompromised 
hosts, causes pulmonary disease with or without dissemination to 
skin, bone marrow, liver, and other organs. Presentation as acute 
(APDH), subacute, or chronic progressive disseminated histo
plasmosis (CPDH) is dependent on the degree of parasitemia of 
the mononuclear phagocyte system, with high fevers, pancyto
penia, visceral lymphadenopathy, pulmonary/gastrointestinal 
disease and hepatosplenomegaly characterizing APDH'^'', and 
chronic wasting with focal disease the chronic form. Subacute 
disease is intermediate between the two. In all forms a careful 
search for skin or oral mucous membrane lesions is crucial as the 
diagnostic yield on biopsy of such lesions is higher than for any 

other site. Bilateral adrenal gland enlargement in the appropriate 
clinical setting should strongly indicate the diagnosis of dis
seminated histoplasmosis, and patients can become Addisonian. 

Wright stain of peripheral blood is positive in 30-45% of AIDS 
patients with acute presentations''^"'. Silver stain of the blood buffy 
coat and bone marrow biopsy specimens increases that yield, and 
is always positive on biopsies of oropharyngeal lesions. Rates of 
isolation from blood culture have been increased by lysis-
centrifugation techniques'-^''. Yield from cultures of clinical 
material depends on the presentation and the experience of the 
laboratory. Sputum culture is positive in only 10-15% of cases of 
acute pulmonary histoplasmosis'^-'. Detection of a polysaccharide 
antigen in urine and blood is sensitive and specific for the diag
nosis of APDH in AIDS patients, but less so in other hosts'-'^'-*; 
data for transplant recipients are needed. Complement-fixing anti
bodies (CFA) appear 3 weeks after exposure in 5-15%, and at 6 
weeks in 75-95%. A titer of >1:32 is highly indicative of active 
histoplasmosis, titers of >1:8-1:16 are not as specific but are con
sidered positive, and are more in the range of the level of 
response expected in the immunosuppressed'-^'-'. Precipitin to 
the 150 kDa M antigen can be detected by immunodiffusion 
2-4 weeks after CFA in 50-80% of patients but persists for years, 
thus losing its sensitivity as a predictor of active disease. It is 
present in 50% of chronic pulmonary or disseminated disease. 
Precipitin to a 120 kDa H antigen is highly specific and persists 
for only 6 months, but is present in <20% of patients'-'"*'. 
Amphotericin B, 35 mg/kg or 2.0-2.5 g total, at a dose of 0.7-
1.0 mg/kg per day, is indicated for the treatment of patients who 
are immunosuppressed, or either not responding to azoles or 
relapsing off them. Another approach is to give an induction 
course of 20-25 mg/kg of amphotericin B followed by itra
conazole. It is not clear whether transplant recipients, like AIDS 
patients, require lifelong azole suppression'^*'^'. Itraconazole has 
been effective as primary therapy in patients who are not 
intensely immunosuppressed, in a dose of 200-400 mg/day for 
6-12months'2' ' '-«-'^ 

Work continues on the development of a vaccine'-"'"'. 

Blastomyces dermatitidis 

Geographic distribution for this fungus includes the east central 
USA with extension along the St Lawrence River and into the ter
ritory around the Great Lakes. Most cases of blastomycosis are 
not associated with immunosuppression. In a case report of recur
rent blastomycosis in a heart transplant recipient and a review of 
the literature'", Serody et al. found only four, or possibly five, 
additional cases of blastomycosis in transplant recipients'"**'•*-, 
one of which was a heart transplant recipient. Onset was from 3 
weeks to 4 years after transplant, and disease was not associated 
with any particular immunosuppressive regimen. Pulmonary 
disease was active in all, with skin involvement in two, and eye 
lesions in one. Diagnosis was made by skin biopsy or bron
choscopy. Their patient responded to 1 g of amphotericin B, fol
lowed by 9 months of ketoconazole, but relapsed and was 
retreated with 1 g of amphotericin B with partial response, and 
worsened on ketoconazole. 

Itraconazole is now the drug of choice for treatment of blasto
mycosis in the non-critically ill patient, but data on cures in 
transplant recipients remain to be accumulated. 
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Paracoccidioides brasiliensis 

Dynamic population shifts can be expected to introduce cases of 
South American blastomycosis, the disease caused by this agent, 
into North American medical experience. As reactivation of 
dormant infection can occur in immunosuppressed hosts, this 
entity should be kept in mind in patients who have resided in 
endemic areas. Brazil is the focus of the geographic distribution, 
with some spillover into Colombia, Venezuela, and Argentina, 
and infrequently in the rest of Latin America from latitude 
23 degrees north to 34 degrees south. The lungs are the site of 
primary infection, but dissemination to skin, mucous membranes, 
reticuloendothelial system, and adrenals is frequent''*^''". 

Miscellaneous unusual fungi 

Pseudallescheha boydii infection is often clinically and mor
phologically mistaken for aspergillosis, and includes otomycosis, 
oculomycosis, sinusitis, fungus balls, and angioinvasive pul
monary disease with dissemination. It has an array of clinical 
presentations according to sites of trauma and is a cause of 
eumycetoma. It is important to differentiate this organism from 
Aspergillus by culture, however, as it is resistant to amphotericin 
B, though responsive to azoles. Concomitant surgical manage
ment is necessary'^''**'*. 

Mucormycosis, with rhinocerebral, pulmonary, cutaneous, 
gastrointestinal and central nervous system presentations, is very 
rare in transplant recipients''*'* "•*, and there are no data for 
thoracic transplant recipients. 

Phaeohyphomycosis is a term that applies to infections other 
than chromoblastomycosis and eumycotic mycetomas, caused by 
dematiaceous fungi present as saprophytes in nature, and seen 
with increasing frequency as the prevalence of immunosup
pression rises. McGinnis has categorized these infections into 
superficial, cutaneous/corneal, and subcutaneous cystic forms 
initiated by direct inoculation, and systemic disease where wide
spread dissemination, often from a lung source, occurs" ' . 
Sudduth et al. reported the first case in a cardiac transplant recipi
ent who had a subcutaneous abscess on the arm, from which 
Exophilia jeanselmei was isolated''*'. An excellent review of the 
Exophilia infections is presented. Other rare fungal agents 
causing infection in transplant recipients include Tnchosporon 
beigelii^^''-'^'^ and Fusarium^*^. 

Antifungal therapy 

Amphotericin B is the tried and true gold standard for the treat
ment of most serious fungal infections, despite its legendary 
toxicities. Management of amphotericin B therapy in patients on 
nephrotoxic immunosuppressive medications such as CsA and 
FK506 is particularly arduous, as serum creatinine may rise pre
cipitously"'''**, even after just one dose. Salt loading and good 
hydration may help'*'. Starting with lower doses, and increasing 
the dose more gradually than usual, do seem to prevent big jumps 
in creatinine, but theoretically delay the response to treatment for 
seriously ill patients with virulent infections such as invasive/ 
disseminated aspergillosis. The ability to change to the less toxic 
azoles after an initial induction period with amphotericin B helps 
to minimize the cumulative toxicity. 

Liposomal encapsulated amphotericin B appears to be less 
nephrotoxic; thus higher doses can be given"'-"'\ However, al
though data from open trials indicate equal or superior efficacy 
and less toxicity in the treatment of Candida and Aspergillus in
fections in neutropenic and bone marrow transplant patients'*'' ''", 
the safety profile remains to be established in solid organ trans
plantation, and the benefits may not extend to patients on CsA. 
Preliminary results indicate the potential in some situations'^'. 

Ketoconazole has no place in the treatment of mycoses in the 
transplant population, but itraconazole and fluconazole have 
added greatly to the management of fungal infection, either as 
primary therapy or after an induction phase of amphotericin B. 
Itraconazole down-regulates the cytochrome P450 hepatic 
enzyme system and raises CsA levels, but to a lesser extent than 
ketoconazole"'*. Prompt halving of the CsA dose can offset this 
effect. Fluconazole elevates CsA levels only at doses in excess of 
400 mg/day"'. Itraconazole cannot be given down a nasogastric 
tube and only fluconazole comes in an intravenous formulation. 
Itraconazole is useful for the continuation of treatment of 
aspergillosis after amphotericin B, and for primary or subsequent 
treatment for histoplasmosis, blastomycosis, and pulmonary 
coccidioidomycosis. It does not cross the blood-brain barrier, so 
is not useful for meningeal disease. Fluconazole does penetrate 
the cerebrospinal fluid and is useful for the primary treatment of 
the non-emergently ill patient with cryptococcosis, coccidi
oidomycosis, oral/esophageal candidiasis, and candiduria, and for 
the subsequent treatment of invasive/disseminated candidiasis 
with sensitive strains'*^"^''"'"'^'*. Saperconazole is a new azole 
which has excellent in-vilro activity against Aspergillus''''''''* but 
is still in trials. 

VIRAL INFECTION 

Human herpesviruses 

Cytomegalovirus 

Cytomegalovirus (CMV), or human herpesvirus 5, is a DNA virus 
that causes the most morbidity and mortality in transplant recipi
ents"*'. The Stanford group has shown that CMV infections in 
heart transplant recipients constitute a risk factor for more fre
quent episodes of rejection, more frequent and severe graft ather
osclerosis, and a greater risk of death (see below). Some of the 
reasons for this association include the fact that CMV is ubi
quitous; seropositivity rates in Western European and North 
American populations are 15% by age 2, 30% in young adults, 
and 50-60% over age 50. Higher rates are seen in low socio
economic groups, gay males, sexually promiscuous heterosexuals, 
and recipients of blood transfusions'^'. Day-care-age children and 
their parents are also at higher risk"*". In addition to directly 
causing clinical disease, CMV infection has a number of indirect 
consequences: it is associated with, and may cause, rejection; it is 
immunosuppressive, thereby adding to pharmacologic immuno
suppression and facilitating superinfection by other opportunists; 
it may be oncogenic. 

Ninety percent of primary CMV infections in transplant recipi
ents are due to reactivation of latent virus in the cells of the donor 
organ in a SNR, and 10% to transfusion of CMV-positive blood 
products. SPR can be primarily reinfected with donor strains dif
ferent from their own, and subsequent disease is due to the donor 
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Strain 50% of the time (as demonstrated by DNA-restricted 
enzyme analysis). Reactivation of recipient strains accounts for 
the balance of the 90% of CMV infections that occur in the first 
1—4 months after transplant. Late-onset primary infections are 
community-acquired. Primary infection can be documented by 
seroconversion, and all forms by detection of virus in oropharyn
geal secretions, urine, and blood. Disease results from 25-60% of 
the primary infections and in at least 20% of SPR<*****' '"is '-i"!, 
but there appears to be no difference in mortality. 

Viral pathogenesis 

CMV replicates best in fibroblasts and less well in epithelial and 
other cells. In the first 4 hours after cellular penetration (the 
immediate-early phase), proteins which regulate expression of viral 
genes are synthesized. The next 8 hours (the early phase) result in 
the production of DNA polymerase. In the final 6 hours of the 
18-24-hour replicative cycle (the late phase) whole viral particles 
are assembled for release"^, which may not occur for 4 days'^'. 
The fact that multiple replicative cycles are required to detect the 
typical cytopathic effect on fibroblast monolayer cultures 3 weeks 
later (range 1-6 weeks) may explain the long incubation period 
until infection and disease can be detected after transplant. 

The end-result is cytolytic or productive infection where new 
virus particles released from the lysed host cell are capable of 
infecting new host cells, or persistent or non-productive infection 
where, in the case of CMV, virus persists in circulating mono
cytes and polymorphonuclear leukocytes in a non- or inter
mittently replicative, latent state"-'"''*'. Viral persistence may also 
be manifested by chronic, replicative, cytolytic infections that are 
subclinical and do not impair organ function'* and by slowly pro
gressive, destructive infections such as progressive multifocal 
leukoencephalopathy caused by papovaviruses"' (see below). 

Immunosuppressive regimens interfere with the cell-mediated 
mechanisms that check the activation and expression of, and later 
destroy, virus-infected cells. Recovery from CMV disease is 
dependent upon the host's ability to elaborate MHC-restricted 
CMV-specific cytotoxic T8 cells and natural and antibody-
dependent killer cells'^*"*. Specifically, the effects of anti-
lymphocytic and cytotoxic agents facilitate reactivation of latent 
virus, while those of CsA, rapamycin, and FK506 allow the dis
semination and amplification of actively replicating virus. Though 
the frequency of CMV infections has decreased in the cyclosporin 
era, particularly with low-dose triple regimens^'*-^'", spontaneous 
recovery is no longer seen, and relapsing CMV infections are now 
a problem in some transplant populations. Rubin* states that the 
addition of any antilymphocyte therapy to an immunosuppressive 
regimen causes an increased incidence of CMV disease and a de
creased effect of preventive measures against it, such as inter
feron, acyclovir, or CMV immune globulin'^^"**'^"'^^'". This 
conclusion comes mainly from the experience in renal transplant 
recipients; in thoracic transplantation there is some conflicting 
evidence that antithymocyte globulin or induction OKT3 results 
in a higher incidence of CMV-"''^'''. 

Clinical syndromes 

The mean time of onset of CMV disease after transplant is 
5.5 weeks^'^. In a recent multi-institutional study^'" of 1553 heart 

transplant recipients at 26 centers, there were 230 episodes of 
CMV disease in 200 patients for an incidence of around 13%, 
with a 12% rate of recurring disease. Ninety-nine percent of the 
episodes were treated with ganciclovir, with a 93% resolution 
rate. Blood cultures were positive in 43%. Disease involved the 
lung in 30% of episodes, 13% of which were fatal, and the 
gastrointestinal tract in 23%, for a 6% mortality rate. Donor-
recipient serostatus and cytolytic induction therapy were risk 
factors for disease occurring earlier in the post-transplant period, 
but fatal outcome was influenced only by preceding or conco
mitant infections with other organisms. 

CMV infection in lung transplants is more problematic as it 
usually involves the lungs. Experience varies widely-"^-"*, with 
the Toronto group-'* reporting an incidence of CMV pneumonitis 
of 7.7% (fatal in 2%) in 57 single lung transplants (SLTx) and 
double lung transplants (DLTx) performed between 1983 and 
1990, and the Pittsburgh group citing a 27.6% incidence (13.8% 
fatal) in 59 heart-lung transplants (HLTx), DLTx and SLTx trans
planted between 1982 and 1989^'^. In the latter study, although 
19/20 (95%) SPR showed evidence of active infection, with a 5% 
mortality rate, only six developed disease. Primary infection and 
disease developed in 13/38 SNR (38%) and was fatal in 7/13 
(54%). Sixteen of the 19 patients with CMV 
disease had pneumonitis: 11 SNR (85%) and five SPR (26%). 
More SNR than SPR had severe pneumonitis (8/11 vs 1/5). and 
pulmonary superinfections with other organisms occurred 
at a significantly higher rate in the first year post-transplantation in 
SNR. Actuarial survival was also worse. Only 6/16 patients with 
pneumonitis were treated with ganciclovir. The higher incidence 
of CMV pneumonitis in LTx than in heart transplants (HTx) may 
be attributable to the younger age, and therefore greater proportion 
of seronegativity, of the recipient population, and the much larger 
inoculum of latent virus associated with the large amount of tissue 
transferred with a heart-lung block. 

Singh et a/."*'' have provided a standardized classification of 
CMV disease: 

(1) CMV syndrome: Fever of 38 degrees C for a least 1 week 
without any other source. Laboratory evidence of CMV 
infection (see Diagnosis), One or more of the following: 
(a) white blood cell count ^ 4000/mm^ 
(b) platelets ^100 000/mm\ 
(c) atypical lymphocytes 5=3%. 
Myalgias, arthralgias, and headache are non-specific but often 
present, as in anemia. 

(2) Localized CMV disease: Tissue invasion of a single organ, 
proven histologically; and/or by positive tissue culture. 

(3) Disseminated CMV disease: Tissue involvement of two or 
more non-contiguous sites. 

There is likely much overlap, and empiric esophagogastro-
duodenoscopy (EGD) will often demonstrate the characteristic 
findings of CMV enteritis in patients with no localizing symp
toms^". This can be a useful finding in confusing situations, so 
the threshold for doing endoscopy should be low^". 

CMV enteritis is a common manifestation of CMV infection in 
thoracic transplantation; pneumonitis is seen almost exclusively 
in lung and heart-lung, and myocarditis in heart/heart-lung, 
recipients. CMV retinitis is rare and denotes chronic CMV 
viremia^^"-^^'. 
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Enteritis 

Cytomegalovirus can cause mucosal disease anywhere along the 
gastrointestinal tract̂ -̂̂ , but the stomach, duodenum, and right 
colon are most frequently involved. Esophagitis presents as dys
phagia and gastroduodenitis with epigastic pain, often exacer
bated by movement, nausea, vomiting, early satiety^'^\ and 
anorexia^-^''. Diarrhea, sometimes with blood, and lower ab
dominal pain are characteristic of colitis^""^^", and perforation 
can be a serious complication. CsA levels tend to decrease, 
reflecting absorption abnormalities. Fever is not necessarily 
present. Diagnostic endoscopy reveals non-specific inflammation 
with erosions, and aphthous ulcerations and biopsy show 
characteristic perinuclear inclusion bodies. 

Pneumonitis 

Patients with pneumonitis present with constitutional illness, 
dyspnea, tachypnea, dry cough, and bilateral peribronchial inter
stitial and alveolar infiltrates of the lower lobes on chest 
roentgenogram in 70%. Focal infiltrates, nodules, and lobar con
solidation occur less frequently. Although the diagnosis of CMV 
pneumonitis should be based on demonstration of typical his
tology and detection of CMV in lung tissue, seeing inclusions 
and/or detecting CMV on bronchoalveolar lavage is cited as 
sufficient indication for treatment^-^'. 

Disseminated infection 

CMV can cause disease of almost any organ, and viral septic 
shock is associated with an increased cardiac index, decreased 
systemic vascular resistance, and elevated oxygen delivery during 
both early and late phases. In contrast to bacterial sepsis and 
endotoxemia, pulmonary resistance is normal^'". 

Miscellaneous sites 

CMV has been identified as causing endometritis'^", encephalitis^'^, 
transverse myelitis ' ' \ Guillain-Barre-type polyneuropathy^''', 
cutaneous vasculitis-'^, hemorrhoiditis'^-'*, hepatitis-", nephritis-"*, 
epididymitis-''^ and coronary thrombosis-'"'. 

Diagnosis 

Pathology 

Positive biopsies are those which show CMV inclusions and focal 
inflammation and/or antigens of CMV by monoclonal antibody 
staining or CMV DNA by in situ hybridization^'". 

Serology 

CMV IgG antibody tests are useful only to establish the serostatus 
of the recipient and the donor, and to identify candidates for pro
phylaxis (Table 5). For that purpose, complement-fixation tests 
using a glycine-extracted antigen are sensitive and specific at 
>1:8"'*. Newer immunofluorescent, ELISA, and latex agglu
tination techniques are being used by many laboratories as they 
are faster, less labor-intensive, and cheaper. However, there is no 
standardization, except at a local experiential level, as to what 
constitutes a positive test, and low-level positives can be falsely 
so. Chou has reviewed the advantages and problems of these 
tests'^'". IgM antibody, an indicator of active infection, has poor 
sensitivity and specificity, especially in immunosuppressed 
patients^'*'. Measurement of anti-CMV neutralizing antibody is 
cumbersome and unhelpful-''-. 

Viral isolation 

Detection of CMV in blood, body fluids, and tissue offers the best 
sensitivity for diagnosis of disease, when matched with clinical 
assessment. Viremia is the best overall marker for both acute and 
chronic infection'*^'**-^*. The 'gold standard' test is the demon
stration of the typical cytopathic effect on a fibroblast culture 
1-6 weeks after inoculation. Rapid diagnostic techniques have 
evolved, and have contributed greatly to improved outcomes in 
patients with CMV disease. Using the shell vial technique, the 
72 KDa immediate-early antigen can be detected 24-48 hours 
after inoculation of fibroblast monolayers, using monoclonal anti
body and immunofluorescence'^'". The major drawback is that, 
due to technical difficulties, false-negative blood buffy coat cul
tures can occur in up to 50% of patients-''''. 

The antigenemia assay of The et al?'*^ involves direct im-
munoperoxidase staining of buffy coat preparations using a mon
oclonal antibody to the 65 kDa lower matrix phosphoprotein, a 
late antigen, and yields a diagnostic sensitivity and specificity of 
95%. As it is a semi-quantitative technique it can be used to deter
mine when pre-emptive therapy might be indicated, as rising 
titers and sustained antigenemia have been shown to herald the 
onset of disease. It is therefore also of value in monitoring the 
effects of therapy. Other antigenemia assays based on different 
antigens and monoclonal antibodies have proven to be less sensi
tive and specific"^''*"-''. A similar technique can be used on bron
choalveolar lavage (BAL) materiaP''''^-''*'. 

In-situ DNA hybridization can detect CMV genome copies in 
clinical materiaP". Polymerase chain reaction (PCR) allows 
selected amplification of specific nucleic acid sequences, and is as 
good as the antigenemia assay but technically more difficult'''* -**'. 

Table 5 Pretransplant work-up: donor 

Infection risk Specifics Action 

Viral 

Parasites 

CMV IgG SPD 
EBV VCA IgG SPD 
HBV surface antigen SPD 
HCV 2nd or 3rd generation ELISA and immunoblot test SPD 
Retrovirus SPD or SND at high risk 

Toxoplasma gondii IgG SPD 
Trypanosoma cruzi risk or SPD 

Prophylaxis of SNR 
May dictate matching to SPR 
Exclude 
May need to exclude or to use only in SPR 
Exclude 

Treat SNR 
Exclude 
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A newer technique is reverse transcription PCR, that can detect 
viral transcripts which code for different CMV proteins^'''. This 
could improve the sensitivity of diagnosis as existing techniques 
rely on single antigens, whereas CMV has genomic and antigenic 
heterogeneity. 

Treatment 

The advent of ganciclovir (GCV) has had a great impact on the 
previously poor outcome of CMV disease in transplant recipients. 
The 7% mortality rate from GCV-treated CMV disease reported 
by the Cardiac Transplant Research Database Center^''' compares 
favorably to the 25-70% mortality rates quoted before the drug 
became readily available-'"'^^''^''-. Other groups have confirmed 
this experience^''-'"'. 

CMV enteritis is usually successfully treated with 5 mg/kg 
every 12 hours (adjust for renal dysfunction) for 2 weeks. 

Optimum therapy of CMV pneumonitis consists of GCV plus 
intravenous immune globulin (IVIG) or hyperimmune CMV 
immune globulin (CMVIG)^'''^'"' for 4 weeks. A beneficial effect 
of humoral responses on symptoms not attributable to a major re
duction in viral replication has been noted in the mouse modeP^'. 
CMV hyperimmunoglobulin (CMVIG) alone has not proved 
beneficial in treating CMV disease^". 

Concomitant decrease in doses of immunosuppressive drugs, 
particularly azathioprine, may be advisable and necessary, as 
leukopenia is the commonest side-effect of GCV. Care must be 
taken to reinstitute higher doses when the infection and its 
immunosuppressive effects are resolving, as rejection can occur. 

Although not much resistance to GCV has been experienced, 
the increase in the use of this useful drug for prophylaxis and pre
emptive therapy can be expected to result in more. Erice et alP^ 
reported three patients (two with AIDS, one with chronic lym
phocytic leukemia) in whom GCV-resistant CMV was isolated; in 
one, resistance emerged on therapy. GCV was ineffective in 
eradicating CMV from the blood and all three patients died. 

Trisodium phosphonoformate (Foscarnet, Astra), a virostatic 
agent, has been used with some success in the treatment of CMV 
disease in immunocompromised hosts, including a heart 
transplant recipient"*'^". This drug could serve as an alternative 
in the patient with GCV-resistant or GCV-unresponsive CMV. 

Prevention 

A number of measures to prevent CMV infection and disease 
have been tried for many years, with mixed results: 

(1) Matching D : R serostatus. 
(2) CMV-negative blood products or leukocyte filters. 
(3) Passive immunoprophylaxis. 
(4) Active immunoprophylaxis. 
(5) Chemoprophylaxis. 
(6) Combinations of the above. 
(7) Pre-emptive therapy. 

1. Matching serostatus. Matching donor and recipient by CMV 
serostatus (SNR/SND) significantly reduces the incidence of 
CMV disease^"'-'^*'^'*. Even in the absence of documented CMV 
infection, survival and functional status are better than in sero-

mismatched pairs^'*. The shortage of donor hearts and our ability 
to maintain a relatively low morbidity and mortality from CMV 
disease in HTx have made this an unattractive strategy, though evi
dence is mounting that the greatest toll of CMV infection may be 
its contribution to chronic rejection as manifested by accelerated 
atherosclerosis. The stakes are higher in LTx and HLTx however, 
as CMV pneumonitis develops in at least 75% of SNR of SPD 
lungs, and preventive tactics tried so far have been relatively 
ineffective. Some lung transplant programs are therefore trying 
seromatching^*". 

2. CMV-negative blood products. Approximately 20% of SNR 
of SND hearts develop CMV infection, presumed to come mainly 
from blood transfusion'*'-*". About 10% of seropositive blood 
donors transmit infection-*-'*^ and positive IgM antibody is a 
marker of transmissibility-^''. The estimated risk, based on older 
studies, is 2.7% per unit of blood-'*''; in more recent studies the 
numbers are much lower̂ ***. It is more cost-effective to screen for 
CMV antibody than to administer all blood products with high-
efficiency leukocyte filters*, though these work well and offer the 
additional advantage of possibly also removing Epstein-Barr 
virus (EBV) and human herpesvirus 6 (HHV-6) infected 
cells^ '̂'̂ *'*. Exclusion of CMV IgM-positive (6%) blood products 
reduced the incidence of transmission-associated disease in one 
study ̂ *'. 

3. Passive immunoprophylaxis. There is evidence from bone 
marrow (BMTx) and renal transplantation after that although 
various hyperimmune (CMVIG) and unselected CMV globulins 
do not prevent infection, they significantly modify the severity 
of CMV disease and prevent the complicating super-
infections^'*''^'"'"^'*'. For example, in one multicenter trial using 
CMVIG in SNR of SPD kidneys, only 21% of CMVIG-treated 
patients developed CMV disease as opposed to 60% in controls; 
4% of CMVIG recipients had CMV pneumonitis vs 17% of 
placebo controls. Fungal and parasitic infections were seen in 
20% of controls but in none of the CMVIG group. Results in 
thoracic and liver transplant recipients are mixed-"'-"*-̂ '̂ ''"-'***. 

The definition and delivery of protective titers of antibody are 
complicated by the heterogeneity of CMV. the antibody titer 
variation between and within IG preparations-'*'*-'*", the fact that 
antibody titers measured by ELISA do not correlate with in vivo 
neutralizing titers''*, and, finally, the fact that it is not known 
which antibody response is protective against CMV'*''. Pro
phylactic and therapeutic trials of human monoclonal CMV anti
bodies with high levels of neutralizing activity have been 
proposed^"''"-, but neutralizing antibodies do not correlate with 
recovery from CMV disease, nor do they confer protection'"'. 

There is no evidence that CMVIG is superior to IVIG for this 
purpose, and various unselected globulin preparations have been 
shown to have equal neutralizing activity"*"". The advantages 
of CMVIG, now marketed as Cytogam (Medlmmune, Inc., 
Gaithersburg, MD), are that there is lot-to-lot consistency in anti
body titers and that, because titers are high, less infusion volume 
is required so that cost is also less. Nonetheless, the cost in one 
Snydman study was $4800 per patient, $29 800 per life saved for 
those at risk of primary disease"^, or $13 000 per case of CMV 
disease prevented following lung transplantation-''. Also, at least 
one preparation of IVIG has been associated with the trans-
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mission of iiepatitis C virus as far back as 1992, and has been 
taken off the market-"". 

It has also been shown that CsA and, more so, antilymphocyte 
rejection therapy attenuate the beneficial effects of CMVIG^""- '̂'̂ . 

In HTx, the role of CMVIG prophylaxis is definitely not clear, 
but in HLTx/LTx the combination of this and chemoprophylaxis 
needs careful study. 

4. Active immunizution. Plotkin's work with a live human CMV 
(Towne strain) vaccine'"*' •̂ "'* has shown that the incidence of 
CMV infection and disease was not altered, but the frequency of 
severe disease was markedly decreased in vaccinated vs. placebo-
treated SNR of SPD kidneys (p<0.05) in one study'*. Both 
groups received similar regimens to prevent and treat rejection, 
and had the same average number of rejection episodes. One-year 
and 5-year actuarial survival rates for cadaver renal allografts 
were 73% and 62% for vaccinees vs 40% and 25% for placebo 
patients. A cell-mediated immune response demonstrated in vac
cinees pretransplant disappeared with the introduction of 
immunosuppressive therapy after transplant. Vaccine strain did 
not reactivate. These observations were not corroborated by a 
Minnesota study using the same vaccine"". 

A subunit glycoprotein B vaccine has been developed; it pro
duces neutralizing antibodies and the CMV-specific cytotoxic 
T cell proliferation, though this seems to wane in the face of 
immunosuppressive therapy'". 

It may prove difficult to develop a vaccine that accounts for the 
heterogeneity of CMV. There is also concern over the potential 
oncogenicity of CMV and over the possibility of chronic disease 
related to its latency. 

5. Chemoprophylaxis 
(a) Acyclovir (ACV). Balfour et al. reported a significant de

crease in the incidence of CMV disease, particularly primary 
disease, in renal transplant patients taking ACV 800 mg q.i.d. 
for 3 months post-transplant"-. Dummer et al. noted no benefit 
in HTx and three of 10 patients succumbed to CMV pneumonia 
after the drug was discontinued-'". In our own experience with 
HTx randomized to this protocol, or to a no-prophylaxis group, 
there has been no difference in the incidence or severity of 
CMV disease regardless of donor- recipient serostatus. 

(b) Ganciclovir (GCV). This highly active nucleoside analog is 
more toxic than ACV and therefore is less appropriate for 
prophylaxis. It has been shown to be effective in reducing the 
incidence and severity of CMV disease in BMTx, though 
neutropenia was a troublesome side-effect in this popu
la t ion" '" ' ' . Merigan et al. reported success in preventing 
di.sea.se in SPR but not priinary disease in SNR using GCV 
for I month post-heart transplant"\ Bailey etal. documented 
failure of prophylactic GCV in LTx"^. Martin et al. showed 
that 2 weeks of GCV followed by high-dose ACV was 
superior to ACV alone in liver recipients"'. An oral prepa
ration is now available: it is not well absorbed and in half of 
the patients in whom we have used it to suppress disease, 
clinical and histologic evidence of CMV enteritis was still 
present after 1 month of therapy. 

6. Pre-emptive therapy. Once-daily dosing with GCV when pre
clinical CMV infection is demonstrated by virological monitoring 

techniques has been shown to be effective in preventing CMV 
pneumonia in BMTx"*"^. The rate of CMV disease seen after 
treatment of rejection with antilymphocyte agents in renal trans
plant was reduced in GCV recipients*'-"'--. LTx may well 
benefit from this approach given the inadequacy of other pre
ventive modalities. Each center should assess its own experience 
with CMV disease in HTx, as there is so much variation in 
immunosuppressive regimens. Rubin predicts that, in the future, 
patients at risk for primary disease will receive prophylaxis, and 
pre-emptive therapy will be given after treatment of rejection and 
for patients with presymptomatic viremia detected by periodic 
monitoring''. 

CMV and rejection 

Simmons was the first to recognize a possible association between 
CMV infection and rejection in 1970'-' and since then a relation
ship has been demonstrated in LTx'-'', liver transplantation'''-'-'', 
and renal transplantation'"'-**, but the most compelling evidence 
conies from HTx, where CMV infection has been linked to both 
acute and chronic rejection''^''"-. 

Accelerated atherosclerosis is the hallmark of chronic rejection 
in HTx and severely limits long-term survival'-'*. Koskincn et al. 
documented arteriolar endothelial cell accumulation and in
creased intimal thickness of intramyocardial vessels significantly 
more frequently in the 1-year endomyocardial biopsy (EMB) 
specimens of CMV-infected HTx, indicating a CMV-associated 
acceleration of allograft vasculopathy. At 2 years the endothelial 
cell response had subsided, but the intimal thickening had pro
gressed. Thereafter there was no difference in histologic findings 
between CMV-infected and non-infected'". Other organisms 
have been associated with atherosclerosis'^'' and human her
pesviruses have been detected in atheromatous lesions in major 
arteries by DNA hybridization and immunoperoxidase staining 
for specific viral antigens''*'. 

In LTx, increased donor alloreactivity and obliterative bronchi
olitis is seen in CMV-infected patients, but the process is thought 
to be multifactorial and is not statistically significantly CMV-
associated-"•"''-"^ 

The most detailed studies are in renal transplant patients, where 
a characteristic glomerulopathy distinct from classical rejection is 
associated with CMV infection. The lesion consists of increased 
numbers of CD8* cells and activated mononuclear phagocytes, 
and the glomeruli stain more intensely for MHC class-I antigen 
than do the tubules which are maximally involved in classic rejec
tion. The lesion is less likely to respond to antirejcction therapy, 
and GCV appears to decrease its incidence. 

Proposed mechanisms could be direct and/or indirect'-'*'": 

/. Direct 
(a) CMV infection of vascular endothelial and smooth muscle 

cells"' and the resultant inflammatory and immunologic re
sponses render allograft blood vessels vulnerable to chronic 
injury''". 

(b) Virus may transform cells by incorporating into the cell 
genome and inducing local proliferation and changes 
in cellular metabolism of these cells, e.g. growth 
factors""-"'', thus causing endothelial and medial cell 
hyperplasia. 
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The hypothesis that latent CMV infection of the coronary arteries 
is associated with graft atherosclerosis has been refuted by 
Skowronski etal., who found CMV by PCR in only two coronary 
artery specimens from one HTx with no post-mortem evidence of 
graft atherosclerosis and a history of CMV infection. They found 
CMV in stomach, kidney, and lung of only one other patient in 
the study, despite the presence of both clinical CMV infection and 
graft atherosclerosis-^'". 

2. Indirect 
(a) There appears to be down-regulation of MHC class I anti

gens in CMV-infected cells, whereas in the surrounding un
infected cells there is up-regulation of these antigens and of 
the adhesion molecules ICAM-I and LFA-3; together, they 
modulate a local immune attack on infected allograft 
endothelium. 

(b) Immediate-early antigens have sequence homology and im
munologic cross-reactivity with HLA-DR beta-chain'*', and 
CMV encodes a glycoprotein homologous with the heavy 
chain of MHC class I molecule''"-'''*-. This 'molecular 
mimicry' could provoke immune-mediated damage to cells 
displaying these antigens''""'"". DR-matched transplants may 
result in more CMV disease'"'''-^''" as studies in the mouse 
model suggest that the MHC locus equivalent may represent a 
receptor for CMV. 

(c) CMV infection is associated with the activation of T cells and 
the release of interferons (especially gamma) which up-regulate 
the display of MHC class I and II antigens on the allograft'"'^'*; 
this provides another opportunity for immune-mediated attack 
on the graft'**. In the mouse model, CMV infection exacerbates 
graft vs host disease and increases the cytolytic T cell response 
to alloantigens''*'''''''. 

CMV infection is immunosuppressive 

Another by-product of the down-regulation of class I MHC anti
gens in CMV-infected cells is impairment of the presentation of 
viral antigen to the T lymphocyte so that cytotoxic T cell killing 
of virus-infected cells is also impeded. The function of both 
monocyte and natural killer (NK) cells is impaired in CMV infec
tion, and the end-result is monocyte-induced suppression of lym
phocyte function'*''''''^"*. As with HIV infection, both CMV and 
EBV cause reversal of the CD-4 (T-helper cells) and CD-8 
(T-cytotoxic/suppressor cells) ratio. Clinically this translates 
into 'superinfection' with other organisms, including oppor
tunists such as Aspergillus, Pneumocystis, Listeria, and 
Toxoplasma''-^"'-^^'^'^(''-^''\ 

CMV oncogenesis 

Portions of the CMV genome are homologous to the myc 
oncogene"''. Transformation in certain cell lines does occur, and 
malignancies have been produced in animal models'***. In humans, 
CMV has been most closely linked to Kaposi's sarcoma"**'**. 

Epstein-Barr virus (EBV) 

EBV causes post-transplantation lymphoproliferative disorders 
(PTLD) or lymphoproliferative syndromes (LPS), ranging from 

active viremic disease to lymphomas'*''"'* caused by oncogenic 
transformation of virus-infected cells. Primary infection in the 
SNR results from intimate contact with infected respiratory se
cretions or transfusion or transplantation from SPD, and is 
responsible for 50% of the EBV infection in pediatric transplant 
recipients and 8 0 ^ in SNR overall. As >90% of adults are 
seropositive, reactivation, which is estimated to occur in 40% of 
SPR, is the most common precursor of disease in adult transplant 
populations, but reinfection of the SPR is also possible since there 
are two strains of EBV (1 and 2). Primary infection causes 70% 
of PTLD'"*. 

Stanford University reported a 7% incidence of lymphoma in 
HTx in the pre-CsA era'*''; this increased to 13% in the early 
years of CsA use'™, but familiarity with the drug and the ability 
to monitor blood levels resulted in a drop in this rate'". Ten years 
of experience with cyclosporin-based immunosuppression at the 
University of Pittsburgh yielded a rate of 4% for all thoracic 
transplant recipients surviving more than .30 days: 3.4% in HTx 
and 7.9% in HLTx/LTx. Peak occurrence was at 3-4 months 
post-transplant. Early-onset PTLD (<1 year) was characterized by 
presentation with disseminated disease in 23%, an 89% response 
to reduction in immunosuppression, and a 36% mortality rale 
from lymphoma. Late disease was associated with disseminated 
infection (86%), no response to reduced immunosuppression, and 
a mortality rate from lymphoma of 70%. Most infections were 
primary'^^ It has been stated that there is a substantial increase in 
PTLD in those receiving antilymphocyte therapy in addition to 
triple-drug immunosuppression*"-' '''''••"". This has not been our 
experience, nor that of others"' '"*. 

Viral pathogenesis 

The virus binds to the complement receptor C3d (the CD21 mole
cule) on B lymphocytes, developing T lymphocytes, non-T, non-
B lymphocytes, and epithelial cells'^'"*". Productive infection 
takes place in the epithelial cells of the upper respiratory tract. 
Non-productive, latent infection in B lymphocytes predominates 
in normal hosts'-'''^-'*-^ and is characterized by the persistence, in 
circular episomal form, of EBV genomes. The best marker of 
latency is the detection of small mRNA encoded by the EBER-1 
gene'*'. 

Infected cells undergo polyclonal or monoclonal trans
formation into lymphoblastoid cell lines (LCL) in which viral 
genomes are replaced in constant balance with host cell 
j)]sjy^37i,372..«i 384 ggV-l appcars to be a more potent transformer 
than EBV-2 and has been associated more strongly with lympho
proliferative disease'*" '**. These LCL produce their own B cell 
growth factors, including interleukin-6 and lactic acid"-, and 
grow indefinitely (immortalization); they not only perpetually 
produce viral antigens but also secrete immunoglobulins and may 
facilitate augmented transcription of cellular oncogenes. Other 
processes associated with the elaboration of cytokines and growth 
factors, such as rejection and CMV infection, may enhance the 
lymphoproliferative response'**. Recent evidence has emerged 
that a protein product of the BCRF-1 region of the EBV genome 
has extensive homology with interleukin-10, and these molecules 
appear to inhibit IFN-y secretion, which suppresses T cell prolif
eration and may interfere with the elimination of EBV-infected 
cells*-"^'*''. Recent evidence suggests that elevated levels of 
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interleukin-6 play an important role in the pathogenesis of 
PTLD"2. 

Viral expression in transformed cells is continually checked by 
MHC-restricted, EBV-specific, cytotoxic T cells, which suppress 
the outgrowth of LCL and virus-associated immunoglobulin syn
thesis. CsA interferes with interleukin 1 and 2 production, which 
precludes this response to EBV*". OKT3 abrogates cytotoxic T 
cell effector functions by modulating the T3-Ti complex on all 
mature T lymphocytes until the receptor complex reappears'". In 
addition, maintenance immunosuppression increases the 
incidence of viral shedding to 30%, and the addition of anti-
lymphocyte therapy raises this to 80%. Higher rates of viral 
shedding are associated with primary disease and with the 
development of PTLD'^''"'^. 

EBV has also been linked to T cell lymphomas'"''•'''''. 
EBV is immunosuppressing*" and may contribute to chronic 

allograft dysfunction''*''. Co-infection with CMV may cause 
additive effects'*"*'''* .̂ 

Clinical syndromes 

Hanto et al?'**' provide a clinical and pathologic approach to 
classification of EBV LPS (Table 5), but the clinical presentation 
can be protean and non-specific including fever of unknown 
origin, a mononucleosis-like illness sometimes with sepsis 
syndrome, enteritis/hepatitis, central nervous system dysfunction 
and focal disease, and focal tumors in various extranodal 
locations'^'-"'. 

Group I patients (mean age 23 years)"' present within the first 
year post-transplant, may have acyclovir-responsive disease and 
may not require reduction in immunosuppression. Group I! 
patients are similar to group I but pathologically show evidence 
of malignant transformation. The B cell proliferation is still con
sidered to be acyclovir-responsive, but concomitant reduction in 
immunosuppression is needed, and serial biopsies are indicated 
to monitor for monoclonal transformation. Patients in this group 
often succumb to aggressive disseminated disease with lactic 
acidosis and intravascular coagulopathy. Group III patients tend 
to be older (mean age 48 years) and present longer after trans
plantation (average 6 years) with acyclovir-insensitive solid 
tumors, presumably composed of latently infected B cells of 
monoclonal origin. The prognosis is poor, with a mortality rate of 
>80%•'''^ 

Patients in all groups may be asymptomatic at presentation. Ho 
et ai. found no difference in the clinical course according to age, 
time of onset, or clonality"''; however, their patients fit well into 
Hanto's clinicopathologic groups"'''. 

Diagnosis 

Serology 

The normal host generates high levels of IgG and IgM antibody to 
viral capsid antigen (VCA-lgG, VCA-IgM) during acute infection 
along with transient levels of antibody to the diffuse component 
of early antigen (EA-d). Weeks to months later, antibody to EBV 
nuclear antigen (EBNA) develops, and is a marker for EBV 
immortalization. In some patients with protracted illness, EA-r 
(restricted component) antibody may emerge when EA-d lapses. 

The only reliable marker of infection in transplant recipients is 
seroconversion or a four-fold rise in VCA IgG. Some patients 
may generate an IgM response and some may also develop per
sistent EA-r antibody. None manifests heterophile antibodies-"'. 

Other studies 

Lymphoproliferative lesions should be examined histologically 
and surface markers of lymphoid cells studied to determine 
clonality. EBNA staining of touch imprints and frozen sections 
using appropriate controls and DNA hybridization studies on 
fresh tissue frozen at -70°C to detect EBV genomes, help to 
establish EBV causality'**. Detection of EBER-1 RNA in tissue is 
confirmatory"^"*''"*^. Karyotypic analysis also helps to detect 
the presence of cytogenetic abnormalities such as oncogenic 
translocations. 

Treatment 

Reducing immunosuppression 

In 1984 Starzl et al. described 17 recipients of various organs 
who subsequently developed LPS while on regimens containing 
CsA. In patients in whom LPS was diagnosed pre-mortem, 
immunosuppression was decreased in all but one. Eight patients 
had combinations of surgical excision, irradiation, chemotherapy, 
and acyclovir"^. Overall, tumor-free survival occurred in 11, six 
of whom had reduction of immunosuppression as the only treat
ment. At the University of Pittsburgh the usual approach to 
patients with EBV-LPS is to decrease CsA to a dose that provides 
serum levels of 50-100 ng/ml by high-density liquid chromato
graphy (HDLC). If an organ is expendable, immunosuppression 
may be stopped altogether. Acyclovir is reserved for unresponsive 
lesions. 

Acyclovir 

The University of Minnesota has been the main proponent of acy
clovir therapy (500 mg/m- every 8 hours) for patients with group 
I or group II LPS ' ' " ' ' " . Other investigators have reported no 
benefit"'*"*'. However, although acyclovir inhibits EBV replica
tion, reduces the number of VCA-positive cells, decreases the 
number of viral genomes per cell in vitro, and suppresses oral 
EBV shedding in vivo, the effects persist only during the course 
of therapy. Return of viral replication and clinical LPS occurs 
when acyclovir is stopped. Of particular concern is the possibility 
that acyclovir therapy may facilitate the transition from poly
clonal to monoclonal B cell lymphoma; such tumors contain 
latently infected LCL which are acyclovir-insensitive because 
there is no active production of DNA polymerase for acyclovir to 
inhibit'''^. 

Ganciclovir 

Ganciclovir is more potent than acyclovir in vitro against EBV. 
Pirsch el o/.""* reported two patients with severe polyclonal LPS, 
unresponsive to reduction of immunosuppression plus acyclovir, 
who were treated with ganciclovir at a dose of 3 mg/kg every 
12 hours. One patient survived and is free of evidence of LPS 
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6 months after transplant nephrectomy. More data are clearly 
needed. 

Monoclonal antibodies 

Blanche et al. reported succes.s with the treatment of two children 
with EBV polyclonal LPS following HLA-mismatched bone 
marrow transplantation with T cell depletion. Two antibodies 
were used: (a) CD24, which binds B cells at all steps of differ
entiation; and (b) CD21, an anti-C3d (anti-CR2) receptor anti
body. Both patients had failed cessation of CsA, but had complete 
resolution of abnormalities over 2-3 weeks after antibody 
infusions, and remain well after 1 year of follow-up'"". The 
authors reported further experience with 26 BMTx and solid-
organ transplant recipients; the treatment was ineffective in 
patients with monoclonal B cell proliferation, but was successful 
in all patients with oligiclonal B cell proliferation who did not 
have CNS involvement'*"-. 

Other modalities 

Success has been reported in treating polyclonal and monoclonal 
PTLD with IFN-a and IVIC"' . Monoclonal lymphomas do not 
respond well, though surgery, chemotherapy and/or radiation are 
indicated-"^"'. 

Prevention 

The Mayo Clinic has established that EBV SNR in a study of 
381 non-renal solid-organ transplant recipients have a risk of 
developing PTLD that is 24 times that of SPR, and that this risk is 
further amplified 4-6-fold by concurrent CMV mismatch and/or 
antilymphocyte therapy. Together, all three risk factors acted syn-
ergistically to increase the incidence rate of fatal or CNS PTLD 
by a factor of 654 over that of patients with none of these risk 
factors, regardless of the aggressive chemoprophylactic and 
immunoprophylactic regimens they used. The EBV SNR is being 
rejected for lung transplantation at their institution, and they have 
suggested that dual EBV/CMV seronegativity be considered a 
potential contraindication to transplant''"''. 

Antiviral chemoprophylaxis or pre-emptive therapy with ACV 
or GCV may be of some use to suppress low levels of viral 
replication such as exist in early reactivation during time of more 
intense immunosuppression. CMVIG also contains high levels of 
anti-EBV antibodies (Specialty Laboratories, Santa Monica, 
California) and needs to be looked at as an immunoprophylactic 
approach, either alone or in combination with chemoprophylaxis. 

Given that the transplanted organ is often the focus of viral 
replication and disease, one approach would be to monitor the 
number of EBER-1 RNA-positive cells in routine post-transplant 
biopsies and begin immunosuppression reduction and/or 
pre-emptive therapy before malignant transformation occurŝ ** .̂ 

Herpes simplex virus (HSV) 

HSVl and 2 infections are not problematic in HTx and are easily 
treated with oral ACV. There have, however, been several reports 
of HSV pneumonitis, with some fatal outcomes, in early pub

lications on HLTx/LTx«''«". In a study of 51 HLTx, Smyth 
et al^^ reported six episodes of pneumonitis in five of nine HLTx 
with clinical HSV out of 23 SPR. Four patients were co-infected 
with CMV. No disease developed in SNR. Prophylactic ACV and 
GCV, as given to prevent other herpesvirus infections, are highly 
effective in suppressing HSV activity''"^, and have been recom
mended for the HSV SPR in lung transplantation'"*. One case 
report of primary HSV infection in two recipients of kidneys from 
the same donor suggests that donor-transmitted disease can also 
rarely occur""*. 

Varicella-zoster virus (VZV) 

By the age of 15 years >85% of the population has had varicella, 
so that this infection is mainly a problem of pediatric trans
plantation, especially BMTx"*"̂ . A live, attenuated varicella vac
cine is now available'"", and SNR should receive it prior to 
transplantation. Vaccinees shed virus for approximately 30 days, 
which poses a potential risk for transplantation occurring in that 
time period; as yet the risk is unknown, but pre-emptive ACV, 
± varicella-zoster immune globulin (VZIG), should be effective. 
The problem of exposure of a susceptible (SNR) immuno-
suppressed patient to a recently vaccinated household contact 
has not been addressed, but options include forgoing varicella 
vaccination, avoiding contact for 30 days, or giving chemo
prophylaxis with or without VZIG. Post-exposure prophy
laxis with VZIG is indicated for the SNR with significant 
exposure to a diagnosed case of varicella and should be given 
within 72 hours'"'. Assuming that pretransplant immune status 
has been established by ELISA, fluorescent antibody to mem
brane antigen (FAMA), or immune adherence hemagglutina
tion'"*, SPR do not have to avoid contact with either varicella or 
zoster. 

Untreated clinical disease in this population is often com
plicated by hemorrhagic pneumonia, hepatitis, encephalitis, and 
death'"', and there is some evidence for allograft injury similar to 
that caused by CMV""*. Intravenous ACV, 10 mg/kg every 
8 hours, or 500 mg/m- for children, should be started within 
24 hours of onset*'''. 

Reactivation of varicella in the SPR occurs late after trans
plantation and causes zoster (shingles). While immunosuppressed 
patients can have unilateral pain and no skin findings, the usual 
presentation with dermatomal lesions with or without pain is most 
common. The process can take significantly longer to resolve, 
even with treatment. Neither the duration of acute pain nor the 
occurrence of post-herpetic neuralgia is affected by ACV, but an 
abbreviated evolution of cutaneous lesions results from starting 
ACV (in a dose of 800 mg four times daily for children and 
five times for adults) within 4 days of onset, and treating for 
10-14 days. Patients should therefore be educated to report 
radicular pain and/or lesions immediately. Treatment is par
ticularly indicated for ophthalmic, sacral, and multidermatomal 
zoster. Oral ACV does not achieve blood levels that correlate 
with inhibition of viral replication in vitro and immunosuppressed 
patients with VZV infections should be watched closely for 
signs of visceral dissemination that would dictate prompt 
initiation of intravenous ACV at a dose of 10 mg/kg every 
8 hours'"'^2o^ 
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Human herpesvirus-6 (HHV-6) 

HHV-6, tropic for B lymphocytes, normal CD4+ T lymphocytes, 
and T-cell-derived lines'*'', has no defined role in transplant pa
tients, though both primary and reactivation infections have been 
documented in recipients by serology, positive blood cultures, 
and evidence of viral replication in circulating mononuclear 
cells'*'^'. Seroprevalence nears 100% by age 2-3 years'*-'. There is 
significant sequence homology with CMV^-'', which causes sero
logic cross-reactivity, and co-infection is common. HHV-6 has 
been linked to non-specific febrile illnesses after transplant*", to 
exanthem subitum (roseola infantum) in children'*^'', and to 
lymphoproliferative processes''-^''-'*. 

Recently HHV-7 has been described; its clinical significance 
remains to be elucidated. 

Hepatitis viruses 

Hepatitis viruses A-E have now been described. Only hepatitis B 
(HBV) and hepatitis C (HCV) have an impact on thoracic trans
plantation; delta virus (HDV) replication requires co-infection 
with HBV, and results in fulminant hepatitis in countries such as 
Italy, where seroprevalence is high'*-''. Primary infection in trans
plant recipients results from transfusion and transplantation from 
SPD to SNR, and through intimate contact with infected secre
tions, in which case HBV is a much more efficient infective agent 
than HCV. Immunosuppression of SPR cau.ses active viral repli
cation; reinfection with donor strains also occurs. All infected 
patients have the potential to proceed to chronic hepatitis, liver 
failure, and hepatocellular carcinoma'*'"^'-. 

The issues in transplantation are whether or not to transplant a 
SPR, and whether to use a SPD for either a SNR or a SPR. 
Protection of the SNR from exposure to contaminated blood 
products and sexual transmission is the same as for the population 
at large. Screening of blood donors and exclusive use of volun
teered donations has reduced the incidence of post-transfusion 
HBV infection by 80%, so that >90% of transfusion-associated 
hepatitis is now caused by HCV or as yet unidentified agents"*^ .̂ 
At the present time the incidence of HBV infection after trans
fusion or transplant is approximately 0.002% per exposure'*-". 

HBV 

HBV is a DNA virus which replicates by reverse transcription, a 
mechanism which is unusual for a DNA virus and is unique to 
the hepadnaviruses and a plant virus'*-'. Hepatitis B infection 
results in persistent viral replication in 0.1-20% of infected pa
tients'*''*, depending on geographic location and age; the average 
carrier rate in the USA is 10%. Persistent infection is charac
terized by detectable hepatitis B surface antigen (HBsAg), HBe 
antigen (25-50%), HBcAg (core antigen), HBV DNA, and/or 
DNA polymerase activity. HBsAg-negative persistent HBV 
infection attributable to levels of HBsAg lower than those meas
urable by the radioimmunoassay (RIA) test has been blamed for 
rare instances of transmission of HBV via seronegative blood 
products'*^'' '*". Although hepatitis B surface antibody (anti-HBs) 
confers protection against reinfection, renewed HBsAg positivity 
has been documented, both spontaneously and after immuno
suppression in HBsAbH- patients'*'*'"''. 

Primary infection after transplantation causes fulminant hepati
tis. It is not common practice to immunize thoracic transplant 
candidates with HBV vaccine, which would take 6 months to 
complete, or 2 months to achieve 90% immunogenicity. There are 
therefore no data on the efficacy of this plus hepatitis B immune 
globulin (HBIG) in preventing or attenuating hepatitis B in this 
situation; therefore, HBsAg positivity renders the donor unaccept
able for the SNR. 

Since a determinant of the HBsAg complex gives protective 
immunity against virus of any subtype'*-'', it seems feasible that 
the HBsAb+ recipient could accept an organ from a HBsAg-i-
donor, especially a HBsAg and HBV DNA negative one. 

Initially, the HBsAg+ transplant recipient may actually seem 
to improve in terms of liver function tests and biopsy appearance, 
but after 2 years, liver damage usually proceeds relentlessly and/ 
or hepatocellular carcinoma develops'*'""'''" "••*'. Corticosteroids 
particularly stimulate viral replication. The prognosis in renal 
transplant patients has improved with the advent of CsA-based 
regimens using reduced doses of prednisone but, prior to that, 
38% had chronic progressive hepatitis, 38% had chronic active 
hepatitis, 42% had cirrhosis, and 54% died of liver failure in one 
study'*'*". The subset of patients with evidence of liver disease, or 
with HBeAg and/or HBV DNA in the blood, has been shown to 
do much worse, so that HBsAg positivity itself may only be a 
relative contraindication to transplantation, and decisions as to 
candidacy should be individualized'"*'*"'''*'''''". 

Treatment with IFN-a has not been as successful in transplant 
recipients as it has been in nonimmunosuppressed hosts^'*''. 
Prolonged immunoprophylaxis with HBIG has been shown to be 
of some benefit in liver transplant patients, but is very costly'*'* .̂ 

HCV 

HCV is an RN A virus of the flavivirus family that causes 80% of 
the progressive liver failure in both liver and non-liver transplant 
recipients'"" and has been linked to hepatocellular carcinoma as 
^gll447.448,474 jj^g virus is acquired by parenteral contact with 
blood, by infusion of certain IVIG products"", by trans
plantation^'*''"*", and inefficiently by sexual intercourse^'-. As 
with the herpesviruses, virus-specific cytotoxic CDS T cells are 
responsible for lysing infected cells, a mechanism that is 
abrogated by immunosuppressive therapy, permitting persistent 
infection to go unchecked'**'. 

In one study, transmission by transplantation was infrequent 
and the resulting infection relatively inconsequential'*'''. Diethelm 
et al^^~ and Vincenti et al.*" have challenged the premise of 
Pereira et a/.**'*' that HCV is transmitted by this route. In Pereira's 
studies"*'*'* of the outcome of 29 recipients of organs from 12 
confirmed SPD (1.8% seroprevalence) of kidneys, hearts, and 
livers, 75% of SPD-transmitted HCV and liver disease was 
documented in 14 recipients (48%) by 6 months (mean 3.8± 
1.5 months), with no difference in rates according to organ trans
planted. Chronic liver disease developed in 12 (86%) and sub-
fulminant liver failure in two (14%). Liver biopsies showed 
chronic active hepatitis in six and cirrhosis in two. Liver failure 
eventually occurred in four (29%) and contributed to death in two 
(14%). In two other studies of renal transplant patients'*'"'*''*, clin
ical liver disease was unusual in the first 2 years after transplant, 
and the main effect of the infection during this time period was to 
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add to overall immunosuppression. After 2 years, infected pa
tients went on to progressive liver disease. HCV has also been 
linked to aplastic anemia in this population'*-'*^^'. 

Viremia develops within a few days of exposure. Symptoms 
occur at 6-7 weeks and correlate with elevated transaminases. 
Antibodies to HCV can be detected by second-generation ELISA 
~2 weeks after that'"''* '̂*-*. HCV RNA can be detected earlier by 
PCR, but a simpler and cheaper antigenemia test is needed. 
Antibody tests have gone through an evolutionary process aimed 
at improving the sensitivity and specificity. Of patients with well-
documented chronic hepatitis C, 75-90%, and almost 100%, have 
positive first- and second-generation ELISA tests (EIA-1 and 
EIA-2), respectively*"''. A recently developed multiantigen 
enzyme immunoassay is the most sensitive assay to date, and 
will detect antibodies in immunosuppressed patients for whom 
conventional assays have been suboptimal'"'\ 

The specificity of current tests is still, however, problematic, 
with false-positives seen in regular blood donors and in patients 
with hyperglobulinemia. The positive predictive value for the 
viral carrier state is still only ~0.5 among blood donors screened 
with a third-generation ELISA'"''. Confirmatory recombinant 
immunoblot assays (RIBA), of which the best one available is 
RIBA-3, are therefore important, especially in low-seropre-
valence populations, though they are subject to misinterpretation. 
Indeterminate results, as indicated by the manufacturer, may in 
fact be positive when cross-checked with PCR for HCV DNA. 
With the EIA-2 or EIA-3 and the RIBA-3, seroconversion can be 
detected in the majority of patients within 4 weeks of onset of 
clinical disease. A core IgM antibody test is being evaluated'"'''. 

Treatment with IFN-a has resulted in a fall in transaminase and 
HCV RNA levels in 40-50% of immunocompetent patients^''-^'*'^, 
but this success has not been duplicated in transplant recipi-
gf,(j,2o?,4i() Ribavirin may decrease viral replication, but the 
response is not sustained. Recent data suggest synergistic benefit 
from a combination of the two modalities'"'^^''''. 

There is no known effective prophylaxis against HCV. 
Antibody to HCV is not protective against reinfection with either 
homologous or heterologous strains*'"'"'. This, plus the fact that 
HCV displays antigenic drift, raises serious concerns about the 
possibility of developing a vaccine'"'*. The present recom
mendation of the US Public Health Service is to limit the use of 
organs from HCV-positive donors to 'life-saving' transplant 
procedures, which include thoracic transplants*'-. Others**"*''*'̂  
advocate not using them at all, even for SPR, because reinfection 
of the SPR with a donor strain could occur. The experience of 
many centers does not seem to reflect the findings of Pereira et 
ai, and, given the shortage of donors, they continue to transplant 
SPD organs into SPR-"'"*". Reactivated or up-regulated infection 
in the SPR appears to cause mild disease, but the long-term 
sequelae are not yet known. 

Policies regarding SPD and SPR of thoracic organs are 
inconsistent across a wide range of centers responding to a survey 
published by Milfred et a/.''", though a follow-up survey 2 years 
later showed a marked increase in the number of centers which 
would not transplant SPR and would use a SPD organ only for 
SPR or status I candidates'*". The presence of HCV RNA in the 
serum of the donor is the best predictor of transmission, and there 
is a much lower prevalence of HCV infection and clinical liver 
disease in the recipient of an EIA2-positive/HCV RNA-negative 

donor liver*'"', suggesting that such organs can be used for trans
plantation especially in the case of urgent need. Until such time as 
a rapid test for HCV RNA becomes available, it seems reasonable 
to forgo transplanting SPD organs into SNR, but to continue to 
transplant SPD organs into SPR, with ongoing study, preferably 
on a multicenter basis, to further characterize the outcome of ail 
types of HCV infections. 

Retroviruses 

HIV 

Since routine serological screening did not became available until 
1985, there has been much experience with primary infection as 
acquired by SPD of blood and/or organs and by high-risk 
behaviors in the community, and also with the course of disease 
in SPR*'^^'*\ Inadvertent transplantation of infected organs has 
occurred, presumably during the 6-8-week 'window period' 
when newly infected persons are viremic and have not yet pro
duced detectable antibodies*"' *'*''. In some individuals, especially 
if immunosuppressed, this may take as long as 1 year**"*"***'**"*. 
False-negative results are also possible after massive blood trans
fusion, which can dilute antibody, as reported by Bowen et c//.*'*'. 

In a case report and review of the literature, Erice et cil. noted 
that 28% of 88 HIV-infected transplant recipients described 
between 1985 and 1990 developed acquired immune deficiency 
syndrome (AIDS) at a mean of 27.5 months, and 80% of these 
died within 23.9 months of transplantation. Another 10% had, at 
the time of the report, developed HIV disease***-. Seroconversion 
occurred within 2 months of transplant (range 5 to >135 days) 
and was associated with a non-specific febrile mononucleosis-like 
illness in some. SPR developed AIDS within 17 months as 
opposed to 32 months after primary infection in SNR. AIDS-
defining conditions were similar to those in non-transplant pa
tients, though a lower incidence of Ptwuinocystis carinii 
pneumonitis was probably attributable to routine post-transplant 
TMP-SMZ prophylaxis. Graft survival was not affected and, in 
fact, due to the immunosuppressive effects of HIV infection, 
many patients could be maintained on low-dose immuno
suppressive regimens. Overall, the clinical course of HIV infec
tion in transplant recipients does not differ much from other 
patients with HIV, except for earlier onset of AIDS. 

Prompt treatment with azidothymidine (AZT) did not prevent 
infection of the SNR*'*. Current recommendations are to start 
AZT at lower doses (500-600 mg/day) when CD4* lymphocyte 
counts drop below 500/mm'. Concomitant reduction in dosages of 
immunosuppressive medication will help to avoid bone marrow 
toxicity***-̂ . Other aspects of management are the same as for non-
transplant patients infected with HIV. 

Since serological testing can still miss infected donors, it is im
portant to take a good history for any risk factors for HIV infec
tion, which, if present, are a contraindication to donation. 

Other retroviruses 

Human lymphotropic virus I and 2 (HTLV-I, HTLV-2) and HIV-2 
have similar modes of transmission to HIV-l***'. HTLV-1 is 
endemic in Japan, the Caribbean, Africa, the southeastern USA, 
and South America**', and causes T cell lymphoma/leukemia and 
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spastic paraparesis in a small percentage of infected individ-
y2js49o-495 ^ j,jjj,g QJ" rapj^jiy progressive myelopathy resulting from 
transmission of HTLV-1 from a blood transfusion during cardiac 
transplantation has been reported''*. HTLV-2 has been linked to 
hairy-cell leukemia"*' and HIV-2 causes AIDS"'"*, Screening for 
these viruses needs to be part of the work-up of donors. 

Papovaviruses 

These include the papillomaviruses, which can cause disfiguring 
warts in transplant recipients, and the polyomaviruses BKV and 
JC virus which infect most people during childhood and rarely 
result in disease in normal hosts, but cause progressive multifocal 
leukoencephalopathy in immunosuppressed patients"*, many of 
whom shed these viruses in secretions and urine. BKV has been 
associated with urethral stricture in renal transplant patients. Both 
may be oncogenic"'*'*. 

Community-acquired respiratory viruses 

Adenovirus. RSV, paniinfluenzavirus (PIV), and influenza viruses 
A and B all seem to cause more severe diffuse interstitial pneu
monitis, associated with complications, in the transplant recipi
ent, though this has not been well studied^. Adenoviruses also 
cause hepatitis, enteritis, nephritis, encephalitis, and hemorrhagic 
cystitis mainly in BMTx recipients""'""". RSV should be espe
cially considered in pediatric recipients and should be treated with 
ribavirin'"'''''**. Pneumonia due to parvovirus 819 has recently 
been reported in a HTx patient"'^. Yearly influenza vaccination is 
indicated in this population. Nosocomial spread may play a 
prominent role in transmission. 

PARASITIC INFECTION 

Toxoplasma gondii 

The life cycle of the protozoan Toxoplasma gondii is completed 
in the cat, the only animal known to excrete the infectious 
oocyst""*, which is ingested by a variety of intermediate hosts, in
cluding domestic animals, whose meat and organs contain en
cysted parasites"*'*. Humans acquire toxoplasma by ingesting soil 
contaminated with oocysts while farming, gardening, or chang
ing cat litter, or by eating undercooked meat or possibly by drink
ing unpasteurized milk''"'. 

Less commonly, the organism can be transmitted via blood 
transfusion. Toxoplasma gondii remains viable in banked blood 
for 50 days at 5°C and can be isolated from buffy coat leukocytes 
over long periods of time in asymptomatic patients'". Because 
cysts persist in muscle, heart, brain, leukocytes, and lymph nodes 
for years, the organism can also be transmitted by transplanta
tion'''-. HTx recipients have a higher incidence of toxoplasmosis 
(4-12%) than do other transplant recipients'"' ' '". 

Clinical syndromes 

Prevalence of antibody to Toxoplasma gondii varies with age and 
geographical location. In the usual thoracic organ donor popula

tion in the USA, approximately 15-30% will have had toxoplas
mic infection (data adapted from Feldman""), and the transplan
tation of a heart from a SPD into a SNR has been estimated to 
occur 10% of the time"'*. 

Clinical disease is most prominent in HTx recipients and 
results from primary infection; it is rarely due to reactivation'^". 
Symptoms can coincide with seroconversion at 4-6 weeks post-
transplant or can follow as much as 10 months later, and represent 
CNS involvement with encephalitis, meningoencephalitis, or 
mass lesions accompanied by cerebrospinal fluid mononuclear 
pleocytosis with high protein concentration, or myocarditis simu
lating graft rejection. Pneumonitis can occur concomitantly"'*"'^'. 

Diagnosis 

Strict pathologic and serologic criteria for the diagnosis of active 
infection and disease have been advocated by Remington and col
leagues'^"'-' and, as applied to thoracic transplantation, include: 

(1) Compatible clinical manifestations. 
(2) Histologic demonstration of toxoplasma tachyzoites in body 

fluid tissue or in association with numerous cysts in a local
ized area of tissue. 

(3) Isolation of Toxoplasma gondii from blood or body fluids. 
(4) Conversion of toxoplasma IgG antibody from negative to 

positive. 
(5) High toxoplasma IgM titers with a single high-titer IgG anti

body test. 

Tests in common usage include the indirect fluorescent antibody 
test (IFA) which measures IgG antibodies, and the IgM 
immunofluorescent antibody test (IgM-IFA). Significant (&4-
fold) rises in antibody titer can occur without symptoms in trans
plant patients, and many will not generate an IgM response. 
Empiric endomyocardial biopsy may yield the diagnosis even in 
the absence of clinical myocarditis, but the pathologist must be 
alerted to look for toxoplasmosis'-^. 

Treatment 

Pyrimethamine and sulfadiazine or triple-sulfa constitute success
ful therapy in most cases. Complete blood and platelet counts 
must be followed clo.sely; hematologic side-effects can be coun
tered with oral folinic acid (leukovorin). The regimen is given for 
4-6 weeks after the resolution of symptoms, often resulting in 
therapy for 6 months or more. Approximately 80% of patients 
improve"'*'-'. 

Prevention 

In low-prevalence areas it is cost-effective to test frozen recipient 
.serum only if donor serology is positive, and then to give prophy
laxis to mismatches. Patients already on prophylaxis with TMP-
SMZ are very likely protected against toxoplasmosis'"'^', but 
pyrimethamine prophylaxis (25 mg/day for 6 weeks) is what is 
recommended*"*'". Monitoring toxoplasma IgG and IgM anti
body tests with pre-emptive pyrimethamine and sulfa treatment 
given to seroconverters for 6 weeks is another approach. SNR of 
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SND organs should be taught to avoid activities that would 
expose them to Toxoplasma: (a) use gloves when handling raw 
meat, (b) eat well-cooked meat, (c) delegate litter-box duty to 
another, and (d) avoid cat feces while gardening or in children's 
sandboxes. 

Pneumocystis carinii 

Whether a fungus or a protozoan, this organism causes pneu
monitis (PCP) and, rarely, disseminated infection in hosts with 
impaired cell-mediated immunity. Before the implementation of 
routine prophylaxis with TMP-SMZ, attack rates were 5 ^ 1 % for 
HTx recipients"'*"-'•'^"-'' and 16-43% for HLTx/LTx recipi-
gn[s;85.527.528 Hughcs et ul. definitively established low-dose TMP-
SMZ as effective for the treatment and prevention of PCP'''^'"'-". 
The recommended duration of prophylaxis varies from at least 
4-6 months post-transplant''-"^, in those patients who require 
more prolonged or repeated immunosuppression to treat rejection, 
it should be continued for 12-18 months"-^. Dose recommenda
tions vary widely''''^''^-''^''. Alternatives include dapsone and 
aerosolized pentamidine'^^. 

PCP without HIV infection has been particularly related to cor
ticosteroid therapy'""' ' . In one retrospective study of 142 cases 
of PCP'-^^, the median time on steroids was 2 months (at a 
maximum dose of 40 mg/dl) and the risk appeared to be dose-
related"' ' '". 

PCP in transplant patients presents more acutely than it does in 
AIDS patients, with fever, non-productive cough, dyspnea, inter
stitial infiltrates on chest radiograph, and hypoxemia out of pro
portion to the auscultatory or radiological findings. Diagnosis is 
confirmed with induced sputum'" or bronchoalveolar lavage 
(BAL); biopsy should be done if the BAL is negative. Sensitivity 
has been improved with the use of monoclonal antibodies'-"*. Co-
infection with CMV is not uncommon and may facilitate PCP. 
Treatment with 15-20 mg/kg of the TMP component can lead to 
CsA interaction and renal failure*. 

blood transfused in Brazil'"''*. Acquisition through kidney trans
plantation has also been reported''"'''^. Seroprevalence in Santa 
Cruz, Bolivia, approaches 50%''"*. 

In the USA vector transmission occurs rarely, despite the fact 
that many insects and wild mammals of the south and southwest 
are infected. With the continued influx of Mexican and Central 
American immigrants, acquisition by blood transfusion''*'* and 
transplantation is likely to be more common. Transfusion-related 
trypanosomiasis has occurred in two Americans and one 
Canadian""^"-^. The seroprevalence in a group of Salvadoran and 
Nicaraguan immigrants living in the Washington, DC area was 
5%, and extrapolation of these data suggests that there are 
50 000-100 000 persons with chronic infection in the USA 
today'-*''. 

Cardiac transplantation for end-stage Chagas' cardiomyopathy 
has been reported in 31 Brazilian"^"'* and six American pa
tients'", as of the time of publication of Kirchhoff's excellent 
review article''*'', and results are summarized there. Outcome data 
on 12 of these patients indicate a high incidence of reactivation of 
disease (8/12) which responds to benznidazole or nifurtimox, but 
relapses off treatment. Lifelong suppressive therapy after trans
plantation may be effective. The toxicity of this is not known, 
except that both drugs cause lymphomas in rabbits"*. Kirchhoff 
advocates avoiding transplantation for end-stage Chagas' 
cardiomyopathy. 

Available tests have lacked sensitivity and specificity, but 
ELISA tests seem to be best''*^''"*. Presence of IgM antibody may 
correlate with the infectivity of a unit of blood. With the low sero
prevalence in the USA at this time there is no prospect for routine 
screening. However, Kirchhoff and co-workers found that elimi
nating high-risk blood donors in the Los Angeles area by ques
tionnaire reduced the blood supply by only 2.1 %''*'* and correlated 
well with seropositivity. The seroprevalence of donors at that 
blood bank is 0.1%. 

Organs from donors deemed to be at risk should not be 
transplanted unless shown to be seronegative by a reliable test. 

Strongyloides stercoralis 

Residence in or extended travel to endemic parts of the world 
(Latin America, Mexico, southern USA, and all countries outside 
of northwestern Europe) may expose patients to this nematode 
which can remain in the gastrointestinal tract for years without 
symptoms. With immunosuppression, fever, diarrhea, and dis
seminated disease can occur. Transplant candidates with a 
significant travel history or geographic origin should be screened 
with three stools for ova and parasites or empirically given a 
2-day course of thiabendazole'^^''"'. 

Trypanosoma cruzi 

This protozoan, transmitted by the bite of the reduvid bug, causes 
American trypanosomiasis, or Chagas' disease, which is a life
long infection. It is endemic in all Latin American countries, 
including Mexico, and it is estimated that 16-18 million persons 
are chronically infected''". Transmission by transfusion is a major 
problem in endemic areas'''^''", with a risk of 13-23% per unit of 

Cryptosporidium 

In immunocompetent hosts, this protozoan causes a self-limited 
diarrheal illness, but in the immunosuppressed patient, chronic 
disease with voluminous, watery diarrhea can result in pro
gressive wasting and death '""" . The organism may be acquired 
through contact with infected domestic animals and contaminated 
water. Person-to-person spread has been described in day-care 
centers"^ and within families"*, and by sexual transmission"''. 

Although transplant recipients would seem to be at risk for 
severe disease, there are no reports in HTx or HLTx/LTx patients. 
Collier et alr'^ reported on one BMTx recipient who did well 
with spiramycin treatment. High-dose azithromycin is an alter
native, but may interact with CsA. Transplant recipients should be 
instructed in infection control measures to prevent acquisition of 
enteric pathogens. 

COMMENT 

Great strides have been made in transplantation. Continued 
improvement in the outcomes of the patients we transplant will 
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Table 6 Pretransplant work-up: recipient 

Infection risk Specifics Action 

Tuberculosis Immigration from a high-prevalence country. Ethnic origin 
associated with high-prevalence, high-risk lifestyles/behaviors. 
Exposure to persons TB. Hx of a positive Mantoux 

Place Mantoux skin test with controls and read at 
48-72 h. Treat positives according to 
CDC guidelines'"" 

Herpes simplex 1, 2 

Varicella-zoster 

Epstein-Barr virus 

Cytomegalovirus 

Hepatitis 

Toxoplasmosis 

Hx of orolabial or genital lesions 

Hx of chickenpox or shingles 

Hx is often negative though >90% of adults are VCA-lgG positive 

Hx of blood transfusions 

Hx of blood transfusions, high-risk behavior 

Cats, undercooked meat ingestion 

Geographic exposure Hx SW USA (ctKcidioides) 
Third world travel/residence 

Hx of recurrent infection 

Pets/hobbies/habits 

High-risk behaviors 
for HIV: male to male 
sexual intercourse, 
IV drug abuse, birth 
to an HIV+ mother, 
intercourse with an HIV+, 
blood transfusion 
before 1985, never tested 

Immunization Hx 

Mexican, Central or South American 

UTl, upper and lower respiratory infection dermatitis, dental status 

Who changes the cat litter? Bird exposure? Spelunking? Aquarium 
cleaning? Eating habits: unpasteurized dairy products, 
undercooked meat? 

Candidate could be in the seronegative 
'window' period 
Risk factors for other retroviruses include geographic exposure and 
drug abuse 

All candidates: 
Tetanus-diphtheria booster in past 10 years. 
Pneumococcal 23 serotype vaccine 
Influenza vaccine this year 

Children/young adults: 
Childhood immunizations 
MMR booster 
Varicella non-immune 

Give prophylaxis only for frequent recurrences 

Varicella immune status by reliable test 

Serology is not helpful unless donor : recipient 
matching or prophylaxis is planned. Testing 
stored sera may aid diagnosis later 

Positive CMV IgG may dictate post-transplant 
prophylaxis 

HBV and HCV serology indicated in all 
candidates. Positive HBV serology is a 
contraindication to transplant. HCV 
ELISA+/RNA - organ may be safe to 
transplant, especially in a HCV-i- recipient 

Do toxoplasma IgG on stored sera if donor is 
positive. Treat SNR with pyrimethamine or 
TMP/SMZ X 6 weeks. 

Work up any diarrheal or other illness that seems 
travel related. Stools x 3 for Strongyloides or 
empiric thiabendazole. HIV-2, 
HTLV-1 antibody 

Trypanosoma cruzi serology x 2 transplant 
contraindicated for SPR 

Assess for potentially corrective measures 

Lifestyle changes, avoidance of high-risk 
exposure, barrier precautions 

HIV antibody indicated for all candidates; 
transplantation not advisable for SPR. Consider 
exclusion of the high risk candidate until repeat 
test at 3-6 is negative 
HIV-2, HTLV-1 and 2 antibody 

No? Update 

No? give 
Give if seen between October and February 

Complete DPT, OPV, MMR, HBV 
No? Give 
'.' Give varicella vaccine 

Store a sample of serum to help with diagnosis and/or studies later. 

depend on further innovations that decrease net immunosup
pression'' and prevent infection. An approach to screening donors 
(Table 5) and recipients (Table 6) and preventing infection and/or 
disease (Tables 3 and 4) is summarized above. Collaborative clini
cal research is desperately needed to arrive at standard approaches 
to these issues, given the sample sizes that exist in any one center. 
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33 
Pathology of Cardiac Allograft ¥asculopatlif IChronic 
Rejectionl 
A.G. HOSE 

INTRODUCTION 

In the quarter-century since the first human heart transplant was 
perfonned by Barnard in 1967', this operation has become a well-
established therapy for treating irremediable cardiac failure. 
Survival rates have progressively improved^-^ (Chapters 43 and 
44) and the 1-year survival following the operation is 80% or 
greater. Over 20 000 heart transplants have been performed 
worldwide. In patients who die in the first few months after 
cardiac transplantation when immunosuppression is maximal, in
fection is a major cause of death*-' (Chapter 32). Rejection is also 
an important factor which, if not primarily responsible for the 
patient's death, contributes significantly to it, even when over
whelming infection is present*-'. The clinical pattern of acute 
cardiac rejection, and the role of endomyocardial biopsy in its di
agnosis, have been outlined in Chapter 30. 

Acute rejection may be encountered beyond the first few weeks 
post-transplantation, and may be seen in patients who die years 
after transplantation. With longer survival one has the progressive 
development of a chronic rejection response that is dominated by 
obliterative lesions affecting both the large, epicardial coronary 
arteries and their intramyocardial branches. 

In 1968 Lower and his colleagues were the first to draw 
attention to the proliferative and obliterative intinial changes of 
chronic vascular rejection in the epicardial coronary arteries of 
long-surviving canine transplants*. The first description of a 
human heart with the obliterative vascular changes of chronic 
rejection was in 1969, when Thomson described the donor heart of 
Barnard's second cardiac transplant patient who had survived 
almost 20 months after transplantation'. In 1970 Bieber et al}^ 
described their experience with graft coronary disease. Since then, 
with longer survival times, this lesion has been recorded with in
creasing frequency*-'-"^". Graft arteriopathy is currently the major 
factor limiting the long-term success of cardiac transplantation. 

MACROSCOPIC APPEARANCES 

The donor heart with chronic rejection may show a variable 
spectrunQ of macroscopic appearances (Figures 1 and 2). The 

.:•••; I Bisected, explained cardiac transplant of 18 months duration 
• white .stasis thrombi filling the apices of the left ventricle (left) and the 
.entricle (right). Ventricular dysfunction was due to graft arteriopatti;' 

.= had led to extensive fibrosis of both ventricles 

anastomotic sites usually show signs of complete healing within a 
few weeks. The sutures are often buried in connective tissue with 
smooth endocardial surfaces (mostly coiBprising compacted 
fibrin) overlying the surface of the anastomoses. In none of our 
patients have these been the site of macroscopic thrombus 
formation or infection. Depending on the degree of chronic rejec
tion, the ventricular myocardium in some appears near-normal, 
while in others a varying extent of scarring (Figure 1), similar to 
healed infarction, is noted. In yet others there is evidence of 
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Figure 2 Stasis thronilius fills tJic Jeft aoriic valvular pDckei. Extensive 
infarLiiiin of the left vew.ricuiar free wall is present. Prior orgaiiizaiioi! of 
tiirombus between the non-coronai>" and the right eoninary leaflets has led to 
tlie deveiopment ft' an acquired iiicuspid aortic valve 

A gradual deveJopnient of the changes characteri/iiig chroiiic 
rejection may be obsen'ed in the dotior heart, tie-pending upon the 
survival time of the recipieiil and whether death was primarily 
due lo infection, late acute rejection, or chronie rejection. Even in 
patients who survive periods from 1 to 20 years, a propordon of 
the hearts examined al autopsy show evidence of coexistent acute 
rejection. These changes, similar to those already described 
(Ctiaptcr 29), take the form of infiltrates of lymphoid ceils tn the 
interstitiuin and subendocardial connective tissue. Many of these 
cells acquire ;ibiindant RNA^rich pyroninophilic cytoplasm. Such 
lynipliocytic infiltrates may be difficult to distitiguish from focal 
lyiiipliocytic infiltration that may accompany previous zones of 
myocardial infareiion on an ischemic basis. 

Acute vascular rejection, presenting as fil)rinoid necrosis of the 
walls of large and medium-sized coronary artery radicles, asso
ciated with an infiltrate of lymptioid cells, infrequently coe.\isis. 
Evolving graft artcriopathy is often characieri/ed by a lym
phocytic infiltriitioD in tiie subendocardial portion of a pro
gressively thickening mliriia (Figure 3), as well as focally on the 
endothelial surface. 

superimposed acute infarction caused by siiperimpo.sed throm
botic obstruction of the coronary arteries (Figure 2). This is par
ticularly prominent in heterotopic transplants which have ceased 
to function for some time before the patient's death, or before 
surgical extirpation of the heart. 

Ill such hearts the coronary arteries appear macroscopically 
strikingly abnormal. The main coronary arteries and their epi-
cardial branches are thickened, have a yellow-orange color due lo 
lipid deposition in the vessel wall and, on transverse section, 
show a marked reduction in lumcnal cross-sectional area, some-
limes with accompanying thrombotic occlusion. In heterotopic 
transplants with chronic rejection examined at autopsy, mural 
stasis thrombus often occupies a large portion of both ventricular 
cavities of the donor heart. vStasis thrombi may also i l l the valve 
pockets and occlode coronary ostla. The epicardial surface is 
bound by fibrous adhesions to adjacent structures, while the 
pulmonary arteries and aorta usually appear macroscopically 
unremarkable. 

MICROSCOPIC APPEARANCES 

Some microscopic changes of chronic rejection may be detectable 
as early as 1 month postoperatively. In one of our cases the 
intimal thickening of early chronic vascular rejection was 
observed as early as 20 days after transplantation. It should be 
borne in mind that a donor heart, even from a young person, may 
occasionally exhibit significant focal coronary atherosclerosis 
before transplantation. 

Figure 3 Evolving graft arteriopathy shows a iympliocytic infiltrate vvtsich is 
most marked wiltiiii the upper portion of tfie inlirna (lop). Lymphocytes are 
also seen within the adventitia (bottom) (H&E, x 24) 

The most striking and signiicant component of chronic rejection 
is the process of graft atteriopathy which, due to continued prolifer
ation of myointimal cells, leads to progressive obUteration of tlie 
lumena of the epicardial branches of the main coronary arteries 
(Figures 4-11), their penetrating branches and some intramyocar-
dial, small coronary arteries. It should be noted that the latter (pene
trating and smaller intramyocardial) arteries are usually unaffected 
by ordinary atherosclerosis. Lipid deposits are seldom seen in the 
thickened intimas of the intramyocardial vessels in chronic rejec
tion. The intimal thickening in the epicardial coronar}' arteries may 
be concentric or eccentric (Figures 5 and 6), whereas the intra
myocardial arteries usually show concentric intimal thickening. 

Since the arterial changes in chronic rejection appear to be an 
accelerated form of atherosclerosis, understanding of the patho
genesis of atherosclerosis may be enhanced if the reason for this 
differential involvement of the penetrating branches of the 
epicardial coronary arteries could be elucidated. 
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•V 
• • I 

Figure 4 Chronic va'.CDlar rcjcctiori. Those cpicirdi.i! coro'iar) i.iiteri<ii 
branches are almost totaliy occiiided iiy co'icentr';: i:>:ii>"i.'->! Ijiicker.in!; whicli 
mimics natural athenr-scierosK. Orjifr !:ijr\ived l'2..'> yeuf!. iH&tl, x 4; 

Figure 6 Ecccritric iiitimal ihlckeiiins in amMher coriinnrv artery in !iie saiiie 
(iorioj" iicart slliJ-Uiated m 1-igurc 5 (H&E, x Xi 

Figure S Concentric coronary arterial iiitimal thickening in a 537-day^o!d 
cardiac allograft. The intima has a hpid-ricb deeper portion whicli is covered 
by a circumferentia!, thick fibrous cap (H&E, x 10) 

Ifliliaify, ihe lipid deposits m rhe snaior cfsiciirdiis! coronuH' 
arteries are observed lo inyoiibroijlastK and iriacrophage^.^ Later 
ihcsc cells disiiiicgrale i-sovl reieafct; free-h-ing lipid. There is a 
variable lymphoid ceiiular irifillrafiori i>r tiic waiis of the ailccled 
vessels. Eiidotiieliaiiiis is a term eurreiitiy m vogue, bsjl: its 
relaliorixliip to the subsecjueftt developiiieM of grafr arie;io|:i;ithy 
IS still ao open qucstioiu The internal elastic larrnfi<i im-y be IVag-
inetited, and occasioriai.iy 'aige gaps m boili the elastic lafniaa and 
the tnedia may result fron! healed arteritis, 

Tiiese lesions of cJiroiiic rejectioii in the large coroiian' artery 
branches, pariicularly when associated wiih abuiKiarit iipid 
deposition in the thickened iiitiina, bear a eio.se reseiriblaiice to 
ordinnry advaiieed aiiierosclerosis of tiative eoronar)- arteries. The 
smaller coronary artery branches more tsfteii sfiow reparaCnc 
fibrosis of previous medial necrosis, giving the lesion the appear̂ ^ 
aiice of a healed arteritis. Mostly the intramyocardiai coronary 

edia in graft 
le advenlitia 
, A X 34 and 

B X 80) 
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l \ ^ _, , i.7 year:., pGs;-ira __ _ ed Figure I i Caici ._ __.. ___ _ _ . _ •oi;is-iii<c piuqiie hi left 
recent occlysive thrombus (ll&t, x '-'M); eoroTKiiy wriery lA'is 2636-ii.iy-ol'J HiiOgfal": •.!-•,-'G. :•'' 9'< 

FigHre9 Ad\ • • • .. • . , ;d, 
occlusive thrombus. • • • • ' , • • • , ' . 

Hgure 12 Siiiall, iniraniyocardia! corotiary artery shows moderate lumenal 
'Jtcno^rs Clue lo ah'iiost circumferential luumal thickening caused by inlimal 
sui'ioili muscle ceiiuiar prr,hlVr;irion v/iih fibrosis. Graft survived 12.5 days 
(F.SLE. X 60) 

F i g u r e 1(1 Natura l a therosc le ros i s - l ike appea rance of co rona ry ar tery iu •"" : ..•.••' ' '•••••• :'• ' . ' • • . •• • •• 
chronic rejection in a 4.2-year-old allograft ( H & E , X 110) . ...!:•'.:" ...•' ::••..::• .:: .••:.••'...:.• :..••••—.••• . 

5. ; :v- .::..:•• . : 

arteries (Figures 12 and 13) show prominent, concentric intimal 

tlbrOSiS 01 a marKecl degree. Figure 13 intramyocardial coronary artery, »hich is slightly obliquely .sec-
Graft artcriopatliy in the more severely affected large coronary tioned. shows .severe lumenal stenosis due to mtimal thickeniug. Scanty foam 

arteries predisposes to soperadded thrombosis, which appears as cells are present in the deeper portion of ihe thickened intima CH&E, X 7,5) 
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fresh thrombus in a few cases (Figure 8), but in the majority as 
old occlusive tbroinbus, which has undergone fibrous replacement 
and recaiialization (Figure 9). Veins are seldom affected by this 
process and such involvement when present does not produce 
more than modest iniimal fibrous thickening. 

Frequeiil scars arc noted in the myocardium. In some, the 
remnants of degenerate myocytes occurring in collapsed stroma 
in the presence of a lymphoid infiltrate suggest previous foci of 
myocytolysis (Figures 14 and 15). In others the appearance of 
large accllular scars is indicative of fibrous replacement of is
chemic infarcts (Figure 16). Extensive acute infarcts may be 
observed in heterotopic transplants with thrombotic occlusion of 
severely nan'owed coronary arteries. 

The obliterative vascular changes may lead to extensive loss of 
ventricular myocardium, and the resultant massive fibrous 
replacement is often most evident in the right ventricle (Figure 

\f 
by chronic 

rejection in a l,(>ycar-old graft (H&ti, x 170) 

if*''*'- '#1 '• '̂ li'"' '̂ -* 

I - • ;•• • "•"••••• '-'^t^ ^tfc'• \ ' n < M # # " " 

lb 

i 
Si 

Figure 14 A: Multiple foci of myocytolysi.s caused by graft-arteriopathy-
indoced partial i.schemia have evoked a lymphocytic response (H&E, x U)5). 
B: Scar showing remnants of degenerate myocytes and persisting lymphoid 
infiltrate suggestive of prcviou.s myocytolysis, Graft survived 2.7 years 
(H&E, X130) 

>y^: 

: . & * ? ; s ^ , f • - - . . • : . - - ' , " : j , - ^ 
? ^''4 

**»€f---»' .i*;f i;.• "#• 'is'-. '*:«^-^W»^->*if'-••«»-jsSi 
* • |iyv,«., i,.,MS * . s.-'2'-.. I.,--;;' tSS;#!iA':S*8e> .g-aSr jCa'.-
, <«Cf«?'.S!..ttws -..,» , -'^w-^if i .JJI*, l is-*" • -f^- jS- JS-,F* i f tiae'.'l; 
».•»«>::«IS'.tr m:m ^m^?:i ^1».# f*3...i. .,. ',5^ • « ! » » - ••#J'J 

Figure ife i..argi:. ac-iliuhi.', ilbrous M".!!" <>i" iseided iiix.H-aidiai irir'jtv.tioiv 
Gndl sii! vised 12.? ycari (ll&E, x 48) 

17). Subendocardial myocytes (Figures 17 and 18) arc kept alive 
by intra-cavity blood. This may be a cause of misleading results 
on endomyocardial biopsy, since the biopsy may show relatively 
normal myocytes at a time when much of the ventricle exhibits 
replacement fibrosis. 

Other cardiac structures are surprisingly little affected. Intimal 
fibrosis of modest degree with some loss of medial smooth 
muscle may be observed in both the aorta and the pulmonary 
arteries, with little accompanying cellular infiltration. Only in the 
presence of severe acute rejection are the valves affected by a 
focal lymphoid infiltrate. Chronic rejection docs not appear to 
produce any specific changes in the heart valves. 

INCIDENCE OF CHRONIC REJECTION 

The frequency with which chronic rejection changes occur in 
long-surviving cardiac transplants is illustrated by a per.sonal 
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The degree of vtiscular occlusion of clirooic rejection txire iio 
relationship to the frequency or severily of previous acule 
rejection episodes. Severe lumeiial encroachment of beiween 51% 
and 100%, rcsiih:ing trorn ihcse changes, was fVequenfiy present 
(79%), while superadded thrombosis of t!ic affected arteries was 
present in 12% of cases. Myocardial scdrs were present in 92%: of 
hearts, wiide extensive acule infarcliori was preseni in 43% of 
heterotopic transplants. Further, it is striking that in ali of the 
cases with chronic rejection there was an almost compieie 
absence of infective lesioiis. ,'\ significani degree of rejection 
was responsible for the patierit's {ieaih or grafi failure in 
79%, 

l-'isjure 17 Massive rcpiaccnicnt tibrc-'sis of the right ventricie riiie ro chroui.: 
rejection in :> i?.5-ycar-o!d p-ii- Noie iJie siiivn'al ••>{ lubcndocardiai 
ruyocyics (H&li. x 3.4j 

siudy of J2 piiticiits wiih 14 cardiac transphmls wiiii siirvivai 
lirnes greater tiiait i. year'^. Thehe consiilcd of three orthotopic 
and nifie heterotopic trjiispiants examined at autops)\ and two 
surgical spccLUiC-iis from patients who underweni heterotopic 
retran'^piantaiiofi. The graflts survived L i - i 2S yeass wiih a mean 
of 2.7 years. 

Histologically, 29% of hearts showed evidence of persisting 
.acute rejection, and 9iii% >:i!owed signs of srgniiicuni chroiuc 
rejection, .in liie response oi' chronic vascular rejection, severe 
riiyointirnai proliferation was prcseru in most cases tSfitfr,), while 
a cellular infiltrailon of the vessel wall was generally absent 
(72%-), 

FEATURES DISTINGUISHING GRAFT ARTERIOPATHY 
FROM ORDINARY ATHEROSCLEROSIS 

iri a later persona! study of A'i iuunan aihigrafls with graft 
arteriopsthy''^' the coronary arteries showed purely concentric 
narrowing in 56% of patients and eccentric tuirrowing in 44%\ 
Others^'"' stress the ccncentric nature of graft coronary disease 
compared to naturally occurring atherosclerosis, but this differs 
from our experience even in grafts with a mean duration of only 
2 year's. 

W'fii'st Miufl)' vessels affected by grafi arteriopathy shovved 
changes indistingiiishaiiie from ordinary atherosclerosis, certain 
patiioiosic features separate graft arl:eriopathy from usuai alhero-
sclerosis: (a) the presence of either active or healed vasculitis in 
some of die tiffecicd. vessels, (b) a prorniiiericc of outer medial 
defects due to mediolysis antl/or foam cell transformation in the 
ciajor coronary arteries, (c) the diffuse nature of the athcro^̂ -
scierosis-iikc changes, fd; oblitcrativc nanxjwing of the intra-
myocanliai coi'onary atieries and (e) calcitication being observed 
less Iteciuendy in grail arieriupathy compared lo usual athero
sclerosis. 

Figure 18 Graft arteriopathy ha> produced severe ischeinic darn.'ige hi the donor righj veniricuiur subeiidccardiiiui, .A iiiiii lajer uf surv,iving subendocardial 
myocytes (between the two arro'.vs) coiitf.isis vvdih a pa,ler, deefier 7one rif evtansive inyocuolysi,? (stais) and an atljaceii! /one ot cea.'iuiative necrosis (curved 
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COMMENT 

It is not safe In assume that the donor heart that is transplanted is 
always free of (significant) coronary atherosclerosis even with a 
young donor age. Prc-cxislent donor coronary arterial disease is 
easy lo deteci if the recipient dies (or if the graft is explanted) 
shortly after transplantation. If the graft lasts for a ioriger perioil, 
pre-e,\istent natural atherosclerosis vvi!l be diiticiilt to distinguish 
from graft arieriopatfiy despite (he more often focal distribution of 
the naturally occurring disease. In a personally studied series-' of 
47 patients who died within .30 days fohowing cardiac trans
plantation, pre-e.xisient coronary iitheroscierosis was found in 
19% of the hearts O^'gnre 19). 

The appearafices of the vascular lesions of graft artcnopalhy 
are these of a reparative process following immune-mediated 
intimal and medial arterial damage. The entire lenglh of the 
coronary artery is affected tiy the immune insult, but the resullani 
lesions may show regional differences in severity. 

The severity uf these k-sions bears no conKiant relationship to 
the survival time of the graft or patient. Graft, arleriopashy may be 
detected as early as 3 months after transplantation. It is detected 
angiographicaily in over 30% of recipients 5 years poss-
opcratively^'. The incidence ha.s even been put as high as 90% 
after 5 vears-'. It rcmaiiis to be seen what effect o.'i the preveoiion 
of allograft artcriopathy will be achieved by nev\'er drug tlserapy 
with agsiits such as the calcium antagonist diiitiazenf-'^ and 
pra\aslalin'^^-'*' foUovving grafting. Angiography tends to luidcr-
estimate the severity of histologic determination of graft 
arteriopathic nan'owing'^". Myocardial bridges are also more l"re-
cjuently demonstrated in transplanted hearts anglographically-^', 
possibly due io increased myocardial stillness and myocardial 
hypertropliy. 

Von Scheldt and Erdman--' reported a specific sifbtype of allO'̂ ^ 
graft coronary disease which they lenned dilated angiopathy. This 
unique angiopathy, in which the dilated coronary arteries 
exceeded the diameter of adjacent vessels by at least 50%. was 
observed in 7.3% of their cardiac IruDspIanl patients. This 

angiopathy was as frequent as diffuse vessel obliteration in their 
patient population. 

Inflammatory weakening of the media of the affected coronary 
arteries is the postulated etiology of dilated angiopathy. In this 
regard we found microscopic evidence of coronaiy va.sculitis in 
60% of our patients with chronic rejection". Active vasculitis 
was evident in 21%, both active and healed vasculitis was present 
in 19%, and healed vasculitis was seen in 21%. As far as I am 
aware, no pathologic study has been performed to define the 
microscopic features of dilated angiopathy. Dilated angiopathy 
has a better prognosis than its obliterative eonnterpart^'. 

Gravanis* considers cell-mediated immunity to be the basis for 
graft artcriopathy. This proliferative arterial lesion is not unique 
to cardiac allografts-', but has been described in every organ 
grafted, including the kidney, liver and lung. Libby et at?- have 
advanced a unique hypothesis for cardiac allograft vascular 
disease. They observed a significant deposition of CD4 lympho
cytes and macrophages plus smooth muscle cells ju.st below an 
intact endothelial cell layer in patients with allograft coronary 
disease. These vascular wall cells have important immunologic 
capabilities not only in presenting antigen, but in .stimulating the 
release of growth factors and cytokines, which might result in a 
chronic, local delayed-type hypersensitivity reaction. Others are 
paying attention to factors derived from endothelial cells (e.g. 
endothelin-1 mRNA and peptide expression) that are up-regulated 
in allografts with rejection and graft arteriopathy-'^. 

Since T-lymphocyte depletion has been used effectively to 
prevent graft-versus-host disease in bone marrow transplantation, 
it has been suggested that this therapy may be applied to cardiac 
transplantation in order to prolong graft survival-'*. 

Not all vessels in the donor heart show accelerated athero
sclerosis, which is surprising in view of the suspected immuno
logical etiology. The determining factor for graft survival, in the 
presence of chronic rejection, is niyocardial ischemia, manifesting 
as extensive recent or old infarction. The fact that donor hearts 
arc generally procured from young people further underlines the 
significance of this event. This situation is ironic, siuce ischemic 
heart disease is a frequent indication for cardiac transplantation. 

While endomyocardial biopsy is an effective means of moni
toring acute rejection episodes, it is of less use in chronic rejec
tion. Experience has shown that extensive RV myocardial fibrosis 
may exist, which is not detected in a superficial endomyocardial 
biopsy, in which the subendocardial myocytes remain viable since 
they are nourished by the RV intra-cavitary blood. Similarly, the 
biopsy does not include coronary arteries, which are the vessels 
affected by the process of chronic rejection. Chronic rejection 
(graft artcriopathy) continues to be the major factor limiting the 
long-term success of cardiac transplantation. 

Figure .19 Pre-existing, natural attieroscicrosis of a donor ticart's left 

anterior descending coronary artery. Ttie donor heart, wliieh came from a 

47-yeiu:-old female, liad only been implanted for 7 days (H&E, x 12) 
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34 
Pathogenesis of Cardiac Allograft Vasculopathy 
(Chronic Rejection) 
B. ARKONAC AND J.D. HOSENPUD 

INTRODUCTION 

Despite the dramatic improvement of early and 1-year survival 
following cardiac transplantation, long-term mortality has not 
been substantially impacted'. The major cause of late mortality is 
an accelerated obliterative coronary artery disease, presumably a 
manifestation of chronic rejection^, which will be referred to in 
this review as cardiac allograft vasculopathy (CAV). The inci
dence of CAV is between 10% and 15% per year, with a preva
lence of as high as 45% at 5 years based on angiographic 
diagnosis-*. With the more sensitive intravascular ultrasound, 
some investigators have reported virtually 100% prevelance of 
the disease''. This review will focus on the pathophysiology and 
immunologic mechanisms proposed for CAV, as well as current 
diagnostic and potential therapeutic interventions for the disease. 

PATHOLOGIC FINDINGS 

The pathologic features of CAV (Chapter 33) differ from the 
native coronary artery arteriosclerosis in many aspects, esptecially 
early in the disease process (Table 1). In native coronary arte
riosclerosis, typically the lesions are focal, predominate at the 
proximal bifurcations of the coronary system, and are eccentric in 
their distribution. The lesions frequently contain calcium, and the 
internal elastic lamina is disrupted. This process usually takes 
several years even in its most aggressive manifestations as seen 
in patients with multiple risk factors, including familial 
hyperlipidemia'. 

The pathologic findings of end-stage CAV may eventually 
match the above features, but the initial presentation differs. 
Typically, the endothelial layer is intact and, as demonstrated in 
Figure 1, there is a significant concentric intimal hyperplasia^. 
The internal elastic lamina is also intact until very late in the 
disease process, when it may be disrupted. Calcium deposits are 
rarely present. Although originally described as a bland prolifera
tive lesion, more careful examination has demonstrated an inflam
matory cell infiltrate, typically subendothelially'. Rarely, a frank 
vasculitic picture is observed*'. 

The strongest evidence for this process being immune-related 
is its exclusive confinement to the allograft. In addition to the 
coronary tree, intimal thickening occurs in the coronary veins'" 
and the great vessels up to, but not extending beyond, the suture 
line". CAV is therefore a true vasculopathy, involving all of the 
vessels of the allograft, rather than solely an arteriopathy. 
Although this disease characteristically is diffuse, with greatest 
involvement of distal vessels*, a more recent investigation has 
demonstrated that the appearance of increased severity in the 
distal vasculature is an anatomic phenomenon due to branching, 
rather than a physiologic difference'^. Furthermore, nearly 
half of these patients have focal epicardial stenoses, more typical 
of the non-transplant-associated coronary artery disease'^'''. In 
CAV, possibly as a result of the distal vessel obliteration, 
the coronary collateral formation develops in an atypical form, 
and has been described as a 'blush pattern'. This pattern 
may represent an angiogenic response to microvascular 
ischemia". 

Table 1 Pathologic differences between CAV and CAD 

Histologic attribute Cardiac allograft vasculopathy Coronary artery disease 

Angiographic localization 
Intimal proliferation 
Calcium deposition 
Internal elastic lamina 
Inflammation 

Diffuse, distal 
Concentric 
Rare 
Intact 
Present 

Focal, proximal 
Eccentric 
Frequent 
Disrupted 
Rare 

From ref. 2. 
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Hgure 1 Cross-secrioii cf hunian pliofiraft coronary artery al explaiilation showing severe rayointimal proliferation consistent witli CAV (X34) 

CLINICAL FEATURES 

In contrast to traditional atherosclerosis, the time-course for the 
development of CAV is measured in months rather than years. 
Due to initial cardiac denervation at the transplant operation, clin
ical signs and symptoms of ischemia may be mittinial. Generally, 
recipients who lack afferent cardiac innervation will not experi
ence typical angina pectoris. There are, however, reports of pa
tients late following cardiac transplantation experiencing chest 
pain, which is presumably anginal'* and, more recently, chemical 
and physiologic evidence of partial autonomic reinnervation has 
been reported'"'. The problem of inability to experience angina is 
most important in CAV, but increasingly relevant is the transmis
sion of pre-existing coronary artery disease due to the use of older 
donors. Tuzcu et al. demonstrated a high frequency of donor ath
erosclerosis in their series of 50 cardiac allograft recipients 
studied early post-transplantation by angiography and intravascu
lar ultrasound"*. 

Depending on whether there is a discrete clinical event such as 
a myocardial infarction, or more commonly progressive global 
myocardial ischemic dysfunction, clinical presentation can be 
quite insidious. Symptoms range from those as nondescript as 
malaise or decreased exercise tolerance, to overt congestive heart 
failure. Alternatively, the initial presenting finding can be arrhyth
mia or sudden cardiac death. Thus, the practice of performing 

annual sctecninj; uOi.fiiji\ m^icgniphx is rontme in most.. udi.it 
liiiriipidni programs Currcntl}. gUvU limited mtvrvcrition foi thih 
dî cjNC thiv scicciuni; n n\td for piogiiusiie pinp'i*.e-. and the 
timing oi repeat lidnvplantation it thi> pujcr-durc is cf.risidered. 

DIAGNOSIS 

As stated above, although coronary angiography is the most 
widely used surveillance method internationally, it has been criti
cized for greatly underestimating the prevalence of CAV"'-". 
Despite this criticism, Everett et al., in a small series of 28 cardiac 
allograft recipients, demonstrated that at 1 year the specificity of 
normal qualitative angiography in predicting absence of cardiac 
allograft vasculopathy is 81%^', based on a change of luminal 
diameter by quantitative angiography. 

When a more sensitive technique such as intracoronary ultra
sound is compared with qualitative coronary angiography, 
however, 70-90% of transplant recipients who had normal coro
nary angiograms had significant intimal thickening^---^. Ventura 
et al}'* compared routine coronary angiography, intracoronaiy ul
trasound and percutaneous coronary angioscopy. The sensitivity 
for detecting plaque was 79% for percutaneous coronary angio
scopy and 10% for angiography, and for detecting stenosis was 
24% and 3%, respectively. For intracoronary ultrasound versus 
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angiography for plaque and stenosis detection, the sensitivities 
were 76% vs 10% and 45% vs 3%, respectively. The authors con
cluded that intracoronary ultrasound, when compared with per
cutaneous coronary angioscopy. is more accurate in assessing the 
severity of stenosis (45% vs 24%), and that intracoronary ultra
sound could better detect calcification and presence of intimal 
thickening'*. 

It is, however, unclear what prognostic significance ultrasound-
diagnosed intimal thickening has in the face of normal angiogra
phy. To address this issue, Anderson et al?'' assessed the 
functional significance of intimal thickening detected by intravas
cular ultrasound by investigating endothelial-dependent and 
independent vasodilatation in 40 patients 1-8 years post
transplantation. Endothelial dysfunction occurs early, even before 
intimal thickening, yet may recover in recipients that survive 
more than 5 years even in the presence of moderate intimal thick
ening. Recently, Heroux et al.-'' investigated the coronary 
vasodilatory response to intracoronary papaverine, and demon
strated that all the patients with intimal thickening by intra
coronary ultrasound had blunted response to intracoronary 
papaverine, suggesting intimal injury resulting in decreased 
coronary EDRF production. 

IMMUNOLOGIC MECHANISMS 

Cocanougher el al?^, using death due to CAV proven by autopsy 
as an endpoint, demonstrated in 101 patients that worse HLA 
match was associated with severe CAV. The association with 
HLA matching has also been suggested by Costanzo-Nordin-", 
who demonstrated that complete HLA-B and DR mismatch is as
sociated with a higher incidence of CAV. The general assumption 
is that CAV represents a chronic alloimmune response to the vas
culature. Given this assumption, the likely target for the immune 
response is the vascular endothelium, which is appropriately 
located at the blood vessel interface, expresses both MHC class I 
and II antigens in vivo and in vitnP-'^^^^, and can also serve as 
antigen-presenting cells, capable of presenting cither alloantigen 
or nominal antigens such as microbiological antigens'*"^'. Finally, 
endothelial cells cither express constitutively or can be induced to 
express a variety of adhesion molecules, such as intracellular 
adhesion molecule-1 (ICAM-l) and vascular cell adhesion 
molecule-1 (VCAM-I), necessary for the adherence of 
various classes of white blood cells to initiate the immune 
response"""". 

Whether the vascular smooth muscle cells are capable of ex
pressing appropriate antigens to augment an allogeneic respon.se 
is still not clear, Salomon et al.'*- showed in vitro that there is no 
lymphocyte activation in a co-culture of interferon-pretreated ar
terial smooth muscle cells. In addition, Theobald et al.*-' demon
strated that, despite an increase in MHC class I and II antigen and 
an increase in ICAM-l in response to IFN-y, smooth muscle cells 
isolated from human umbilical veins were poor stimulators of 
lymphocyte proliferation. Contrasting these studies, Fabry et al.*'* 
demonstrated that both syngeneic and allogeneic rat splenocytes 
proliferated in response to brain microvascular smooth muscle 
cells, though the syngeneic response was greater than the allo
geneic one. 

Cellular versus humoral immunity 

In general, mo,,t studies have been unable to find a correlation 
between typical cellular rejection and the ultimate development of 
CAV, with few exceptions"'''"'. Thus CAV was thought to be a 
manifestation of humoral immunity. This widely accepted 
opinion began to shift with the emergence of a number of animal 
studies using heterotopic models of heart and aortic transplanta
tion. They all demonstrated the ability to reliably produce vascu-
lopathic lesions which consisted of extensive mononuclear cell 
infiltration associated with smooth muscle cell proliferation and 
intimal thickening. A number of rat strain combinations have 
been investigated, which vary from mismatches at MHC class 1, 
class II or minor histocompatibility antigens"""'*. Recently, 
Adams et al.*"'. using Lewis rats as donors and F.^44 rats as recipi
ents (which match for MHC and differ for non-MHC), demon
strated diffuse arteriosclerotic lesions which were identical in 
appearance to those seen in human allografts. Their series demon
strated 20% acute rejection within ? weeks, 50% surviving at 
least 3 weeks, and 25% surviving indefinitely. Rejected allografts 
demonstrated intense mononuclear cell infiltration and necrosis. 
Indefinitely surviving grafts demonstrated moderate mononuclear 
cell infiltration and myocyte destruction. More than 90% of all 
arteries present in allograft cross-sections demonstrated marked 
coronary intimal lesions. Early lesions consisted of subendothelial 
accumulations of mononuclear cells, while later lesions demon
strated diffuse fibrotic intimal thickening with occasional focal 
cellularity that was identical in appearance to CAV seen in 
humans"* .̂ 

Cramer et al.. using several rat strain combinations to select for 
mismatches in class I (RTl.A and C). class II (RTI.B and D), or 
only minor non-MHC antigens, demonstrated that CAV could be 
produced in a majority of combinations-^"-^'. The severity of CAV 
was proportional to the duration of the allografting, suggesting 
the requirement of time (i.e. those allografts that rejected acutely 
showed little or no CAV). The severity of both the intimal prolif
eration and the intensity of lymphocytic infiltration could be en
hanced by a single intraperitoneal injection of donor lymphocytes, 
and reduced by the administration of cyclosporin. The authors 
concluded justifiably that CAV in these models is not the result of 
an allogeneic response to a single specific vascular alloantigen, 
but may result I'rom any number of different antigen mismatches. 
They also concluded that, based upon the ability to n-iodify the 
lesions by immunization and T-ccll-spccitic immunosuppression. 
CAV in these models is probably a chronic cell-mediated rejec
tion response. 

Using Lewis-to-F344 rat model, Cramer et al. studied the cellu
lar composition of CAV serially from 7 to 90 days-'̂ -. In these 
lesions the first cell line to appear was macrophages followed by 
T, natural killer and, to a lesser extent, B cells. The more bland 
lesions were made up primarily of smooth muscle cells. 

Recently, several groups have begun using a rat heterotopic 
aorta allograft model. In this model a segment of descending tho
racic aorta is looped and anastomosed end-to-end to the recipient 
abdominal aorta below the renal arteries and above the bifurca
tion^^'''. Most recently. Shi et al. reported a new mouse model, in 
which the carotid arteries were transplanted between B.1()A(2R) 
(H-2H2) donors and C57BL/6J (H-2b) recipients, and compared 
with arteries isografted between H-2b mice''''. Both of these 
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models demoissirated similar hisropiiShoiogic changes, which arc 
basically sccii in cardiac allograft models^ The process starts with 
ari intlaiiuiiatory iidiJirate conTasnida aciivafed T cells an<i 
macrophages followed !)y a progressive intiiTial ihiclfeiiiog made 
up primarily of srnooEh muscle cells. Trie advemltic >s irifihrated, 
with the external elastica lansiisa buiying iisiac;. The irifenidl 
viiisdca lanana is ;dso largely iaiacr, bui cars show small areas of 
disruplior! The adva:it,ige::, of ihcsc models ;.!.rc the large segment 
(it vascular tissue thai can be snidicd and the lack of tiic ailograti 
being a •.iial organ. The ddf'ercnce beiv,een ihe-e i i iodds nivi she 
rat eardiai; alirigiViU aaxic; :):• the hiueaa discisc ',"• die cxseiit ol 
medial necrosis and compkric feplaccmciU iiy tlD^osis, It >s 
unclear wheiher ischeni'-j (rhe loss of d-ic vase vasofum with the 
iranscciiue c [ dse vc-;st:ij rdnys a reatributiii^ lolc ;a ih;s jnodcl, 
Tha- nnpofisiiu difi'crciicc raakcs interpretation tjai the poieraag 
relevaiicc or th is srioael LlilTitaii ar asccrtaia. 

Evidence lor ccii-nicdiaieJ iminuiiiiy m human eurdiae iians-
piantatios; has heee relatively rais*. Altboisgh Cfsislcy r f« / , (198?! 
saggested tnat CA'v i-, rr:o;s coirirnon la patients with muidple 
epiiiod:;a; of cedidar rcjectioa-' „ d^s has fiet beea ,%upporced by 
u\!)\l ViilK-r scncs o^ cardsa;. iJaaspiani padcrsts ifoir> auiividiiai 
centers, d iul t ip ie esphtni /aeiopsy seoes . ahh-aigh wart; tnial! 
nurabers of cases, supported the eelbfvaaliaied proces,-, widi xhcv 
h:sedr>g;cai sradics I .n; and i-'utaru.-•'• denionsfsaed celhijas sas-
cidaf lesloriS coa^aiaiiig 1̂" %a,rds aad aa.!crof)hages ns boi-U n>edia 
and ad .ead t ia . j ifaban rC u'.^- fhowed madaid oa.iphotvtic ea-
doibeiialdis ui theu' cases nath C a V , Saloaiea er a!'''' aives;;:-
paled -r:',ea Iresidv tanainird alloprafis, and dtaioasti-ated 
tymphocsles S:30th {?D4* asa] CD'i") aad aiacrophaaes ij; corra, 
aaty artcncv in a ring disOibaHon djrecd) urkier iiic cndodichai 
ias'er, d a e v aiso nosed aa ioi-regubiiior! of endodieiial coJI l>l< 
capressioa u\ these artei-ies. 

We have nivesiigaied iyniphvjcyrc responses to donoa^speeibe 
hunian aord.c eadodicliid ceils in 52 allegrall: recipients ai dsrcc 
sinse-pcanis fcliownpg cardiac ttanspiariiaiion. Flrsp as shown ui 
Figures 2 and 13, despite a reducUon ni acute ptircnchyrnal rcycc-
tiori following irarispboitadon, lymphccyEc prolifcraiion in re • 
sponse So donor-specibc eadotbeha; cells increases, as does the 
up^Tegijlasion of MHC class il ariiigen on die endodaeliuiii in re-
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Figure 4 [pmphocytes obtained serially from patients who develop C.A.V 1 
year faUowing cardiac transplantation have a greater proliferative response to 
their donor-specific endolhehum compared to those who have no coronary 
artery disease by angiography (reprinted with pennission, see ref, 62) 

sponse to the exposEre to lymphocytes^b Furthermore, as shown 
in Figure 4, those patients who have developed CAV at 1 year 
post-transplantation tiave greater lymphocyte proliferation re
sponses to their donor-specifie endothelial cells at all time-points 
compared to those without CAV**-. 

The presence or development of antibodies to donor M H C anti
gens has long been associated wdth a reduction in graft survival, 
in the renal transplant literature*'. In a recent study, Halloran 
et al/'* reported on 13 patients who were prospectively identified 
as having antibody to donor class I antigens, and had higher fre
quency of acute graft rejection, endothelial abnormalities and ulti
mately a greater graft loss compared to 51 patients who did not 
have circulating anti-elass-I antibody. Hammond et alfi^ demon
strated the association between antibody deposition in the cardiac 
allograft by imnmnofluorcsccnce, acute rejection and reduced sur
vival. They also presented data suggesting an increa.sed Incidence 
of CAV in those patients with positive immunofluorescence*. In 
a large retrospective tstudy of 463 cardiac transplant recipients, 
Lavee et alP demonstrated that the degree of panel-reactive anti
body (PRA) positivity correlated both with acute cellular rejec
tion within the first 3 months post-transplantation and with CAV. 
However, Smith et alf* demonstrated that although patients who 
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develop lymphocytoloxic antibodies dircck*d agairis! doiior-
specific HLA determiiiants had more cellular rcjccition, there was 
no incrc-ised incidence of CAV. 

Tn the same study described above, ¥/c invcsligaled Ihe role of 
alloaniibody ro dooo^'Specific endothelium using a flow cytomet
ric assay for andbody binding. Of the 52 patients studied, two had 
positive antibody bioding which was new, two additional patients 
had alloaniibody detected which was known to be presenl prior to 
transplant (retrospective crossmatch),, and four additional patients 
had borderline positive results. As shown in Figure 5, there was 
no relationship between the presence of alloaniibody and ihe ultî  
mate development of CAV on quantitative angiography*^^ Our 
negative findings have recently been confirmed by Mehra ei al.'"' 
by comparing intravascular ultrasoond to antibodies directed to 
umbilical vein endothelial cells and standard panel cytotoxicity 
a.ssays. 

A recent study by Rose and colleagues^'' showed that antibod
ies specific for the doublet of endothelial antigens (of polypep
tides of approximately 60 and 62 kDa) are rarely produced by 
patients other than those with progressive CAV after transplanta
tion. .A. follow-up of this study suggests that the target antigen is 
vimentin"''. Given that vimeiitin is rnonornorphic. and does no! 
vary within a species, it is unclear how an allogeneit response 
would develop to this protein. .4iterriatively, if this represents a 
sequestered (intracellular) antigen, its exposure by prior endothe
lial cell damage could clicil an autoimmune response. 

Finally, Russell and colleagues'- have demonstrated in a mouse 
model that, using the same degree of MHC nfismatch, those strain 
combinations which resuli in alloaniibody formation have a greater 
degree of intimal proliferation than those combinations where al
loaniibody is not produced. Furtlieniiore, it appears that the intimal 
proliferative disease can be passively trao.sferred in this model 

Based upon the available human evidence one must conclude 
that, although alloaniibody may contribute to CAV, the data art; 
insufficient to support a primary role. There are data, however, to 
support a complementary role for alloaniibody if a cell-mediated 
response to vascular endothelium is iinportant in the development 
of CAV. We have recently demonstrated that pooled serum con
taining high titers of alloantibody from patients awaiting renal 
transplantation increases the expression of lCAM-1 on vascular 
endothelial cells in vitro'K t\ typical experiment is .shown in 
Figure 6. One could theorize that, once alloantibody develops, its 
presence could enhance T cell binding to the vascular endothe
lium. Alternatively, the development of alloantibody could solely 

.4frnB0DY + ANTIBODY -

CAV- 7 C.W- 35 

EC \ChWtA EXPRESSION USING 
la.SSiAB-SERUf^ 

V ^ 
CAVt 1 CAV* 9 

Figure 5 Ttiere is no correlation between antibodies in recipient serum di
rected to donor-specific endotlielium and tfic development of CAV (reprinted 
witti permission, see tef 62) 

COMTBOL. SERUM 

lUr 

EC IG.AM-1 EXPRES.SIQrj USWG 
12.5% A.LLO.ANTIBODY SERUt,*! 

V . 
Ja 11, TEST SERUH 1:1 

FLUORESCENCE INTENSITY (anti ICAItf1-1, FITC-labeled) 

Fignre 6 Scrum containing liigli titers of anti-IILA antibodies stimulates en-
dotlicliai cell op-regulation of ICAM-1: lop panel, flow histogram using 
control serum; bottom panel, flow liistogram u&ing scfiim with anti-HLA anti
bodies (reprinled witli permission, see rcf. 73) 

be an cpiphenomenon of a more active cell-mediated response to 
vascalar endothelium. 

In preliminary studies^* we have demonstrated that allogeneic 
lymphocytes can up-regulate endothelial IL-6, a cytokine which 
has, among other properties, the ability to recruit and expand B 
cell clones. The optimal production of endothelial IL-6 requires 
direct contact between the lymphocyte and endothelial cell. 
Although a variety of cytokines (IL-6, tumor necrosis factor-a 
(TNF-a)) are known to up-rcgulate endothelial cell IL-6, the reg
ulation produced by allogeneic lymphocytes occurs extremely 
rapidly (peak mRNA response in 2 hours), suggesting that a 
second cytokine is not required. 

Growth factors and cytokines 

It has been well demonstrated that multiple polypeptide growth 
factors can act to modulate the proliferation rate of mesenchymal 
cells in either a promoting or a .suppressing mode'*"''''. One family 
of growth factors that has been studied extensively is the heparin-
binding growth factor/fibroblast growth factor (HBGF). ,Seven 
separate genes of the HBGF family have been identified: acidic 
and basic fibroblast growth factor (aFGF and bFGF), the int-2 
locus, kFGF/hst, FGF-5, FGF-6, and keratioocyte growth factor 
(KGF). Platelet-derived growth factor (PDGF) is an another 
growth factor that is produced by a number of tissues, including 
endothelium, and Is a potent smooth muscle cell mitogen as well 
as a chcmoaitractant. It is important to emphasize that smooth 
muscle cells likewise produce a number of growth factors and cy
tokines capable of amplifying smooth muscle cell proliferation 
(autocrine stimulation), including PDGF, bFGF, TGF-|3, IL-1 and 
IL-6'« s'. 

There is now emerging evidence that a variety of lymphokines 
and monokines can directly regulate the synthesis of growth 
factors, such as IL-1 stimulating the expression of PDGF-A gene 
in cultured fibroblasts, and TNF stimulating the endothelial cell 
release of PDGF* -̂'*'*. Clausell et al. showed that, m the rabbit 
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hctLToiopiL, l.v'uri iiaiiiplanf model, in rniJ blockade ot TN"F-a 
sup|>re«.sts the acufe ik\el«pnieiii of iieoinliiiMl ioTmiitioD b} se 
Iecti\eh redu''in|. the ^aiscular iirininnoiofljmmatei} rcaLtioii and 
;i.^cuimilati>jn ot fibrniicctiTi " More recently Rus«,eII r'f «,'.. m fhe 
I eft i\H(«-Fi44 I'll tiari'.plaiitatuin modrl. ha^e shown iht-
aiiogratt-specidY iip-reguiatioii of ]FN-«. IL-6, and moiiotytc 
rhemntittrdctjiit prottra-l pcne c,\prc!.sioii lo cardiac dllogiaft.s 
iindciuomf liiroFiii rc|»-iri<'n*''̂  Tliey also lorali/ed ih*' gene piiiil-
nets to iiifilfuitmg mosionuc1e.it cells m the niterstiliurii and \as-
culatuie. -iuppoitiiig the cellulai actnation theory Calderon et al 
ha\c demon aiated that IL-fi up-regulates PDGF B tham 
niKNA'''' Ikedd ii al. ha\e shiiv,n that JL^6 dependent t,mooih 
musck- cell proIitcratM>n \\a-> blocked b> inonoLlunal antibody 
directed agaiEM PDGF«». 

Recently. Oh.i et a!"'' leported a 10-told inciease in elastose ac
tivity associated with the de\.elopmenl of poM-taidiac iiansplait 
aircriopjth>, and demonsliafed a 5-foM increase in the breaks m 
the mtcmal clastic lamina They suggest that elastase may play a 
pathopliysiokigi^dl lole m iienmlimal proliterdtioii by polentialh 
tn.tivdimg cjtoLines and growth factors, and by release of chemo-
tacnc peptides Molossi et a/.**' demonstrated that in a piglet heteio-
lopic v.irdiac tranbplanl model there is increased nbroneetm 
production by donoi vasmlai endothelial cells, which is partly tef-
ulated by an aiitoenne mechanism involving IL-1|^ They suggest 
that tibiOECCtm may mediate lymphocyte iraffickjng aod smoolh-
rouscle-ccU migration related to CAV. Recendy, Zhao ft al have 
shown that the expression of aFGF and its leceptor, along with 
PDGF A chain, is signincantiy increased m caidiac allografts 
during rejection and thii cardial inyocvles and vat,cul(ir walls .ire 
tlie predominant sources for these factors'" " 

We have pie^iousK repoited that endothelial tells exposed lo 
allogeneie lyinphocvtes up-regiilale niRNA coding fui a paocl of 
mesenchymal growth factors, inclodmg bFfiF, ru t - r t , TGh-fi. 
and PDGF A and B chains (Figure 7)'' . Vte ha\e now iecentl> 
extended these findings to the Cdrdiae transplant population In 
those allograft recipients who ultimatelv develop C4V. their hni-
phii^ytes preferentiallv up-iegulate niRNA coding for TOF^a, 
PDGF A chain and heparin-bitiding epidermal gn^wlh faclor"''. 
I here is a dirett hnk, therefore, between ccU-mediated immiinit} 
to vascular endothelium, alterations m the levels of cndotheliaF 

bFGF TGF-« TGF-B PDGF-A PDGF-B 
GROWTH FACTOR inRNA 

laCONTROLHAECs IHACTIVATED HAECs '̂ ]̂ 

Figure 7 Endothelial cells exposed to allogeneic lymphocytes up-regulate 
itiRNA levels coding for a panel of growth factors known to stimulate smooth 
muscle cell proliferation" 

cell-derived growth factors, and the ultimate development of 
CAV by angiography. 

ft is clear that the endothelial cell, and possibly the smooth 
muscle cell, can serve as targets for allogeneic Immunity and be 
activated to produce a host of cytokines known to stimulate cither 
paracrine or autocrine smooth muscle cell proliferation^ In addi
tion, several lymphokines and monokines directly stimulating 
these vascular cells can amplify this response. 

NON-IMMUNOLOGIC PRECIPITATING FACTORS 

M.ist transplant centers attempl to dggressively modily the usual 
risk factors tor atherosclerosis, with the assumption that ri.sk 
factors for native coronaiy aiiery disease may contribute to C.AV. 
Although there are no controlled trials that have shown a decrease 
in the incidence of CAV with a decrease m serum lipids, .c\cral 
studies have documented the association between hyperlipidemui 
and CAV°'" '"'. The development of hypercholesterolemia, an in
crease in low-densit\ lipoprotein cholesteiol, and hyprrtiiglyc-
eridemia have been unilormly shown to develop 3-18 months 
after heart transplantation in several studies'*-''"'"'*. 

It appears ihai miiliiple factors are m effect in causing po.st-
transplantatioii hyperlipidemia, including (a) obesity that devel
ops after transplantation'"-'; lb) prednisone, by increasing hepatic 
apolipoprotein B production'"^; and (c) cyclosporin by inhibiting 
predmsolouc cleaiance, either due lo hepatoroxicilv or interae-
lions with the cytochrome P450 sjstcm"''. Dietaiy changes fre
quently produce minimal lowering of cholesterol or triglyceride 
levels, leading lo administration of lipid4owcriEg agents that may 
have troublesome side-effects, and that may interact with im
munosuppressive agents. This makes their use difficult in the 
cardiac transplant popiilation""*-"'. Of interest are the preliminary 
data from Kobashigawa et ulJ'^ suggesting that the early use of 
an HA4G CoA reductase inhibitor (pravastatin I appears to leduce 
Ihe development of severe CAV and the incidence of death in 
cardiac transplant patients on triple-drug immunosuppression. 

Hyperten.sion i.s common in post-transplant patients, especially 
m the cyclosporin era. However, studies have not found a rela-
uonship between h>perlension and the development of CAV*- '°. 
Likewise, smoking was not a factor hi CAV devclopnicnt in these 
studies"*"'"'. RecentK, Munoz et al. confirmed previously pub
lished data on diabetic patients who underwent heart transplanta
tion, showing that the long-term survival rate is similar to 
non-diabetic patients without an increased ri.sk of C 4 V ' " . The 
role of gender was investigated by Shaiples et ul.'" and compared 
with Iransphmiations performed between donors and recipients of 
the same .sex. Female recipients of a male donor heart had a rela
tive risk of 1.56 of graft loss from CAV, and male recipients of a 
female donor hearr had a relative risk of S.SS**'. Other potential 
risk factors, such as ischemic time and dnnoi age, hd',e nol been 
consistent with regard to the development of CAV, either in clini
cal or in experimental studies"-*""'. 

CYTOMEGALOVIRUS AND CARDIAC ALLOGRAFT 
¥ASCULOPATHY 

The first suggestion that there was an association between cy
tomegalovirus (CMV) and CAV was from the Stanford group. 
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who reported their experience with 301 patients. Twenty-eight 
percent of CMV-infected patients developed 'severe' coronary 
obstructive lesions, whereas only 10% of patients not infected 
with CMV developed the same degree of CAV'"*. A similar asso
ciation between CMV and CAV has been reported by others" '"". 
In contrast, Balk et al. failed to find a relation between CAV and 
the occurrence of CMV infection""*. In their cohort of 100 pa
tients who survived at least 1 year after cardiac transplantation, 
there was no significant difference in the incidence of CAV (any 
coronary disease) between CMV-seropositive and seronegative 
patients, between patients with and without CMV infection 
(culture positivity), or between patients with and without a clini
cal CMV syndrome. 

Recently, Koskinen et al}'^'^ reported a cohort of 53 heart trans
plant patients, and carried out a correlation between their 
coronary angiograms, capillary and arteriolar changes in endo
myocardial biopsy specimens and their CMV status. They docu
mented that biopsy specimens showed significant change 
post-CMV infection (which was diagnosed on specific IgM, a 
positive viral culture from blood, urine or bronchoalveolar lavage 
fluid, together with a 4-fold IgG rise, or positive CMV antigen-
emia test). The significant changes in coronary angiograms fol
lowed 2 years post-transplantation'^". 

In a study from Oregon (Table 2), using .subset analysis, only 
those patients who had evidence of prolonged CMV infection 
(defined as persistently positive blood buffy coat cultures over a 
4-month period) had a statistically significant increase in the inci
dence of CAV compared to the remainder of the study cohort'-'. 
Wu et al.'^'^ documented that allograft explants with CAV had a 
much higher incidence of positive in-situ hybridization for CMV 
nucleic acid in the vascular intima compared to explants without 
CAV. Finally, Lemstrom et al.'^^, using the DA to WF (complete 
MHC mismatch) rat aorta transplant model, demonstrated that 
CMV infection enhanced the vascular inflammation and increased 
the degree of intimal proliferation by a factor of 2 compared to 
uninfected controls. 

The mechanism by which CMV plays a role in the develop
ment of CAV is likely to be interaction between the virus and the 
allogeneic response, which to date has not been defined. The pre
sumed initial response is an infection of one or more cell types 
within the vascular wall. Waldman et al.'-*, using a strain of 
CMV propagated in endothelial cells, infected human umbilical 
vein endothelial cells and investigated lymphocyte proliferative 
responses using responder cells from CMV-seropositive individu
als. They noted a substantial increase in proliferation of the CD4+ 
lymphocyte population in response to CMV-infected human um
bilical endothelial cells compared to uninfected controls. This in
creased CD4* lymphocyte proliferation occurred despite the lack 

of an increase in MHC class II antigen expression on the endothe
lial cells, suggesting a unique interaction between this strain of 
CMV, the endothelium and CD4+ lymphocytes, as was shown in 
a previous study''^''. Van Dorp et al.'-^ demonstrated that, in cul
tured endothelial cells, MHC class I antigen was induced by 
CMV infection, but likewise could not demonstrate a change in 
MHC class II antigen. This increase in endothelial cell MHC class 
I antigen has been confirmed by Tuder et al™. 

In contrast, although we have demonstrated that human umbili
cal endothelial cells and human aortic endothelial cells are targets 
of CMV infection, only 5-10% of cells are infected, and we could 
document no alterations in MHC antigen expression. However, 
we have confirmed prior reports'-** that human aortic smooth 
muscle cells are readily infected by CMV. Furthermore, this in
fection of smooth muscle cells results in the increased expression 
of MHC class I antigen, hence potentially providing a mechanism 
for altering the allo-response'-''. 

PROGNOSIS 

Keogh and colleagues demonstrated, in a cohort of over 350 pa
tients, that those with proximal or midvessel discrete coronary 
stenoses had a 34% reduced survival compared to those without 
coronary stenosis"". Sharpies et a/.'", using an analysis which 
factored in severity and progression, documented that if the initial 
angiogram was normal, progression to mild disease was low 
(12%/year) and progression to death was very low (3%/year). 
Once mild disease was detected, progression to severe disease 
was 47% per patient-year, and once severe disease occurred pro
gression to death was 40% per patient-year'". 

Gao and colleagues analyzed their data specifically looking at 
the rate of development of CAV. Patients who had hemodynami-
cally significant CAV by 1 year had a greater than 35% increased 
risk of an ischemic event at I, 3 and 5 years post-initial detection 
of CAV, compared to those whose CAV developed later than I 
year post-transplantation'". Data from Oregon (Figure 8) also 
confirm the greater risk of mortality (in this ca.se following their 
1-year angiogram) for those with CAV, demonstrated or implied 
by the above studies from other centers. 

MANAGEMENT 

Although data from animal studies have suggested that several in
terventions, including antiplatelet agents'-", estrogens'^'', andro
gens"'', somatostatin analogues'"', o lder '" and newer'"* 
immunosuppressive agents, fish oil'-" and calcium antagonists''*", 
may be helpful in preventing or delaying the development of 

Table 2 C M V infection subgroups and cardiac allograft vasculopathy (CAV) 

Subgroup No. of patients CAV incidence (%) Probability 

CMVi+Z-
1°CMV+/-
CMV4+/-^ 
CMV6W-
CMVv4+/-

89/40 
20/109 
36/92 
19/98 
17/111 

20/23 
25/20 
31/23 
37/18 
47/18 

n.s. 
n.s. 
0.107 
0.089 
0.012 

CMVi = CMV infection, CMV4 = 4-nionth persistent CMV infection, CMV6 = 6-month persi.stent CMV infection. CMVv4 = 4-month persistent CMV viremia. From ref. 121. 
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ing first cardiac transplant to survival after retransplantation assuming retrans-

plant occurred at least 6 months following first transplant operation 

CAV, few data are confirmatory in humans. Most centers pre
scribe aspirin or other antiplatelet drugs, lower lipid levels and 
elevated blood pressures, and insist on no tobacco products, but 
there is little evidence to suggest thai these measures have had 
any impact on CAV incidence or progression. 

Only two studies have demonstrated any efficacy of medical 
therapy on the development or severity of CAV. Schroeder and 
colleagues from Stanford randomized patients to receive dilti-
azem or placebo'"". They demonstrated a reduction in the severity 
of CAV and a lower incidence of ischemic events and mortality in 
the diltiazem group. As noted above, Kobashigawa el «/."^ in a 
preliminary presentation demonstrated a reduction in CAV and 
mortality in patients randomized to pravastatin. 

The role of augmenting immunosuppression as a means of al
tering the progression of CAV would seem to be a promising 
strategy if, as assumed, CAV is a manifestation of chronic rejec
tion. Addonizio et a/.'"*- compared double immunosuppression 
(cyclosporin and prednisone) with triple therapy (cyclosporin, 
prednisone and azathioprine) in 55 pediatric cardiac allograft re
cipients. The mean follow-up time was 36 months. They experi
enced a significant decrease in CAV with triple therapy, as 
diagnosed by coronary angiography. Also, most recently, 
Valantine et o/.''" documented that a lower dose of cyclosporin 
(defined as « 3 mg/kg per day) is associated with an increased 
prevalence of death from CAV. Both of these studies suggest that 
inadequate immunosuppression represents a direct predisposition 
to CAV. 

Revascularization procedures such as PTCA or directional 
atherectomy remain palliative measures. Although many centers 
report good initial success, ultimate outcome does not appear to 
be impacted; furthermore, most of the patients do not qualify for 
these procedures, due to the diffuseness of their disease'**'"**. 
Finally, retransplantation still remains the only clearly defined 
treatment for CAV, but with patient survival approximately 20% 
below first-time transplants (Figure 9)'i''^-""*_ along with a na
tional shortage of acceptable organs for transplantation, this pro
cedure is clearly not a long-term solution. 

COMMENT 

It is encouraging to see the proliferation of data on the basic 
mechanisms of CAV and trials of novel treatment modalities. 

However, CAV continues to be the major obstacle to the long-
term survival of cardiac allograft recipients, and our knowledge 
base is far from complete. Solutions may come from better or 
more specific immunosuppression, or more probably from a more 
comprehensive understanding of the basic mechanisms resulting 
in the disease. 
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35 
Diagnosis and Management of Cardiac Allograft 
Vasculopathy (Chronic Rejection) 
L\N. MILLER, T. DONAHUE, T. WOLFORD AND J. DRURY 

INTRODUCTION 

The greatest impediment to long-term survival for adult and pedi
atric heart transplant recipients is the development of an acceler
ated form of coronary artery disease'^. This is variously termed 
chronic allograft vasculopathy, chronic allograft coronary artery 
disease, or chronic rejection. This disease was reported in the 
original preclinical animal experiments^, and subsequently in the 
early human heart transplant recipients at Stanford, USA -̂̂  and 
Cape Town, South Africa*. The incidence of this disease has been 
estimated at 10% per year post-transplanf*'' ". Although cy
closporin has been associated with an improvement in 1- and 
5-year graft survival, as well as a decrease in death due to rejec
tion, it has not had an impact on reducing the incidence of allo
graft coronary artery disease (ACAD)'^"" in adults, but increased 
immunosuppression may decrease the incidence in pediatric 
patients'\ 

Progression of this disease is variable'^, with a percentage of 
patients having a very accelerated course, particularly in the epi-
cardial vessels, which may be evident within 1-3 years of trans
plant, while other patients may have an isolated single vessel 
stenosis which remains unchanged for years. However, it has 
become apparent that, once patients develop at least a 70% steno
sis by angiography, in even one coronary vessel, they have a very 

poor prognosis (Figure 1), with approximately a 70% mortality at 
I year, and an even higher mortality with an increasing number of 
vessels involved". 

Clinical presentation 

The clinical presentation of ACAD may be acute, with new-onset 
heart failure, arrhythmia, or sudden death, often heralding an 
acute myocardial infarction"* ''̂  (which is typically not accompa
nied by anginal-like pain, due to the cardiac denervation that 
occurs at implantation). The inconsistent presence of chest pain 
with an acute MI often results in delay or misdiagnosis''' (nearly 
50% in the Stanford series) and, coupled with the paucity of col
lateral vessels, contributes to the reported mortality of >25% '''. 
Recently, Wilson ef«/.-""-- have shown that, with increasing time 
post-transplant, many heart transplant patients have detectable 
reinnervation, as confirmed by norepinephrine release in the coro
nary sinus in response to an intracoronary lyramine challenge. 
The extent of reinnervation is unpredictable but. if present, it 
would allow patients to have anginal symptoms. This makes it 
mandatory to investigate heart transplant patients, especially 
those more than 3-4 years post-transplant, who develop: (a) a 
change in functional status, or (b) EKG pattern, or (c) chest pain, 
which is consistent with angina pectoris. 
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Figure 1 Survival over time posl-heart-transplanl once a 70% or greater 
steno.sis is noted by angiography, by number of vessels diseased 

Pathogenesis 

The pathogenesis of ACAD has been the topic of extensive 
review^^-2' (Chapter 34). Most investigators describe the process as 
multifactorial, having both an immune and a non-immune basis. 

Immune factors 

Support for the primary role of an immune etiology includes: (a) 
concentric uniform involvement of the entire coronary vessel of 
the allograft (versus eccentric focal disease with typical athero
sclerosis); (b) restriction of this rapidly proliferative disea.se to the 
allograft vascular bed; the development or occurrence in patients 
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of all ages, including neonates, or in patients with donor hearts 
under the age of 20 years; (c) the clear line of histologic demarca
tion between the donor and recipient aorta: and (d) reproducibility 
of the disease in numerous animal models of immune-mediated 
injury"'•". 

Debate continues on the relative contribution of the cellular 
versus humoral arms of the immune system to the pathogenesis of 
ACAD'"" " . Although there are increasing data showing a high 
correlation between the occurrence of even one episode of acute 
rejection and the development of chronic rejection in kidney 
transplant recipients'** •"'. there have been few data to support the 
correlation between the incidence, severity, or time to first cellu
lar rejection and the development of allograft coronary disease in 
heart recipients^'•*' as measured by contrast angiography. This 
lack of supporting data, coupled with the reports of the high 
incidence of spontaneous resolution of diffuse mild or even focal 
moderate rejection'"'^**, has caused most centers to become more 
and more conservative in initiating treatment of rejection. 

Most recently, Kobashigawa"*'' presented data from the CVIS 
investigators in which the ISHLT biopsy grading system was con
verted into a numeric scale. They noted that the average score of 
all biopsies during the hrst 3 months post-transplant, but not the 
incidence of treated rejections, correlated with the development of 
allograft coronary disease as defined by intimal thickening on in
travascular ultrasound. These data raise the question of whether 
increased immunosuppression, or a lower threshold to treat rejec
tion, will decrease the incidence or progression of ACAD, or, 
alternatively, result in significantly increased morbidity. 
This question remains to be answered. 

The role of the humoral arm of the immune system in the 
pathogenesis of ACAD has been demonstrated. Hammond has de
scribed the association between vascular or antibody-mediated re
jection and ACAD''", and several centers have noted that the 
development of measurable circulating HLA antibodies post-
transplant correlated with a poor prognosis and development of 
coronary disease" ^\ The specificity of these antibodies has re
cently been shown to be directed against both HLA and non-HLA 
antigens on the surface of the endothelium^'^'*". 

HLA matching is not attempted in heart transplant recipients 
due to time constraints, but several series have shown an increase 
in rejection and decreased survival with increase in HLA mis
match''" ''-", including a review by Costanzo''*. There are increas
ing data demonstrating an inverse correlation between degree of 
match at the DR locus and the development of ACAD''' ''". The 
presence of even one match at the DR locus reduces the likeli
hood of ACAD. 

Non-immune factors 

There are several non-immune factors which may correlate with 
or contribute to the pathogenesis or development of allograft 
coronary disease''''. These include: (a) donor age, with a high 
direct correlation between risk and increasing donor age, particu
larly over the age of SO''"'*. This is largely due to the presence of 
unsuspected coronary intimal irregularities and thickening in the 
general population by this age, a fact which may limit expansion 
of the donor pool: (b) ischemic heart disease pretransplant; (c) 
hyperlipidemia*'''™, in particular, both elevated triglycerides and 
total cholesterol. Recently, Valentine^' reported that a low HDL 

was as important as an elevated LDL subtraction of total choles
terol. Hyperlipidemia plays an important, but secondary, role in 
the development of this disease. Animal data have shown that 
animals with immune-mediated intimal thickening have a marked 
potentiation of the development of this disease when fed a high-
cholesterol diet, but a high-cholesterol diet alone could not alter 
the natural history of this disease'-'':(d) cytomegalovirus (CMV) 
infection. The mechanisms of this correlation are at least two
fold, as CMV has been shown both to up-regulate expression of 
class 2 donor antigens on endothelium and to enhance lipid 
incorporation into the intima of the vessel''^^'. Numerous clinical 
series have shown a correlation of CMV infection with the devel
opment of ACAD^***-: (e) obesity''''. The mechanism by which 
obesity contributes to the pathogenesis is somewhat unclear, but 
may relate more to the associated finding of hyperlipidemia in 
these patients; (f) cryopreservation and reperfusion injury. 
Hypothermia can induce an injury to the coronary endothelium 
which may predispose the recipient to this disease"'. In addition, 
cold preservation is a perfect model of reperfusion injury which 
may, by release of oxygen free radicals, result in early endothelial 
ischemic damage or dysfunction"""*', that may play an important 
causal role in the subsequent development of ACAD. Blockade of 
free-radical-induced injury by superoxide dismutase significantly 
reduced the incidence of acute and chronic rejection in a prospec
tive double-blind study in kidney transplant patients'"'. 

One new concept in the pathogenesis of allograft coronary 
disease is that not only is it a disease not limited to hearts or other 
vascularized allografts"^, but it may also represent an accelerated 
form of conventional atherosclerosis, with other examples being 
post-angioplasty restenosis and saphenous vein graft stenosis. The 
unifying theme of this paradigm of accelerated atherosclerosis is 
endothelial cell injury. Ip et o/."" have described and graded en
dothelial injury from 1 to 4, with transplant coronary disease 
being a grade 3 and angioplasty restenosis representing grade 4 
injury, not only involving the intima, but often extending into the 
media. The acute nature, deep extension, and severity of the 
PTCA lesion are perhaps the primary reasons for angioplasty 
restenosis being the most accelerated form, often evident within 
2-6 months after angioplasty. 

There has been a great deal of work in vascular biology"" ''-' 
which has contributed greatly to our understanding of the factors 
involved at the molecular level in the pathogenesis of both ACAD 
and post-angioplasty restenosis. The most obvious pathologic 
feature of both allograft coronary disease and post-angioplasty 
restenosis is a significant smooth muscle cell (.SMC) proliferation 
and subsequent migration across a relatively intact internal elastic 
membrane which results in a very expanded intima and pro
gressive luminal compromise'"'"'"*. Central to the current under
standing has been the identification of a number of cytokines, 
such as IL-2, IL-6. IL-10, and interferon-gamma'''''"", and growth 
factors"", such as platelet-derived growth factor, insulin-like 
growth factor, and fibroblast growth factor, as well as other mol
ecules that can induce or promote smooth muscle cell prolifera
tion'"-. Equally important has been the demonstration of the 
capability of not only lymphocytes and macrophages, but en
dothelial cells to secrete or express a number of these mol
ecules'*'''"', largely in response to up-regulation of class II HLA 
antigens on the surface of endothelial cells. In addition, recent at
tention has been directed at the important role of matrix and 
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ground substance in plaque development'"''. This paradigm pro
vides a unifying theory of host response to endothelial cell 
injury***, whether immune-mediated, as with ACAD, or traumatic, 
as with post-PTCA restenosis'^"", and provides new insights into 
the potential role of the immune system in conventional 
atherosclerosis""". 

Data supporting the concept of non-specific response to en
dothelial cell injury have been shown by Foegh et rt/J"' nw jn ex
periments with the somatostatin analogue, angiopeptin. This 
molecule, which inhibits insulin-like growth factor, has been 
shown to inhibit intimal proliferation in animal models of hetero
topic heart transplantation as well as balloon-induced injury to a 
carotid artery. The importance of the understanding of these mol
ecules and cofactors that inhibit smooth muscle cell prolifera
tion"*'''"' is that they also become potential targets for therapy to 
alter the natural history or prevent the development of this disease 
in the future (see discussion below on therapeutic agents). 

DIAGNOSIS OF ALLOGRAFT CORONARY DISEASE 

Non-invasive 

Although non-invasive tests have become the mainstay of the di
agnostic armamentarium for conventional atherosclerotic disease, 
these tests have unfortunately had far less sensitivity and 
specificity in heart transplant patients. Smart el « / . ' " and 
others"-""" have reviewed the diagnostic accuracy of these tests, 
using angiography as the gold standard. The original studies com
paring nuclear thallium imaging involved very few patients, but 
suggested a sensitivity as low as 50%, which is below clinical ap
plicability. Reasons for the lack of sensitivity with nuclear perfu
sion imaging have been thought to be due to the diffuse nature of 
the disease, particularly in small vessels. Use of SPECT, rather 
than conventional tomographic imaging, may improve the diag
nostic accuracy, but use of newer agents, such as sestamibi, has 
not resulted in improved accuracy"''. 

Recently, a good deal of interest has been focused on the use of 
dobutamine stress echocardiography to diagnose ACAD"^'"". 
Unfortunately, despite its proven value with conventional athero
sclerosis, this test also has been too insensitive to help manage 
transplant patients. However, Akosah et alJ''' recently found a 
high predictive accuracy between a positive test and the presence 
of angiographically significant stenosis. Other non-invasive tests 
being investigated include soluble IL-2 receptors as a marker of 
immune activation"^, as well as ultrafast CT and positron emis
sion tomography"'', both of which are expensive and have limited 
availability. 

Invasive 

As a result of the poor sensitivity of non-invasive tests, the diag
nosis of allograft coronary disease remains based on invasive 
techniques. Conventional contrast angiography remains the gold 
standard. Gao el «/.'-" first described the angiographic appearance 
of this disease which includes epicardial stenoses very similar to 
conventional atherosclerosis, but the hallmark of ACAD is stel
late tapering and/or abrupt cut-off of third- and fourth-order 
branch vessels (distal obliterative arteriopathy). Due to the very 

rapid development of this disease, collateral vessels are usually 
absent'-'. A nuinbcr of investigators have used quantitative 
methods to caliper vessel diameter, quantitatc percentage stenosis. 
and measure disease progression'-- ' - \ Although angiography is 
highly specific and predictive of a poor prognosis when 
significant narrowing or stenosis is evident'"'-'' '-**. numerous pa
tients have had an apparently normal angiogram only to die 
within months of the study, and have autopsy evidence of severe 
multivessel coronary disease'-''. 

The reasons for this disparity between pathology and angiogra
phy are numerous, and include use of neighboring vessels to 
judge luminal diameter of a vessel when, in fact, the vessel may 
be diseased from its origin and throughout the coronary \'asctilar 
tree"". Perhaps even more important is the potential role of com
pensatory vessel dilatation in response to development of How 
limitation as described by Glagov' ' ' ' ' - . This phenomenon, which 
has been observed in carotid, cranial, and coronary vessels''' ''•*. 
as well as post-PTCA restenosis''\ allows a relatively normal lu-
minogram and minimizes the flow limitations of progressive 
intimal thickening''''. 

Historically, most centers performed the 'baseline' angiogram at 
the first-year anniversary of the transplant procedure. However. 
Gao el«/.'" have shown that, even using quantitative contrast an
giography, there is a statistically significant decrease in lu?ninal 
diameter between a study performed within the first .'̂ -4 weeks 
post-transplant and a study at 1 year. The early study allows detec
tion of disease transmitted in the donor that could be erroneiiusly 
a.scribed to a host response. As a result, many centers now perform 
the baseline angiogram within I month of transplant to detect tui-
suspected disease in the donor'"*. Nitroglycerin must be used to 
maximally dilate vessels, minimize spasm'"' which may occur. 
and maximize visualization of collateral or branch vessels. 

There are several reports of making the diagnosis of ACAL^ by 
the finding of an obliterated intramural vessel on endomyocardial 
biopsy'""'•'•" or evidence of myocardial infarcti<in or ischemic 
damage*'"''"'-. While these findings are very specific, they are ex
tremely insensitive, especially for events involving the left coro
nary system and left ventricle, which is not sampled. The timing 
of catheterizations, and .strategies to decide how often they should 
be repeated in the individual patient, are being evaluated by 
several groups''"'''''. 

Intravascular ultrasound (IVUS) 

As a result of the lack of sensitivity of contrast angiography, a 
great deal of attention has been focused on the development of in
travascular ultrasound (IVUS) to diagnose ACAD. This tech
nique, which has recently been reviewed'"''^ '^'', employs the use of 
a catheter, with an ultrasound probe mounted on the tip, which 
can be advanced over a small guidewire down the coronary 
artery, providing a 360 degree real-time cross-sectional view of 
the vessel and the degree of intimal thickening. Research has re
sulted in miniaturization of the catheter to approximately a 3.0 
French, or <l mm diameter, thus allowing the catheter to be ad
vanced nearly to the most distal portion of all three major coro
nary vessels. Recent reports have documented the safety of this 
procedure'''^-''''', as the operator can clearly detect prohibitive 
luminal narrowing on-line, particularly when unsuspected by an 
apparently normal angiogram. 
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One of the most iinportanl Imdings with IVUS is that it has 
been shown to be much more sensitive than angiography for the 
deieclion of ACAD•^'•^•'''. A study from Jitanford'̂ ^- deiiioiihtrated 
moderately severe intimal thickening *iih IVUS in over 50% of 
42 palicrits with a tiormai coronary angiogram. Patients with ab-
ncrmai angiograms also had moderate or severe intima] (hickcn-
ing, which was indistinguishable from the patients wiih normal 
aogiograms. This significant increase in sensitivity with IVUS 
over angiography has also tieen reporred in other series''". 

The aii}>ear3nce of a transplant coroiiar)' artery by IVUS has 
been reported by a iiumbcr of investigators'^' '•̂ '*, and includes a 
line of dcmarcaiiori for riie intima. media, aisd sunronnding tissue. 
The image can be plainniietcred to provide measurenieiils of total 
area, kiminal area and intimal area, and calcidation of an intimal 
inde.K, which is the percentage of luminal area occupied by plaque 
iFigure 2). 'i'lie initnia niust be at least I5t) fim, or 0.15 mm, 
before li is ajjparent on uilrasonography. Intimal rhicksiess, as 
measured by uiira-^ound, has been validated by a mimber of 
aiitojisy studies and shown to be very nceiiratc^**. 

Iritravasculat ulirasound nut only has provided a detaded look 
ai die coronary intima and :ts coniposiiicrL, but has raised some 
fundamental questions about the pathogenesis of ACAD. 
Ahhougii die iipica! padiologsc dcscripd(>n of consnary arteries 
trorii heart tra.:ispla.!;t Tecipicnts with A C A D !S of a iiriiform, coa-
ceiitric, dougiwut-dike appearance of the expanded mifma, a 

Figure 2 tVl'S im-ige of rri.niplarf cofonary aneiy (dark sita repi ts 
hiood-?il!ed lumen with >nial! ciicle cariieter; with plaainictry of j , 'e 
sho'ving TA = toul area: LA = lumind! area. lA = ijidniai area, liitiii;;;; index 
= lA-lA;rA 

Figure 3 Patterns of iriiima; itiickeiiing by Ivr'.S: A: nsi dereetable iiiEiiiial tliiekcniug; B: mild concentric intimal thickening: C: focal, ecceBtric plaque; 
Or severe concentric iiiliinr.i thiciceiiing 
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variety of other patterns of iin'olvemeiit liavc been observed by 
IVUS (Figure 3). The most common finding by iiltrasoiiography 
is a non-uniform eccentric lesion with ihe arc of involvement 
<180 degrees of the lumiiial circumference''"''''-^-"'', aitliougli 
many patienls have only the diffuse eoocentric pattern, or a com
bination of eccentric and concentric disease. Data from invesliga-
tors ai tlic Cleveland Clinic''-"'''- have shown that the greate!>t 
percentage of eceeiiti'ic tntracoronary ^ienoscs occur at vessel 
branch poinis, much like tradilioruil atherosclero.sis. Tnese data 
suggest iha! non-imrnunc factors, such as shear stress and flo-iv 
dynamics'-'^, may be imp-ortaot in oot cn!ly the pathogenesis, but 
also disease i3rogresston. 

While the distal obiilerative disease has been rlie hallmark of 
ACAD, the high proporlion of focal epicardial stenoses has 
seemed inconsistent wiiii tti.e immune hypothesis, Hov/ever, 
Botas'-"'- and investigators at Staivford have shown that oiost of 
the epicardial stenoses represent donor-rransmitScd disca,sc which 
was evidem at the early piwl-aransplant study. Although these 
doaor-'tratrsmilicd Icbions still represented the areas of n'laAinial 
thickening at the i -year foHow-up, the greatest percentage change 
in iritirnal thickening occurred in dt-nov(? sites rather than the pre
existing lesions. A inuiticenier obscrviiiion siuily''''^ has recently 
shown that il'ic greatest percentage eisange in uiean irsdnial thick
ness m .'•(!0 patients who imderwem se.-ial isitrasound siudich i'roni 
time of tr.aospiarii occurrei! during the h;st year after transpbmt, 
but progression of mean inlhnal thickness occurred in each of the 
subsequent 2 years (group 'frieans), Ihesc siudies"''-"•'", vvhich 

examine patients serially to evaluate disease progression, will 
help to dilTereniiatc the risk factors thai arc directly related to host 
imfnune response from those rclatetj to pre-existing disease. 

One of the cooimoniy held beliefs about ACAD is that the de
velopment and progression of Ihis disease is uniform throughout 
the coronary vessel'-'I Lin et «/,""'' have recently reported a nearly 
uniform degree of intirnal tiiiekening in bol:h proximal and distal 
vessels by careful autopsy analysis. However, this concept has not 
been supported by ir,-vivo ullrasumid studies. Figure 4 shows a 
paticni with all three forms of coronary disease, meludiug focal 
eccentric epicardial disease in the most pro.vimal segment, diffuse 
conceotric disease in mid-vessel, and minimal if any disease in 
the dislai vessel. In addition, there can be -wide heterogeneity 
between vessels m the sanrc patient (f'lgure 5). These findings are 
sornewhat inconsistent with an immune-mediated injury, which 
shoiild be uniform ihrougliout the vessel. 

Not ordy is the progresidon of d'ds disease not uniforu.1. but its 
developn'ieni is also not inescapable. A significant number of pa-
iicrsis have been studied with iVUS ai nearly 10 years post-
transplant''*-', and were found to have ndnimai. if any, intin'Ui! 
thickening. There may be significant disparity between IVUS 
esiimates of luminal eom.prcnii,sc and that observed at autopsy, as 
can be seen in Figure 6 from a patient who died 2 vvceks posl-
irarisplant. Padioiogie specimens nuiy poienliatly either rn-'r.r.-
esTiHiai-e the degree of lumirai compromise by indma! thickening 
if ihcy H.m iioi. h.x.cd underpressure, or imden-srhi'dre the potentiai 
increase in total area (.lod secoadarily Uimina! areai uf die vessel 

Figure 4 ¥ nd circiinTilex coronary arteries in the same patient 
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Figures iVUS image slitn¥ing non-uniform intimai Uiickctiriip in a transplant coronarj'artery, A , , , aitric plaque; B: mid-vessc mcentric 
iiuiniai thickening; C: distal vessel «'ith minimal disease 

A B 

Figure 6 A: Coronary angiogram and corresponding intravascular ultrasound image of donor heart pre-har\'est; B: coronary artery autopsy specimen 2 weeks 
post-transplant 
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achieved in vivo by remodeling and compensatory dilataiion as 
described by Glagov'-''. 

Perhaps one of the most important contribytions of intra^ 
vascular ultrasound is the ability to detect iotimal disease at an 
earlier stage and with greater sensitivity than by conventional 
coEtrast angiography. Recent studies liave also coofimied the 
prognostic importance of intimal thickening detected by IVUS. 
Intimal thickness >500 ftm has been shown to be highly cor
related with the subsequent occurrence of significant clinical 
events (e.g. myocardial infarction or death)'*^-'*^. 

JohnsoD and Kobashigawa'*'' recently described the use of mor-
phometr)', a mathematical analysis of the number of sites in the 
coronary iree needed to minimize sampling error and potential 
bias, maximize reproducibility of IVUS measurements, and best 
describe disease progression. This approach employs a with
drawal of the catheter from the distal coronary at a fixed rate with 
periodic random sampling, as opposed to the current standard ap
proach, which attempts to remeasure points of maximal intimal 
thickening by using injections of contrast to visualize branch 
vessels to guide site selection and measurement'^^f The com
parative advantages or accuracy of the two techniques remain to 
be defined. 

Ultrasound will play a key role in the future as the new gold 
standard"'- for the assessment of the efficacy of a number of 
therapeutic strategies designed to alter the natural history of this 
disease (see below in Future Treatment). This technology will 
allow a new description of the true incidence of this disease, and 
allow a refocus on the risk factors that contribute to its 
progression. 

Coronary flow reserve (CFR) 

The presence or extent of allograft coronary disease in the distal 
branch vessels has been very difficult to determine. The conven
tional approach has been to perform sidc-by-side visualization of 
the current and baseline angiograms to detect loss of third- or 
fourth-order branch vessels. The development of coronary flow 
reserve (€FR) measurement has dramatically advanced our abiUty 
to measure ihe functional impairment in flow in the coronary re
sistance bed, which is the major determinant of overall coronary 
flow"-*'-'**-'*''. 

A 0.018-inch wire can be inserted to the most distal portion of 
each cpicardial coronary artery. Figure 7 is an example of the on
line signal obtained through that wire that demonstrates the pre
dominant diastolic phasic nature of coronai^' flow. The status of the 
resistance bed can be assessed by the ability to augment flow in re
sponse to a hyperemic challenge which can be induced by a 
number of pharmacologic agents. Our laboratory utilizes an intra-
coronary bolus of adenosine at a dose of 12-24 fj,g. Coronaiy flow 
reseree can then be calculated as the ratio of a maximum hyper
emic flow to basal. Normal flow reserve has been determined in 
our laboratory in over 800 non-transplant and transplant patients 
for age, gender, and time post-transplant with normal CFR>3.0"'''. 

Coronary flow reserve measurements performed early post-
transplant document a mild impairment which is con.sistent with 
endothelial and arteriolar dysfunction, perhaps mediated by is
chemia and cold preservation as well as by immune injury, which 
then normalizes by the first-year anniversary study. Flow reserve 
appears to remain normal until at least 3 ^ years post-transplant, 

A B 
Figure 7 Real-time image from coronary Doppler flow probe in cardiac transplant patient: A: predominant diastolic flow, at rest; B: following hyperemic stim
ulus with adenosine. CFR = Hyperemic flow * rest flow 
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when it begins to decline. Studies from our laboratory have 
demonstrated no correlation between CFR measurement with the 
extent of either focal or diffuse intimal thickening"''*"'^". This 
again is in conflict with the concept of a uniform immune-
mediated intimal injury and thickening. 

One of the most important a.spects of the measurement of CFR 
is the potential ability to utilize the documentation of relatively 
normal flow reserve in patients with severe epicardial stenoses to 
select ideal candidates for coronary bypass surgery as an alterna
tive to retransplantation. Conventional bypass surgery has histori
cally been considered not to be an option in transplant patients, 
because of the belief that the distal resistance 'run-off" vessels are 
always obliterated by the time epicardial disease is evident. Our 
preliminary data refute that premise. We have reported use of 
CFR to select a patient only 2.5 years post-transplant for coro
nary bypass surgery who had a normal CFR (3.2) and three-vessel 
epicardial ACAD. The revascularization surgery went unevent
fully and resulted in an improved functional status and ameliora
tion of nuclear scan evidence of ischemia. 

Angioscopy 

Ventura and colleagues'^' at the Ochsner Medical Foundation 
have reported use of intracoronary angioscopy to describe the 
topographic appearance of endothelial lesions in the coronary 
vessels of transplant patients. They are able to differentiate a 
white versus yellow plaque, with the yellow plaque consistent 
with the fatty streak of conventional atherosclerosis on pathologic 
examination, and the white plaque more consistent with immune-
mediated diffuse thickening of the coronary ves.sel. Application of 
this technique is limited, but may potentially help elucidate the 
differential progression of pre-existing and de-novo disease. 

Endothelial function 

The endothelium represents the primary interface between the 
host and the allograft. As such, .several investigators have exam
ined measures of endothelial function, e.g. the response to 
endothelium-dependent vasodilators such as acetylcholine, as po
tentially the earliest manifestation of the development of 
ACAD"- "•*. Yeung et al}''^ originally reported a paradoxic vaso
constrictor response to high-dose acetylcholine in patients early 
post-transplant, that normalized by the I-year anniversary study. 
Endothelial dysfunction has been shown to correlate with sub.se-
quent development of coronary artery disease, but there is 
growing controversy over the sensitivity and specificity of both 
endothelium-dependent and independent vasodilator responses in 
a given segment of a coronary artery. Other agents, such as 
Substance P, may be used to assess endothelial function, but their 
use remains a research application only. 

TREATMENT OF ALLOGRAFT CORONARY DISEASE 

The treatment of ACAD, once it is diagnosed, has been primarily 
preventive and ba.sed largely on extrapolation of the risk factor 
reduction approach used in patients with non-transplant athero
sclerosis, specifically aspirin, exercise, lipid reduction, avoidance 
of smoking, and treatment of hypertension'^*"''. 

There is growing evidence to suggest that lipid reduction may 
also be one of the most important interventions in transplant re

cipients' Kobashigawa"" has shown that, if lipid therapy is 
not initiated until more than 1 year after transplant, it is unable to 
alter the subsequent progression of ACAD. These data suggest 
that lipid incorporation is an early post-transplant phenomenon, 
perhaps in association with the documented endothelial inflam
mation and injury that occur early in most patients. Kobashigawa 
et cil.'^' have subsequently shown that use of pravachol from the 
time of transplant can, in fact, decrease the degree of intimal 
thickening, possibly due to an effect on natural killer cells as well 
as cholesterol levels. The specific lipid fractions to target also 
include serum triglycerides, which have correlated more strongly 
with the development of ACAD than have total, or subtractions 
of, cholesterol"*-. If the HMG-CoA reductase agent fails to nor
malize triglycerides effectively, specific therapy such as lopid or 
niacin may be warranted. Caution should be exercised with the 
combination of a 'statin' drug, most particularly mevacor, and 
lopid, due to the reported incidence of rhabdomyolysis with statin 
drugs alone, but particularly in combination with lopid. 

Aspirin has been shown to reduce platelet aggregation and to be 
associated with a significant reduction in clinical events in non-
transplant patients with coronary disease and unstable angina"*""''. 
It has also become a mainstay for nearly all transplant patients, 
despite data indicating that it is of no benefit in transplant pa
tients""'*"'. The dose of aspirin required remains controversial. 
French investigators'*^ have shown that platelet aggregation is 
significantly abnormal in heart transplant patients, perhaps related 
to cyclosporin"*'*, and that the dose of aspirin required is at least 
twice that in non-transplant patients with atherosclerosis (500 mg 
vs 250 mg), a fact which may explain the negative results of 
previous studies of aspirin in heart transplant patients. 

Recently, preliminary results of a trial at Stanford University 
have shown that the calcium-channel blocker, diltiazem, is associ
ated with a significant decrease in intimal thickening compared to 
control patients"*'. Calcium-channel blockers have anti-
atherosclerotic"" ''̂ ^ and potentially immunosuppressive pro
perties''", and may be an ideal first-line therapy for the treatment 
of hypertension, as well as empiric preventive strategy for the 
development of coronary di.sease in high-risk patients. In ad
dition, newer agents such as fish oil"''''^*, antioxidants''", ACE 
inhibitors'"* "'* and, potentially, estrogen'^"", which have been 
shown to reduce the development of atherosclerosis, may be 
future forms of preventive treatment for ACAD. 

One of the most promising new strategies is the use of the drug 
angiopeptin'^'", which has antiproliferative properties by virtue of 
its ability to inhibit insulin-like growth factor, a potent stimulant 
of smooth muscle cell growth. Preliminary results of a trial in 
Germany-"'-'" have shown that it significantly inhibited intimal 
thickening in heart transplant patients as assessed by IVUS. 
Finally, almost all new immunosuppressive agents will have to 
demonstrate some ability to inhibit smooth muscle cell prolifera
tion in addition to inhibiting rejection. Current examples of this 
combined ability included mycophenolate mofetil-"^ and 
rapamycin^*"'̂ "*. 

Retransplantation 

Traditionally, the only definitive form of therapy for allograft 
coronary disease has been retransplantation. However, the overall 
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results of retransplantation have been very discouraging due to 
poor overall survival and redevelopment of the disease in the 
second heart-'" (Chapter 43). Results, however, are apparently 
best for patients beyond 4 years post-transplant who undergo re-
transplantation for ACAD-'"*. In addition, the significant increase 
in the number of patients on active heart transplant waiting lists 
has further diminished the enthusiasm of most centers in offering 
retransplantation to many patients. 

PTCA 

Recently, a number of single-"'' and multicenter-^'"-" trials have 
been reported regarding the use of PTCA or arthreclomy in 
cardiac transplant patients with coronary disease. These studies 
suggest that the response rate in transplant patients is highly vari
able, but very similar to non-transplant patients with coronary 
disease, in which a restenosis rate of at least 30-35% can be an
ticipated for dilatation of a single lesion. However, in comparison 
to the Stanford data on patients with a luminal diameter stenosis 
of >70% without intervention'^, angioplasty would seem to poten
tially improve survival and outcome over the first year following 
angioplasty-'-. Clearly, a number of patients have had excellent 
long-term results from a single- or two-vessel dilatation, but the 
response is quite variable as the disease may be evident in another 
vessel on follow-up study, and all rates and types of progression 
have been described. 

Coronary artery bypass surgery 

Historically, conventional coronary artery bypass surgery has 
been considered to have no application in transplant patients 
because of the concept that patients had obliterative disease in the 
distal vessels once epicardial disease was evident^"'^'•\ This 
concept may no longer be valid and bypass surgery may become 
an alternative for patients, particularly with the very accelerated 
form of the disease. The use of coronary flow reserve (described 
above) may identify patients with a functionally intact distal vas
cular run-off bed who might do well with conventional bypass 
surgery. If so, coronary artery bypass would certainly be a better 
option for patients who are not amenable to angioplasty, either 
because of the high number of focal stenoses or where there is 
proximal severity (where bypass surgery would be a preferable 
option in non-transplant patients)-^"'. 

myocardium, but allows enough scarring to keep the channels 
open. 

Nuclear studies in animals, using separate isotopes to identify 
direct antegrade coronary perfusion from retrograde bk)od How 
originating in the LV cavity, have, in fact, shown a greater degree 
of myocardial perfusion from endocardial to epicardial flow 
through these channels after laser revascularization. March-''' has 
recently reported on an experience in non-transplant patients 
(who were considered too ill for conventional revascularization) 
who have done well, with improved ventricular function and 
anginal control on follow-up. Clearly, this procedure, which 
causes limited morbidity, may be a superior option for a number 
of transplant patients with diffuse coronary disease, particularly if 
associated with ventricular dysfunction. 

PROPHYLAXIS 

Finally, strategies need to be evaluated for potential non-pharma-
cologic prophylaxis of ACAD. This may include such strategies 
as prospective HLA-DR matching, if preservation time can be ex
tended, to allow better HLA-DR matching of donor and recipient, 
thereby potentially reducing the incidence of acute rejection. In 
addition, newer therapies, such as photocheniotherapy--"--', 
which has been shown in animal models to inhibit arterial smooth 
muscle proliferation as well as diminish development of donor-
specific endothelial antibody formation in patients, may be par
ticularly effective in high-risk patients, such as highly sensitized 
patients or those who develop vascular rejection following trans
plantation. Similarly, prospective matching by CMV serologics 
may potentially decrease the likelihood of infection with this 
agent, and acceleration of the development of this disease. The 
most futuristic approach is gene therapy---, which is being ex
plored as a means of deleting or inserting critical elements of the 
response to this disease. 

COMMENT 

There has been, and continues to be, a great deal of progress in 
the last several years, not only with our ability to diagnose ACAD 
and begin to understand its pathogenesis, but also to develop and 
begin trials of new therapies to alter the natural history of the 
disease, which remains the greatest obstacle to long-term survival 
following heart transplantation. 

Transmyocardial laser revascularization 

The newest form of treatment for ACAD is the use of transmyo
cardial laser revascularization^""^!'' Although spurned by many 
skeptics, who do not support the basic premise of the possibility 
of the perfusion of the myocardium from the endocardium 
outward^"*, this technique employs a limited anterior thoracotomy 
or median .sternotomy to expo.se the heart without need for car
diopulmonary bypass support. A series of up to 40 holes is placed 
from the epicardium through into the left ventricular chamber by 
use of a CO2 laser. This energy source can be controlled, and the 
blood in the chamber allows dispersion of the energy source, pre
venting injury on the contralateral side. The laser is able to 
achieve a burn that does not cause diffuse thermal injury to the 
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36 
Cardiac Retransplantation - Indications and Results 
S. TANIGUCHI AND D.K.C. COOPER 

INTRODUCTION 

When allograft failure or severe dysfunction of an orthotopically 
or heterotopically transplanted heart occurs, replacement of the 
heart may be indicated and can substantially extend patient sur
vival. There are surprisingly few reported data on the indications 
for retransplantation, or on the complications and results of this 
procedure'^. 

Cardiac retransplantation in a patient with a previous ortho
topic heart transplantation was first performed at Stanford 
Medical Center as early as 1968'. The first such intervention after 
heterotopic heart transplantation took place in Cape Town in 
1980' (Chapter 37). This present chapter is confined to a dis
cussion of the indications and results of retransplantation after 
orthotopic heart transplantation. A similar discussion in regard to 
retransplantation after heterotopic heart transplantation is 
included in Chapter 37. 

The introduction of cyclosporin (CsA), though undoubtedly re
ducing the incidence of severe acute rejection episodes, does not 
as yet appear to have prevented the development of graft arte
riosclerosis, which today is the main indication for retransplanta
tion. The demands made by the need for retransplantation may 
significantly reduce the number of donor hearts available to newly 
selected potential recipients, providing the medical team with an 
ethical dilemma. 

As patient mortality is significantly higher after retransplanta
tion when compared with primary transplants, retransplantation 
must be considered particularly carefully in each individual case. 
Each donor heart, a valuable and scarce commodity, must be 
utilized as effectively as possible. Retransplantation should 
therefore be performed only in carefully chosen recipients where 
the prospect of a successful outcome is high. 

INDICATIONS FOR RETRANSPLANTATION 

Retransplantation should be considered in any patient in whom 
the cardiac allograft undergoes failure or severe dysfunction from 
acute and/or chronic rejection. Retransplantation has also been 
performed on occasion for intractable arrhythmias of the donor 

heart, and for acute donor right ventricular failure due to an ex
cessive pulmonary vascular resistance following orthotopic trans
plantation'; refinements of criteria for selection of both recipients 
and donors, and the use of such agents as prostaglandin El 
(PGEl) to reduce pulmonary vascular resistance, have made these 
indications for retransplantation rare. Early donor heart failure 
(primary allograft dysfunction) from causes other than acute re
jection accounts for a significant proportion of the deaths of pa
tients undergoing transplantation (Chapter 43): if a second donor 
heart can be obtained in time, or the patient can be maintained by 
prolonged pump-oxygenator support*"" or by an artificial heart or 
a mechanical assist device (Chapter 21), retransplantation may be 
lifesaving. Jurmann et al.^ reported a patient who underwent re
transplantation after "bridging" with an intra-aorlic balloon pump 
and right ventricular assist device for 14 hours after early primary 
graft failure. Morris et alJ described successful support by extra
corporeal membrane oxygenation (ECMO) for 22 hours between 
immediate graft failure of a primary transplant and successful 
retransplantation. 

Intractable acute rejection of an orthotopic graft, though rela
tively rare today, is clearly an urgent indication for retransplanta
tion. These patients, however, do particularly poorly after 
retransplantation, almost certainly because they have frequently 
been very heavily immunosuppressed for the previous few 
days, or even weeks, in an attempt to retain the initial allograft. 
They are therefore at high risk for infection in the early post-
retransplant period. Furthermore, as retransplantation is fre
quently required urgently, there is probably a tendency to accept a 
less-than-perfect donor heart in such circumstances. The risk of 
early graft dysfunction and failure is therefore increased. 

There remains some controversy over the decision to perform 
retransplantation as an emergency for primary graft failure or in
tractable acute rejection. In view of the reduced success of heart 
transplantation under such circumstances, there are those who 
believe that acute cardiac retransplantation is not justified while 
there remains a critical shortage of donor organs'*. 

The decision to retransplant a patient undergoing chronic re
jection (graft arteriosclerosis) and, in particular, the timing of the 
procedure, may be difficult, as the patient's general condition may 
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remain good, despite evidence of increasing coronary arterio
sclerotic changes. Both surgeon and patient may be reluctant to 
undertake retransplantation whilst the patient remains asymp
tomatic; delay, however, may result in sudden death from major 
myocardial infarction or dysrhythmia. Alternatively, the patient's 
general condition may have deteriorated from chronic infection 
or other complications of long-term immunosuppression, creating 
doubt as to his or her suitability for retransplantation. 

Even with regard to primary graft failure for graft arterio.sclero-
sis, some physicians and surgeons believe that retransplantation 
should not be allowed in view of concerns regarding: (a) the 
lower survival rate when compared with primary heart transplan
tation, (b) the less impressive cost-benefit ratio, and (c) the equi
table allocation of scarce donor hearts'"". Our own policy has 
been to offer retransplantation only to those patients in whom we 
believe the likelihood of successful short- and long-term out
comes is high, and is approximately equivalent to that in a patient 
undergoing a primary transplant. We have therefore excluded pa
tients in whom primary graft failure, intractable rejection, or graft 
arteriosclerosis have already resulted in significant complications, 
such as failure of other es.sential organs or life-threatening infec
tion. In the small group of carefully selected patients who have 
undergone retransplantation at our center, for whatever reason, 
the results have been comparable to those following primary 
transplantation (unpublished data). 

SELECTION OF PATIENTS FOR RETRANSPLANTATION 

All of the criteria for transplantation should be reassessed before 
retransplantation is performed (Chapters 5 and 19), since 
significant changes may have occurred since the patient was as
sessed initially. In particular, the increased immunosuppression 
that is necessary during acute rejection episodes, or the prolonged 
immunosuppression in patients who have survived long enough to 
develop graft arteriosclerosis, may have resulted in foci of infec
tion. If possible these infections must be eradicated or suppressed 
before retransplantation is undertaken. If it is not possible to 
eradicate a significant focus of infection, then the patient may not 
be suitable for retransplantation. 

Some degree of renal dysfunction may well have developed 
from prolonged CsA therapy and/or acute or chronic cardiac re
jection (leading to impaired cardiac function) by the time retrans
plantation is considered. Careful assessment is required to ensure 
at least that the patient's renal function or reserve is sufficient to 
get him or her through the difficult early post-retransplant period 
when CsA dosage will of necessity have to be higher. 

Such decisions are sometimes difficult, as the relative contribu
tions to renal dysfunction of CsA and cardiac insufficiency may 
be difficult to distinguish. 

The presence of such complications of immunosuppression as 
lymphoproliferative disease, even if currently controlled by a 
reduced immunosuppressive therapeutic regimen, remains a con
traindication to retransplantation as the di,sea.se is likely to recur 
and spread when high-dose immunosuppressive therapy is admin
istered after the second transplant. 

The patient should also be carefully reassessed from a psycho
logical standpoint to ascertain whether he or she can cope with 
the stresses and strains of a further transplant procedure. 

Particular attention should be paid to the patient's compliance 
with medical guidance, and his or her adherence to therapy during 
the course of the first transplant. Retransplantation may be inad
visable if non-compliance had contributed toward failure of the 
initial allograft. 

Meticulous testing of the recipient for the presence of lympho-
cytotoxic antibodies must he carried out, and antibodies against 
any new potential donor excluded. Antibody formation occurs to 
a greater or lesser degree in many patients who have received 
cardiac allografts with or without blood transfusions, and may 
preclude the use of certain donors for retransplantation'-
(Chapter 6). 

According to an investigation reported by Ensley et al.'^. based 
on data from 449 recipients of .second allografts reported to the 
Registry of the International Society for Heart and Lung 
Transplantation, together with a further 125 repeat transplants at 
13 transplant centers in the United States, the "ideal candidate' 
for a second transplant is a patient with: (a) a long interval since 
the first transplant, (b) accelerated coronary artery disease as the 
cause of allograft loss, and (c) an absence of current mechanical 
assistance. 

TIMING OF RETRANSPLANTATION 

In primary allograft dysfunction or intractable acute 
rejection 

Primary allograft dysfunction or failure unfortunately remains a 
significant complication in a small percentage of the heart trans
plants performed today. In contrast, with the immunosuppressive 
agents currently available, intractable acute rejection is a rela
tively rare occurrence. When graft failure from either of these 
causes develops in a patient with an orthotopic transplant, this, of 
course, constitutes a surgical emergency. Either retransplantation 
must be carried out as an emergency, or the patient must be 
assisted by some form of mechanical assist device. Without such 
mechanical assistance a second donor must be found within hours 
or a day or two, or death of the patient will occur. 

In advanced chronic rejection 

As with acute rejection, complete failure of an orthotopic allo
graft from chronic rejection results in the death of the patient; it is 
usually clear, however, that chronic rejection is occurring, and 
time is available to plan the retransplant procedure. 

The timing of retransplantation may prove difficult, therefore, 
in patients with orthotopic grafts in whom chronic rejection is oc
curring. The decision to retransplant must not be delayed until 
graft function becomes totally inadequate; on the other hand, re
transplantation should not be undertaken until absolutely essen
tial. The exact timing is influenced by many factors, notably the 
ease or difficulty with which a suitable donor will be obtained; for 
example, if the patient has a high level of circulating lymphocyto-
toxic antibodies, .some considerable delay may occur in obtaining 
a suitable donor, and the .search should begin earlier rather than 
later. 

The policy of the Stanford group has been to offer retransplan
tation to patients with evidence on coronary arteriography of life-
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threatening occlusive lesions in the major coronary arteries, irre
spective of the patient's exercise tolerance"^. This policy evolved 
following the sudden death of three long-term survivors with such 
lesions. Our own policy has been possibly rather less aggressive, 
as we have rarely seen sudden death in an otherwise asympto
matic patient. We have generally waited until exercise tolerance 
has significantly deteriorated, and coronary arteriography and/or 
thallium scanning has confirmed advanced disease. 

The rate of development and progression of graft arterioscle
rosis is extremely variable. In the pre-CsA era we have seen ad
vanced disease as early as 3 months, yet no disease as late as 13 
years, after transplantation. The development of even moderately 
advanced disease may be coinpatible in many cases with an ac
ceptable quality of life for several further months or even years. 
In one of our patients a 50% stenosis of the right coronary artery 
was demonstrated 6 years before death; this progressed to com
plete occlusion of this vessel at its origin and widespread 
disease of the left coronary system over the next 4 years. Some 
2 years later the patient finally succumbed to the disease, 
retransplantation having been contraindicated on other 
grounds''*''*. 

RETRAIMSPLAIMTATION - OPERATIVE 
CONSIDERATIONS 

It is our present policy in all cases of retransplantation to prepare 
the femoral artery and vein. This allows initiation of pump-
oxygenator support through this route if cardiac function deterior
ates before median sternotomy is performed. In all cases inotropic 
agents should be available during induction of anesthesia. Very 
rarely, in a patient with particularly poor cardiac function who is 
hemodynamically very unstable, initiation of cardiopulmonary 
bypass by the femoral route (or at least preparation of the femoral 
vessels) under local anesthesia may be advisable before induction 
of general anesthesia. 

Following encouraging reports of reduced blood loss follow
ing the use of aprotinin""'^, more recently it has been our policy 
to utilize aprotinin in all patients undergoing retransplantation 
(or initial transplantation after previous open-heart surgery). 
Although our experience to date is small, our impression is that 
the use of aprotinin during the operative procedure has been as
sociated with reduced blood loss, which is in agreement with 
others. 

The operation of retransplantation in a patient with an existing 
orthotopic allograft presents the same technical problems and 
risks of reoperation as in any patient who has previously under
gone cardiac surgery. Adhesions have invariably developed 
between pericardium and heart, frequently making the initial dis
section time-consuming. As myocardial function in these 
patients is poor, particular care must be taken not to handle or 
disturb the heart more than is absolutely essential before 
pump-oxygenator support has been initiated; for this reason it 
may be necessary to resort at .some stage during the dis.section to 
the use of the femoral vessels to commence cardiopulmonary 
bypass. 

After excision of the first donor heart, which can usually be 
achieved through or close to the old suture lines, the second heart 
is inserted as described in Chapter 24. 

POSTOPERATIVE CARE AND IMMUNOSUPPRESSION 

The immediate postoperative care of patients who have 
undergone retransplantation does not differ significantly from that 
following the initial procedure (Chapter 26). If retransplantation 
is performed during or immediately following an irreversible 
acute rejection episode, care must be taken not to over-imniuno-
suppress the patient, as he or she will almost certainly already 
have received a considerable ainount of immunosuppressive 
therapy; preoperative "loading' doses of the various drugs will 
probably be unnecessary. 

RESULTS OF RETRANSPLANTATION 

The overall results of retransplantation as reported through the 
Registry of the International Society for Heart and Lung 
Transplantation (Chapter 43) and the Collaborative Heart 
Transplant Study (Chapter 44) are significantly inferior to those 
following primary heart transplantation. One- and ."i-year sur
vivals are approximately 50% and 30% following retransplanta
tion compared with approximately 80% and 70% after primary 
transplantation. Most of this increased mortality, however, is 
during the early part of the first post-transplant year. If the re-
transplant patient survives 3 months, he or she has a comparable 
survival to the patient undergoing heart transplantation for the 
first time. 

There are relatively few reports of series of patients undergoing 
retransplantation"'""* -". 

Between January 1968 and March 1980, 202 hearts were trans
planted in 185 patients at Stanford University Medical Center. 
Sixteen patients with orthotopic allografts received second trans
plants, eight for accelerated arteriosclerotic coronary disease, six 
for unrelenting acute rejection, and two for dysrhythmia or right 
ventricular failure''. One patient required a third transplant 
because of donor left ventricular ischemia. All sequential trans
plants were managed similarly to the primary transplant. 

Of the 16 initial transplant hearts at risk, 60% functioned for 
more than I year, and 57% for more than 2 years; these results 
were similar at that time to heart survival in patients not requiring 
retransplantation. Of the secondary transplant hearts at risk, 
however, only 31% survived for more than 1 year and 29% for 
more than 2 years, survival of approximately only 50% when 
compared with the primary group. The mortality was due largely 
to .severe infection and the development of malignant tumors. 

Infection of the secondary transplant (retransplant) patient ap
peared to play a more dominant role in fatality. The patients in 
this group were suspected to be initially free of infection in spite 
of primary allograft immunotherapy. The number and type of in
fections, however, were not substantially different from those in 
the group undergoing a primary transplant. Prolonged periods of 
immunosuppression during the perioperative period of the sec
ondary transplant exposed these patients to this complication. 

The Stanford group concluded that sequential orthotopic 
cardiac transplantation offers an acceptable alternative to patients 
with allograft failure, though survival was not as favorable 
because of the prolonged immunosuppression required. 

Between December 1980, when immunosuppression with CsA 
was introduced, and May 1988, 288 patients underwent primary 
heart transplantation at Stanford University Medical Center-". 
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During this period, 23 patients with orthotopic allografts received 
second transplants, 14 for accelerated graft atherosclerosis and 
nine for intractable allograft rejection. Four patients had re
ceived conventional immunosuppressive therapy (consisting of 
azathioprine, corticosteroids, and antilymphocyte globulin) after 
the primary allograft procedure. All other patients received CsA 
as part of the immunosuppressive regimen after transplantation of 
both the first and second allografts. Actuarial survival following 
primary transplantation (81± 2% at 1 year and 58% ± 4% at 5 
years) was significantly better than that following retransplanta-
tion for intractable rejection (44% ± 17% at I year and 44% ± 
0% at 5 years) (p<0.05}. Cardiac retran.splantation for acute rejec
tion was associated with rejection and infection rates similar to 
those following the primary procedure. However, patients who 
underwent retransplantation for rejection survived these compli
cations significantly less often than did patients who received 
primary transplants. Patients who underwent retransplantation for 
accelerated graft atherosclerosis experienced a lower rate of early 
rejection and similar rates of infection and survival compared 
with patients who received primary transplants. 

Ensley et «/."•''' analyzed data from 449 recipients of second 
allografts reported to the Registry of the International Society for 
Heart and Lung Transplantation and a matched group of 421 
primary transplant recipients. Survival was markedly decreased 
in repeat transplantation patients with a 1-year actuarial survival 
of only 48% compared to 79% in the primary transplant group 
(p<0.()01). Univariate analysis showed no impact on survival of 
recipient age or gender, ischemic time, or transplant center expe
rience. Accelerated coronary artery di.sea.se as the cause of allo
graft failure, a longer interval between transplants, lack of 
preoperative mechanical assistance, and a second transplant per
formed after 1985 were predictive of increased survival following 
retransplantation. However, an 'ideal candidate", defined by these 
predictive variables, still had a 1-year survival rate of only 64%, 
which was not as good as in the matched primary transplant 
group. 

Furthermore, a multicenter database was developed using data 
from 125 repeat transplant patients and 1325 primary transplants 
at 13 centers in the USA. In this group of retransplant patients the 
1-year survival rate was greater than that reported in the 
International Society for Heart and Lung Transplantation Registry 
(60% vs 48%), and the impact of the predictive variables listed 
previously was decreased. The incidences of rejection, infection, 
and accelerated coronary artery disease were not different 
between the secondary and primary allograft recipients. 
Malignancies (other than skin cancer) occurred more frequently 
in repeat transplant patients (8% vs 4%; p<0.()5). Recipients of 
second allografts were more likely to have major surgical compli
cations, had a higher level of sensitization to HLA antigens, and 
were more likely to have a positive donor-specific lymphocyto-
toxic crossmatch (17% vs 2%). A trend towards improved sur
vival was noted in patients with repetition in the .second donor of 
mismatched HLA antigens present in the first donor (I-year sur
vival rate of 68% vs 47%;/?=30.06). 

Michler el id."' reviewed 13 patients who had undergone re
transplantation, including one patient who had received a third 
graft. Immunosuppression and follow-up protocols used in this 
cohort were similar to those in the primary transplant population 
at that center. No significant difference was observed in actuarial 

survival between primary transplant recipients (75.1%' ± 2.2% at 
I year and 71.3% ± 2.4% at 2 years) and patients who underwent 
retransplantation (71.4% ± 12.1% at 1 year and 59.5% ± 14.8% 
at 2 years). Similarly, no differences were observed with regard to 
age, sex, race, cause of end-stage heart disease, or early (<30 
days) mortality. The cause of primary graft failure did not corre
late with survival outcome in the retransplantation cohort. 
Approximately 50% of patients in both groups experienced at 
least one rejection episode by 3 months. Within the limited time 
period of this study only one patient developed transplant coro
nary artery disea.se (approximately 27 months after retransplanta
tion for acute rejection). The authors concluded that the prognosis 
for patients undergoing cardiac retransplantation was good if the 
indication for retransplantation was identified >30 days after the 
initial transplant procedure. 

COMMENT 

In summary, retransplantation should be reserved for very care
fully selected patients, particularly those with graft arteriosclero
sis in whom assessment of the patient and the retransplant 
procedure can be carried out electively without undue haste. 
Although it should be considered as a therapeutic option, it is 
probably least successful when performed as an emergency in pa
tients with primary allograft failure from donor heart dysfunction 
or intractable acute rejection (humoral or cellular). The decision 
to offer retransplantation should always be made with due consid
eration for the needs of other patients awaiting primary heart 
transplants in light of the increasing shortage of donor organs. 
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37 
Heterotopic Heart Transplantation - Indications, 
Surgical Techniques and Special Considerations 
D.K.C COOPER AND S. TANIGUCHI 

INTRODUCTION 

Heterotopic heart transplantation (HHT) has a long history in the 
experimental laboratory' (Chapter 18). Early experimental worlc 
was maioly by the Russian surgeon Demikhov-, and subse
quently by others^^, but it was Barnard and Losman's techniques 
of implanting an auxiliary heart in the chest in 1974'-' that led to 
the initiation of a clinical program. The surgical technique of 
biventricular assist (Figure 1) is described below. The technique 
of left ventricular assist alone (Figure 2) is now less commonly 

LA ap 

DONOR RECIPIENT 
Figure 1 Tlie coirjpleted operation of biveniricular assist using a hctcrolopic 
heart tran.splatit. (Arterial and venous cannulae have been removed.) 
(Abbreviations used in figures in tliis chapter are: l̂ A. = lefl airium; R.̂  = right 
atrium: SVC = superior vena cava; IVC = inferior vena cava; PV = pulmonary 
vein; RV = right ventricle; PA = pulmona.ry artery; :\0 = aorta, LV = left 
ventricle: CS = corona.ry simis) 

DONOR RECIPIENT 

Figure 2 Th.; completed operation of left ventricular a.ssist using a hetero
topic heart transplant. Ana.stomoses arc performed between the dorior and re^ 
cipienl lefl atria and aortae. Donor coronary venous return drains b)' the donor 
right atrium, rigSil venlricls, and pulmonary arlery into the recipient right 
atrium 

performed, but can be associated with excellent long-term 
survival''. 

Based on extensive experimental work by Losman and 
Barnard", a form of HHT was carried out in 1974 whereby the 
donor heart acted solely as a left ventricular assist device^. This 
operation (Figure 2) involved anastomoses between the donor and 
recipient left atria and aortae; donor coronary sious venous return 
wa.s drained via the donor right atrium and right ventricle into the 
recipient circulation by anastomosing the donor pulmonary artery 
to the recipient right atrium. Two such operations were per^ 
formed. Both patients suffered recurrent attacks of native heart 
dysrhythmias, including ventricular fibrillation, during which 
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time the donor heart supported the circulation alone, though with 
significant loss of blood pressure'". Despite this, one patient sur
vived for almost 10 years". As a result of this experience, 
however, the technique was modified to allow bypass and support 
of both recipient ventricles^''. Today HHT has relatively 
few specific indications, and is performed only under special 
circumstances'^ 

The implantation of a natural auxiliary heart using the tech
nique of HHT may be on a permanent basis, or may occasionally 
be temporary as a means of support while recovery of the 
patient's own heart is awaited, or a more definitive procedure is 
planned (as will be outlined later). Considerable clinical experi
ence has now been amassed with auxiliary hearts implanted on a 
permanent basis; all such hearts have to date been allografts. 
Clinical experience of temporary support by an auxiliary heart has 
been small, and has largely been in the realm of xenotransplanta
tion (Chapter 82). It is feasible that an animal heart may be uti
lized in the heterotopic position to provide a bridge for an infant 
or child in cardiac failure who is awaiting a suitable human heart, 
and for whom a suitable left ventricular assist device is not 
available. 

(Techniques for utilizing the left ventricle of a heterotopically 
placed heart to support a failing right ventricle of the native heart 
(for example in certain complex congenital cardiac deformities'' 
or in patients with pulmonary hypertension'^) have been de
scribed but, to our knowledge, have not been utilized in clinical 
practice, and will not be discussed further here.) 

HHT has both advantages and disadvantages when compared 
with orthotopic heart transplantation (OHT) (Table 1)'^"^, which 
have been documented fully previously''' '"'. In particular, the 
heterotopic procedure may allow recipient survival despite tem
porary or permanent loss of donor heart function following acute 
or chronic rejection (Figure .^); the circulation may be maintained 
by the recipient's own heart for at least a period of time. This ad
vantage was of considerable practical importance in the pre-
cyclosporin era when irreversible rejection was not uncommon. In 
several patients the circulation was maintained by the recipient 
native heart until retransplantation could be performed. Indeed, 
this was one of the reasons that influenced Barnard to explore the 
technique. However, the efficiency of current immunosuppressive 
agents in preventing irreversible acute rejection has greatly di
minished this advantage. 

Nevertheless, HHT still has a role in certain specific conditions. 

Indications 

1. Whenever there is any possibility of recovery of the recipi
ent's own myocardium, e.g. in acute myocarditis (of viral 
or rheumatic origin), then HHT should be considered. 
Unfortunately, the number of cases where recovery has been 
documented remains small-"-^'. 

2. When there is any possibility that initial donor heart function 
will be less than adequate to maintain the circulation alone. HHT 
may allow successful transplantation. This could be expected 
most commonly when there is a large discrepancy in body mass 
(>33%) between recipient and donor. Although a small donor 
heart will eventually hypertrophy to adapt to the demands made 
upon it, it might fail in the early post-transplant period unless the 
recipient heart reinains in situ to lend some support. In this 
respect, however, it should be noted that a small child's heart may 
be technically impossible to insert heterotopically as a biventricu
lar assist in an adult, as it may not be possible to join the two 
right atria; insertion of the heart solely as a left ventricular assist 
would, however, be possible. 

The Baylor (Houston) group-- utilized small donor hearts in 
HHT in a .series of large patients (body surface area >l.95 m-). 
Waiting times for large patients receiving a HHT (mean 67 days) 
were significantly shorter than those who received an OHT (mean 
166 days). Waiting time mortality decreased from 1A% to 'i%. 
There was no difference between the two groups with regard to 
mid-term survival or early post-transplant functional status. This 
is one example of how HHT can increase the size of the donor 
pool for larger patients, who tend to wait much longer for a donor 
heart than do smaller patients. 

Similarly, when a donor heart has undergone a particularly 
long ischemic period during transportation and transplantation, or 
for some other reason is deemed less than ideal (and yet the re
cipient's cardiovascular status is deteriorating so rapidly that 
survival (until the next donor becomes available) is not expected). 
then again HHT would seem to be advisable; the support given by 
the recipient heart in the early transplant period may allow time 
for recovery of the donor heart. 

Table I Advantages and disadvantages uf heterotopic over orthotopic heart transplantation 

Ailvtiittiii>es Di.sadvcmtujie.s 

Recipient tieart acts as a built-in cardiac assist device and may maintain I. 
circulation 
(a) During reversible loss of donor lieart function duriivg: (i) period of recovery of donor 2. 

tieart from ischemia sustained during transplantation; (ii) severe acute rejection episodes 3. 
(b) Following irreversible loss of donor heart function from; (i) acute, or 

(ii) chronic rejection (while patient awaits retransplantation) 4. 
(c) During adaptation of a very small donor heart to the demands of the 

circulation 
Allows for possible recovery of recipient heart, e.g. after viral myocarditis 
Can be performed even in the presence of a high pulmonary vascular resistance if 
the hypertrophied recipient right ventricle can continue to support the pulmonary 
circulation 

5. 

Risk of systemic emboli froin thrombus in poorly 
contracting recipient left ventricle 
Requires long-term anticoagulation 
Continuing angina related to ischemic recipient 
niyocardiuin (rare) 
Risk of infection and/or ihroinbus formation in relation to: 
(a) presence of valve prosthesis in recipient heart 

(this is a contraindication to HHT) 
(b) presence of Dacron graft between donor and 

recipient pulmonary arteries 
(c) coinpression of lower lobe of right lung due to 

presence of donor heart in right pleural cavity (rare! 
Hemodynamically signiticant dysrhythmias of the 
recipient heart requiring high doses of antiarrhythtnic agents 
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Figure 3 Diagram showing electrocardiogram (above) and femoral pulse trace (below) of donor (D) and recipient (R) hearts after afopie transplantation. 
Note the deterioration in the donor heart pulse in relation to the reeipienl heart pulse during iiii acute rejection episode, and the reversal of this trend following in
creased immunosuppressive therapy 

Recovei:}' of an ischemic donor heart was dearly demonstrated 
when two hearts in the Cape Town scries wefe stored by hy
pothermic perfusion for periods of 7 and 13 h, respectively'~\ 
Ditninished donor heart function was observed for 16-19 h until 
full recovery occurred; the recipient heart was invaluable in sup
porting the patient during this period. 

3. When the patient is suffering severe anginal attacks unre
sponsive to full medical therapy and unrelieved (where possible) 
by myocardial revascularisation procedures, and yet where left 
ventricular function continues to be good, it may on occasion be 
contraindicated to excise the recipient heart and perform OHT. 

Disabling angina, although relatively rare today, might be con
sidered by some to'be a contraindication to HHT, a.s the rislc of 
continuing angina post-transplant remains. Following HHT, 
however, a well-functioning transplant would greatly diminish the 
demands on the ischemic recipient heart, thus reducing the 
oxygen requirement (and the threshold of angina) and yet retain
ing the support, given by the recipient left ventricle. 

4. A fixed pulmonary vascular resistance (PVR) greater than ap
proximately 5 Wood units (400 dyne/s per cm"̂ -'') has long been 
considered by many a contraindication to OHT, as it was antici
pated that early failure of the donor right ventricle would occur 
(Chapter 20). When the PVR is fixed >8 Wood units (640 dyne/s 
per cnr^*), it has generally been assumed that transplantation of 
the heart and both lungs should be carried out. When the PVR is 
fixed between 6 and 8 units, and where right ventricular failure is 
not severe, then HHT has been advocated. There have been few 
patients, howevei", in whotii this theory has been put into practice 
and the results clearly documented. Furthermore, the extent of re
versibility of the PVR may be difficult to ascertain absolutely 
before iransplantation, 

Reichenspurner et al. documented a fall in PVR from 4.9 to 2.4 
Wood units in padents with HHT in Cape Town'"*, and the La 

Pitie group in Paris confinneu a decreased PVR iri the first post-
tratisplarii monlh in 42 paiicni.s undergoing HliT-''̂ "''". In the La 
Filie series, however, although PVR fell signiiicantly. post-
transplant survival of patients «'ith pretransphini pulmonary 
hypenension was poor, in part because of pulrnonar)' com
plications and infectn">n. .A reduction in an ele\ated trans-
pulrnonary gradient has also been demonstrated in pediatric 
patients undergoing HHT using the left heart assist technii|ue-'' 
Fven when a markcdlv elevated PVR docs not reverse, the con
tribution of the heterotopic heart to left ventiicular function can 
greatly inniiwe the clinical status of the patient'*. 

A stanstical siudy by Kirldiii and his colleagues .from Alabama 
conlirrncd that elevated PVR is an inxremental risk factor for pre-
matuitr death after heari rransplantaticn-f The value of PVR used 
was dial obtained closes', to ihc tune of Iransplantation, without 
speciiic atieriipis to modify it by va.sodilutor or inotropic agents. 
The rate of rise in risk of dealh corresponded wirh the progressive 
increase in PVR (particularly when e>;pressed as Wood imiis -X 
square meters = PVRI). rather than abruptly increasing at a 
certain point. ..Although this study indicated that there is no 
precise level of PVR beyotid wiiich OHT is contraindicated, there 
iiiust come a point when the ris.k is so high tliat OHT is no longer 
advisable r)r, at least, an akeruative surgical technique, e.g. iJllT 
or heart lung transplantarioti, is indicated. Thus ioiiic is discussed 
fully iii Chapter 20. 

If significant right ventricular failure is present, secotidaiy to ir
reversible pulmonary vascular disease las oppo.sed to being sec
ondary 10 left ventricular failure alonej, then right ventrictdar 
function will not improve after HHT. In doaijiful cases we ha^e 
found nieasuremem: of right veulricuiar ejection fraciion by ra
dionuclide scanning to be a valuable guide to the tidequticy of 
right ventrieulaf funcdon. A right ventricular ejection fraction 
<20'V (i.e. approtiinateiy 50% of normal) would discourage us 
fiTitn performing HH'l in the presence of a lixed PVR >.5 Wood 

355 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

Prepared 
Pulmonary wenoya 

Orifice 

Figure 4 Donor heart (pcslerior viev;} prepared P.sr implantation 

Intieed, this was one possibility in two adult patients in whom 
auxiliary cardiac xenografts (one baboon and one chimpanzee) 
were implanted by Barnard and his colleagues in 1977-'". Tiie 
baboon heart proved of insufficient size to support the circulation, 
aiEd, in this pre-CsA era, the chinipanisee heart was rejected on 
the fourth postoperative day before a suitable human donor could 
be found. No more recent attempts have been reported. 

SURGICAL TECHNIQUES 

Donor heart excision 

Donor heart excision is very similar to that described previously 
for OHT (Chapter 24), but a greater length of superior vena cava 
(SVC) should be retained. The SVC is, therefore, mobilized along 
the whole of its length and two ligatures passed around it cranial 
to the azygos vein, which itself is doubly ligated and divided. 
Otherwise, excision is as described for OHT. 

Preparation of donor heart 

The heart is placed in a bowl containing saline or cardioplegic 
solution at 4°C, where it is prepared for implantation into the 
recipient (Figure 4). 

The orifices of both right pulmonary veins and of the inferior 
vena cava (IVC) are closed with continuous, double-layered 
sutures of 5/0 polypropylene, care being taken to ensure that coro
nary sinus drainage is not obstracted during closure of the IVC. 

The bridge of tissue between the left superior and inferior pul
monary veins is excised to make a single opening into tlie left 
atrium; this opening may need to be extended to achieve a diame

ter of approximately 3.5-4.0 cm or the equivalent of a normal 
mitral valve orifice. The midpoint of the posterior wall of this 
opening may be marked with a suture to act as a reference during 
subsequent implantation into the recipient. 

A longitudinal incision is made in the posterior aspect of the 
SVC, beginning immediately caudal lo the ligated azygos vein, 
and extended down just to the right of the interatrial septum into 
the right atrium. At least half the length of this 5 cm incision must 
involve the right atrial wall. It is essential to ensure that the inci
sion is posteriorly sited in ot̂ dcr to avoid injury to the sinoatrial 
node. 

Approximately 10 min are required lo prepare the heart in this 
way. The organ is then transfeiTed to the recipient surgical team. 

The recipient operation 

With the patient supine, a midline sternotomy is performed and 
the pericardium opened longitudinally. A right-sided pleuroperi-
cardial flap is created (Figure 5), first by dividing the media.stinal 

R. Lung tilliym 
Phrenic nerve 

of incision of 
pericardial 

••.•-•Lin* of refl«cllc» of pleuro-' 
pericardial flap 

Figure 5 Recipient; right.sided view of iiieciiastiuuiri; the fine of the pleuro-
pericardial incision is indicated 

35 f) 



HETEROTOPIC HEART TRANSPLANTATION 

Phrenic N. 

incision in LA 

Reflected pleuro-pericardiai flap 

Figure 6 Recipiem. i-eflection of piei;roper;Ciirdi:)i flap to lie anterior to the 
liikin! of the riciit lisng 

pleura immediateJy posterior to the sternum and then by extend
ing this incision posteriorly at the level of the diaphragm to a 
point 2 em from the right phrenic nerve; a similar reflection of the 
pleuropericardium is made superiorly, extending the incision 
toward the SVC at the level of the azygos vein, again taking eare 
to avoid the phrenic nerve. In this way a rectangular flap is 
created that comprises the parietal pericardium and mediastinal 
pleura. Hemostasis of the edges of tliis flap must be carried out 
carefully as no further opportunity to do this will arise. The flap is 
allowed to fall baelc over the hiliim of the right lung (Figure 6) (or 
can be resected), creating a single large right pleuropcricardial 
cavity. 

Initiation of cardiopulmonary bypass 

The patient is fully heparinized. An aortic cannula is inserted at 
least at the level of the origin of the brachiocephalic artery, and 
preferably higher, between the brachioeephalie and left common 
carotid arteries. Venous cannulae are placed in the SVC (either 
directly or through the right atrial appendage) and IVC (low in the 
lateral wall of the right atrium) (Figure 7). Cardiopulmonary 
bypass is initiated and the patient cooled. 

For most open-heart procedures our cardiopulmonary bypass 
system includes two cardiotoiay suction catheters which return 
blood to the pump-oxygenator; for heterotopic heart traosplanta^ 
tion we have available three such suction catheters. 

Myocardial protection of recipient and donor hearts 

The recipient heart can be continuously perfused by the 
pump-oxygenator. and therefore allowed to beat throughout the 
penod of insertion of the donor heart, if the recipient heart is to 
remain beating, however, the temperature of the circulating blood 
must not be lowered much below 32°C, or ventricular fibrillation 

DONOR RECIPIENT 

i, -^K^ 

Figure 7 Donor and recipient hearts,, sliowmg ttie beginning of tlie posterior 
suture line of itie left atrial anastomosis 

is likely to occur, which may result in less satisfactory myocardial 
protection. 

Alternatively, the recipient aoita can be crossclamped and the 
recipient heart prourctcd by the infusiosi of cardioplegic agent and 
by the topical application of cold saline througliout the operation. 
Crossclamping of the recipient aorta facilitates the technical steps 
of the operation by preventing recipient coronary sinus bhood 
return to the operating field, and also allows die bh)od tem
perature to be reduced to lower levels, thus facilitating the rnain-
tenance of a low donor myoearciia! temperature. .Systemic 
hypothermia of 26 28''C is tiiainiaiiied. largely to diminish 
rewarming of the donor heart by its pro.^iniity to die recipient 
organs during iis iscii.emic period. Our own preference is for car
dioplegic arrest and hypothermic pioteetiou of the recipient heart, 
as this allows rather better myocardial proteeiion of the donor 
heart, which we feel has a high pric.rity. 

Tlie operation will tlierefore be described with the reeipient 
heart arrested throughout (although for simplicity the aortic cross-
clamp is not mdicatcd in the aeeompaiiying figures). 

A catheter for cardioplegic solution infusion is placed high in llie 
root of the recipient aorta, whiclr is tfien crossclamped immediately 
proximal to the pump^i,\ygenator cannula at the level of the bra
chiocephalic artery. Cardioplegic solution is rapidly infused into 
the root of the aorta, and cold saline poured over the heart to irri
gate the entire pleuropcricardial cavity. Irrigation with cold saline 
of both the pericardial cavity (to cool the recipient heart) and the 
nght pleural cavity (to cool the donor heart) must be canaed out. 
Clamps or snuggers (snares) are placed around the SVC and IVC. 

Until the donor heart is revascularized, between each anasto
mosis cold saline (4"C) is poured over both hearts to help uiain-
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tain an adequate state of myocardial hypothermia. If there is evi-
cleoce of ventricular acti¥ity in either heart, either mechanical or 
electrocardiografjhic, then further increments of cold cardio-
plegic solution should be infused into one or boih recipient and 
donor ascending aortae as necessary. The cannula inserted into 
the donor aorta for the initial infusion of cardioplegic agent 
before excision can be used again for this purpose; once cardio
plegic infusion has begun, and all air displaced from the donor 
aorta, a crossclamp is applied to occlude the distal end of this 
vessel, thus ensuring that the donor coronary arteries are 
adequately perfused. 

Anastomosis of left atria 

An incision, as for mitral valve surgery, is made into the recipient 
left atrium immediately po.sterior to the interatrial groove, extend
ing from the superior to the inferior extremes of the groove 
(Figure 7). 

The donor heart is then placed in the right thoracic cavity ante
rior to the collapsed right lung and lying along.sidc the recipient 
heart. It is frequently necessary to lay the heart on a sponge or 
swab, soaked in cold (4°C) saUne, to support the donor organ and 
thus facilitate performance of the left atrial anastomosis. Using 
double-ended 4/0 polypropylene, the midpoint of the posterior lip 
of the incision in the recipient left atrium is sutured to the mid
point of the posterior lip of the opening in the donor left atrium. 
The two atria are anastomosed by a continuous suture, first along 
the posterior aspect and then along the anterior aspect. The com
pleted anastomosis will be totally inaccessible at the end of the 
operarion and therefore it is essential that it be hemostatic. 

A wide communication between the two left atria has been 
created, forming a common alriura from which blood can enter 
cither donor or recipient left ventricles. 

Anastomosis of right atria 

\ ' • •!! I'U1« l . u d l . l . d I,, | . . | . IS Ul - 'd - ' l l l i f i l i u latCx.l l J - p C C l >.l ' l lC 

Iclll'ICI.r SVC fiid ll^ht atliUni |,i r lutCll-M t<. the ultrKitlKii 
;^iu'i\i hcLi. !• !)-'1 • • in .ai.t. c Ihc \ ' 'nj c.odi-t.plii iln-i prnt-
I'cn jnJ c.r.tn.ued 2-? tm mti' ihe iTzbi „iiiipni ' i ic-Tr H ii r 
c-^ciiii 11 ih.ii iht .S\'C-. (Lilii .loial ifHiM< Ii si.oiiid i«t ji irjM ••" ,,! 
iij Jenglli aikl ilui n 'e- u ..de ri.»ic. •oil"-, f.i avoi.f riic ,r. uni ^1 
the -hioatiitd uodt 

I he tlodi I S\ ( >̂  e\i,-iiiL-d j'oiig 111 li. ..ouiit, ipaii Ac. cyelnJ 
rrii,»•.(«.! 1» iisrd t.. le.r.H t ;h^ anteoi r l.e oi ihe nj^o-oij in the ti -
tijiciit light jiifiji Tlic mid|ic.int ot ti„- pn^tciim hp ot the int.-
nsn ill die ii\ i,iii-.ii .jiiuiui is .uiuicd ii di ' riji'j,'i i,u„,l pmn! ,'! 

tilt iinMi'ii ii» the di>n,-' 'iPiuni. u-.m^i j double-ended 4'>'i 
pulypiiip^leii^ -.uuiie ,Figaic ^i Th^ tw.> r.ght atna a.e digii an».̂ -
ti,!m»s..-4 b\ a t ititnii'oii. ^i.i.iir lamed m e,ivh direttn n t^nji^ii 
> 11) and inteiioiv ) tiiM n«, irnplete the pi»tcnur nail ana^romi.M'. 
(1-mute I'M, ,uid then toc>'in|tirte die antcoo! u^d! aii,iM'..iiOMs At 
the completion of this <in '<.t»im.isis the 'igiteil dunot a7\gos \em 
!• mnanf vvdl hi inlcn ». t > ilie ituilpoini ul Hie aiileriui Mituie luie 
(Tiguip lOi, irter which a ^mail meial pne K lied di'Wi' .ts .» tluoii-
«copic ter^icnrc tot the passage ot cndoniyocaidal biopsv t iiccps 
into the donoi he.ui dutaij the t«o,t.)pei.iti.e pciuid 

Th'-' maneu^ct ti1 >utuiing the imdpomt ol ihe pcblCii'T lip ol 
the lecipient atiial wall to the most uiferior dspci.1 uf the lutisiuu 

Incision in 
donor 

Completed LA 
suture line Incision in recipient S¥C-RA 

Figure 8 Completed anterior left atrial suture line. Ttie SVORA incision in 
each heart is shown; note that the inferior point of the incision in the donor 
SVC-RA (A) will be sutured to tlie midpoint of the po.sterior lip of Ihe incision 
in the recipient SVC-RA (.A) 

Hgure 9 Tiie first suuire in the anastomo.sis between the donor and recipient 
SVC-RA has l>een inserted {A;A) 
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r^-. 

V. l l 1 # / L>'' 

suture ilRe of SyO 

Figure 10 Completed posterior right atrial suture line 

ill the donor atrium, thus creating a diamond^shapecl Ojjening. 
ensures that this anastomosis will remain wide, allowing free flow 
of blood from one chamlier to die other, and permitting the easy 
passage of endomyocardial biopsy forceps. 

Figure 11 The SVĈ RA anterior suture line Inas been completed: beginning 
of aorlic anastomosis. (When ilie recipient heart is continuously perfused 
throughout the operation, a side-biting clamp is applied to the aorta for tlie 
performance of thi.s anastomosis) 

Anastomosis of aortae 

The donor rtont! is iritnmed io the niiiiimiiin length reqimBd to 
aiiow anasioniosis to die rccipicRt aortt! and yet avoid di-iortioi! 
or kiiileirig oi" slie ieft cr rigiw airiai atiasiomoses. An uniiecefsariiy 
iuRg donor ttoria will aliow the donor heart sO (bop hack iiito the 
right plcuru; easily, coiiiprcssing the rigiii imig, A sljort doiior 
aorta \vi!i lift die dotior heart anterior!;, and saperieir!!,, ;imi Jillo'a, 
for maxiirsai eKpansioo of the rigtit Ujng posteririr io ihc irans-
ph.in!cd orgtui. Temporary inlittiion of ihc iiitigs ;;i this stage wit! 
help in ebiimudng opUmal Icnglh. 

A iongipidinal incision, equal in lengdi to the diarncier of the 
donor aorta, i.i ntade into the rigii! laieml waU of the rceipieat tis-
ceriding aorta. Correct siting of this incision is essential lo ensttrc 
that the donor aorta hcs sahsfactoiily wiihoni kinking, and h rtui 
compressed when, the sternum is reunited, iond-to-side anastomo
sis of donor io recipietii aorta is made using a coadnuoiis suture 
of 4/0 poiypn)py!ene (Figure 11,). 

Anastomosis of pulmonarf arteries 

In our experience the donor pulmonary artery (PA) will not ad
equately reach to the recipient PA without Hndue tension or dis
tortion of the other anastomoses; a conduit of prcclotted woven 

Dacron is therefore inserted. The diameter of the conduit chosen 
will depend largely on the diameter of ihc donor ,PA: this is 
usually of the order of 20-22 mm. (With a similarly sized poly-
tetrafluot^ethylene ('Gore-tex') graft, difficulty has been found in 
positioning it to configurate with the surrounding anatomy 
without kinking.) 

A longitudinal incision of suitable length is made in the recipient 
main PA. This incision .should be slightly shorter than the diameter 
of the Dacron conduit, as stretching will inevitably occur during 
anastomosis. The Dacron graft is anastomosed end-to-side to the 
recipient PA using continuous 4/0 polypropylene, the first stitch 
being placed at the distal end of the incision (Figure 12), The graft 
is tailored to the correct length lo bridge the gap between the two 
pulmonary arteries. The end-to-end anastomosis to the donor P/\ is 
again peiTormed using continuous 4/0 polypropylene (Figure 13). 
To ensure a bloodless field during this procedure it is sometimes 
necessary to insert a flexible cardiolotny sucker along the lumen of 
the Dacron graft into the reeipieni P.4; bodi recipient and donor PA 
suckers are removed before completion of the final anastomosis. 
The Dacron conduit will be the most anteriorly placed structure in 
the pericardial cavity, crossing the recipient ascending aoita, and 
will lie immediately behind the .sternum. 

All anastomoses have now been completed. The cardioplcgic 
catheters in both aortae are converted to use as air vents, and air 
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X « ^ 

Graft 

Figure 12 The aorlic anastomosis has been completed; recipient pulmonary 
artery (PA) incision and hcginniiig of anastomosis of Dacroii graft 
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needles placed in both donor and recipient left and right ventricles 
and pulmonary arteries, the caval cannulae are iinsiiugged and 
each heart is gently massaged to expel air. The crossclamp is 
removed from the recipient aorta, and from this point, both donor 
and recipient myocardiums are continuously perfused with blood 
from the pump-oxygenator. Further efforts are made to remove air 
from the cavities of both hearts. The patient is rewarmcd to TI'-'C 

As rewarming occurs, each heart will cither begin spontaneous 
sinus rhythm or lapse into vigorous ventricular fibrillation, requir
ing electrical defibrillation. Both hearts must be gently manually 
compressed if they show any sign of overdistension. Inotropic 
and other vasoactive agents are given as necessary (as after ortho
topic heart transplantation), though care must be taken not to 
cause dysrhythmia in cither heart, each of which may respond dif-
Ibrcntly to the various agents used. Further attempts to e.Kpel air 
from both hearts are made, and then all air needles are removed 
and their sites of insertion oversewn. Facing wires should be 
placed in both hearts as there is a risk of atrioventricular disso
ciation of bradycardia in either or both hearts in the early post-
tratisplant period. 

Discontinuation of pump-oxygenator support 

.4s with orthotopic transplantation it has been our policy to allow 
at least 30-60 min for donor heart recovery, especially if the is
chemic time has been long. During this period a careful inspec
tion is made of the accessible suture lines to confirm hemostasis; 
the PA and a«lic anastomoses can usually be inspected satisfac
torily, though the posterior aortic suture line may be difficult to 
see. The anterior right atrial suture line can usually be imspected 
without difficulty, but it is impossible to see the deeper suture 
Ones (posterior right atrial and both left atrial). The venous 
cannula in the SVC is withdrawn into the right atrium, the IVC 
cannula removed and. it the hemodynamic status of the patient is 
stable, cardiopulnujnary bypass is discontinued and the patient 
dccannulatcd (Figure 1), (,'\t this stage the recipient's own heart 
may prtndde considerable support for the circulation; the donor 
heart may take sotne hours for full recovery from the ischemic 
episode.) The heparin is neutralized with protamine sulftite. .^t 
least three drains arc inserted: one into the pcricai^dial cavity 
infcro-poslerior to the recipient heart, a second anterior to this 
heart, and a third (and possibly a fourth) inserted preferably di
rectly through the right chest wall to ensure adequate drainage of 
the right pleural cavity basally (and apically). 

Before closure of the chest the anesthesiologist is required to 
ventilate both kmgs fully, to ensure expansion of the right lung, 
particularly of the lower lobe, which has been compressed by the 
donor heart throughout the procedure. The sternum is united with 
at least six wire or other strong sutures. ECG electrodes arc posi
tioned to allow clear monitoring of complexes from both hearts. 

A_>f 

Figure IJ Completed distal (recipient) PA-graft anastomosis; licgioniiig of 
pro.simal (donor) FA-graft anastomosis. .4 suction catheter is usually inserted 
through Itie pulmonary valve into the donor right ventricle to ensure a rela
tively bloodless field ^vhile thi.s anastomosis is beitig performed; the catheter 
is removed before completion of the aiiu.stomosis 

COMMENT 

Although the technique of HHT involves the inclusion of a vas
cular pnrsthesis into a patient who will subsequently be heavily 
immunosuppressed, we have seen no infectious complications 
related to the presence of this graft, although two such cases have 
been reported in the literature'''-'*. 

360 



HETEROTOPIC HEART TRANSPLANTATION 

On occasici) the operauon has been combined in Cape Toivir ' ' 
and elsewhere-'-' with olhcr pTucedures lo the recipicnl hea r t such 
as resection of a left ventriciiiar aneurysm, coronary artery bypass 
graft, or riiilral annuloplasiy. Free or friabie Ihryinbus within Ihe 
recipient left ventricle can be sucked out ikrotigh ihe ien atrial in
cision before anasiornosi.'i of ihe dotior heart. 

Neither the icft nor the right atrial anastomosis nnist be restric-
live. If She right atrial anastomosis is confined to the SVC, then 
inadeqiiale ilow inlo the donor righii atriijtii may result. Blood re-
rurning from the sysi.emic c-ircuiasiori will be direcled almost en-
tii'eiy through ihe recipient righi heari; alter passage tiirongh the 
lungs tht" blood will pass predominantly through the- more compli
ant donor left ventricle. Thoiish this citcolation is oniisual, ihe 
patient ma)' remain asyniptomaiic. Any subsequent contraction at 
the SVCV-right atrial suture line ntsy lead io difhcuitv in t-nanipu-
laiing biopsy Torceps intc die donor rigfit ventricle; oi such cases 
left vcniricular biopsies rnusi he t>biained bv the arteria; route, 
ll-ie incision in etici-i iiearr iTiijst, therefore, be exierided vreil down 
into llie aiiiai '.voJI. 

Poorly iunctiosiitie veniiicies are iiie siies of throaibus forsna-
lion, and in patients with ffHT it is ihe native ventricles which arc 
nsutiily iitvolved. TT!r..inibiis may be prcscni, or may fe-n-Li in the 
poorly iunctioning recipient ieft scn t t i ck , and be ejected diroiigh 
liic aortic value. FunhenrRirc. lefr verurieulaf thrombus muy 
spread ret-e-grauely through an mcoj-npetent mitral valve inio the 
vontnimi lef; atriiice. (unn v h e i c n may be eiceied by die duooi 
left veruricle as an eniholos. Ah paiients with HffT there tore need 
TO be anticoaculated perniaaentiy. Couoiadia administratioii is 
began ur-;ce liic i.-hesi iiir,:ry^ h.-ive fieen ren:oved asid !> corUinueil 
for tsiC lifetinu/ ol the paneni . An antipiaieict agent, '^uch a\ 
stdnripyr.;,^>ric os i iJ r rbdamoic, oeo ario be adn-iiiii-eciC!!, bte ]•• 

not eSM-?iO;n, issjnnr: <v cnUj'; 
-icw u! iiiC iisk Oi gaUri;. iViOStoe. • 
patierus recC;'. iio.;; ^ nriic•-•^:c^iud^ 
ho;ve\er., iuo e r-vcn scrioi.siv 
c-r-'yib.iiK'sv oi';fuv oju-anu u i o ! rz-y : 

or: ;;-,S o 
^rrSwhen a 

v..;i-o.: If; d i e i:-^J 

ur,l:d by c.r 
i.i ic.-ui, rbic-, 
•Oi ..:!!!ia bv.;.: 

!t\r;.!rr;>/:;.. to;> 
ra'is-;: povvivvo 

i/Crn rvoidi'ii 

ad; nie-ea5;.o 

• i-.'V r - . ! O e a ; 

i i i e n i i o ! ' 

-; oic:.;-" aabcriacrdaiO Sbrrupv to; 
-dni.is! rb .Oicr. c.oa--. \ -
irncetii-o'; f- ;.-:'.vea\ ;ncrc;i 
Oie :,'0:r.eee.- oi i: yu'ebcin. v.:>-,-c :i; •!«: r.-i-e- .- iicaO '•••• 

air ?l-::--i\ii- eOf>i : - - : i ia ' : ;V;bor i :•": 1 •! 11 

i d i l iy ti--:: srcivv.y'e d---;:oOxd ; r , .vc coacoro- co 
'ooio if! y,-iia!h-i 'viO-j •.•.•....: 'ev-unrr: Or a'!. b:e:eo--;o.r ; 
^b.>r-vr 5.ir fovipieni vesarbdc o d l r\. o-rt:iiVr rebeoi: a.: ire 
bve venfsieninf ese-n:-br-.aec lavi c -oooa iobo . oaooiric -"v' lOuod '-
a'O'nrfironoos, viepvadb'se '-a die ob"oo-:-:ri! near; or-- , tna .b-'Cv ' r -
sah-Oaaaady mterft-re w n b rya pci fornna-icc .0 siii-ivi' i-ie,.;r;'-a 
Paeinv of the ovi, hearts ov osiabiitat-.; cie..r!0!r O: nci syaeOfu 
noasis 0! :isyn(dirouoasp „ htei aot bceit n.)nno tri be bcaciicoii, 
aiid !i Yu^i ad--oeaied, aithoagi; iiaae o. 'ua- exyeop'oaiai xiody 
-wbii.h -laiggesrs .-.tperw-ise'"' ibarmg ot either he.at tna\ , ot coursi-
he iitcessaty if ihc>-e is a Jcnniie indicnioit. 'ujch as ,.arto\-cntra:io 
lar dis^oela;!on or bradycardia, 

H e a t o d j n a n e e aiiidles in oadeiits with HUT, perfornisd by 
Rigaud e> a!/", dennjostraied a siginhcant reduetiori in lett as-id 
rigiit \eriiricuiai- fbbag pressures (i-y 41 % tuid 36'-v:, resj-icctivcd) t 
compared to pretransplant Vdhies. Cardiac index increased by 
25%. and PVR was reduced by iSbb, Padenis could be d n u l e d 
inio two groups according lo! the presence of one or ivvo peaks -in 

ihc aorlii; pressure curve. In tb,e first group, because the native ieft 
ventricle could not generate enough pressure io open the aortic 
value, its entire stroke vokime was ejected retrogradeiy into the 
common left airliii-n. in the t.cverely dysfunetional native hearts, 
aortic valve regurgitation tbrougiiout the cardiac cycle was re
ported-^". The donor heart assumed loral left ventricular work and 
80% of riglit venirieular worlc. In the second group, native ieft 
veniricittar systolic pressure a i w a j s exceeded aortic diastolu; 
pre>:s;iire. The donor left ventricle contributed 68vt to systemic 
blood ilovv and the donor right vennicle .51% to pu.lmonary blood 
•knv. Native left vcntrtcalar foitetion detet-ioraied svith time 01 all 
patients, but was ;iiore marked in those in the hrst subgroup. 

The Cape Towti group siuiilarly documented a highp signiiii^arit 
increase in cardiac output and a fall in trarispulmonary gradient and 
PVT< at a mean of ,1 tnonihs ajier HHT'-'f The eoriiributivsn of the 
donor heart to ajtai cardiac output was estimated to be 12'y . in boti-s 
na!i\'c and donor hearts, however, mitnil and inciispid valve regur
gitation was observed, tmd was sevei'e m aonte of the don{-r hearts, 
ivhich was okau-ly a rnatier rh sofue cotieern with regaid. ao good 
iong-ienn iTnetion of ihese hearts, .b-litral regurgitaiion may be 
related to ejection of the recipieni left ventricular bio-ad retro-
gia.-iely inio tiie eommoti iefi atri;d ciivity, leading to dUatijtion of 
the donor mitral ring, Intcrestingiy, native aortic valve tegiirgitation 
was no! detected in thia group of patiesiis. 

Though the righi middle lobe Is often displaced jasperiorly by 
die (ksm.a heari, some laklapsc ul the rigiti lower k'ba ia nearly 
always preseui at the end iif the operation, be! with adeouaie res-
piratoiy iiierap)" this lobe eapands o\'cr rjie course of rne next few 
days: in our erperlence this iias ni.v: increased the mcidetice •,'4' 
posiopcottive puinionary •iifeiai;"!n m ihts jcipc. The pi"esencc of 
li'ir heteroiop!!: altfnyalf in tiic :iyhi eiies? tf-jgines ;>i tsrid tb-
io-Kis '•,:. tt siiphi, roiiuctioe hs righi i-am vy.\t\^i\(-, bvi in ao <-a-,e 
ir:'. Pa', iviCi; asS.">r laieii ^wdi sjii iptoai: oS ,;-s-,p,:,!.-ey veiiiilaiorp 
eaa. .,;!% vvb !;;oe i!ro!spi,oiie:i t'itye Jaiulr ie-iirt-; ire-- tsw) 
hh--'rar-!,ad hi:;-,-, wiiii a,!- ivoisiaiiw 0: ii>o. rc:,i!eri. 

Fi B 14 Postero-anicrior chest r&diogKiph 
tianspiaiit: tL-e d-.:>:ior herit lies ia ihe right cheit 

•lecevfia-inic 
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scan 
esl an 

:we(l from 

If; ihc Curly poKtHjaRSpUirU period the cftecs of \iii-ioiJs iii-
oifopic and va>'-)acT!\'C agents on each heart shoiiid he iv-onirsiied, 
and the doisage care Hilly baiaticed to ptcvenf unwanted ertecis on 
cklicf licari. if veiilrieidar Obrilnstion of donfir or rcciricn! hciiti 
octiirs at'iei iiUl". care iiitist be tdkcit in deribnilatistg, as this m:xy 
kail 'o [ibrilkuion of Site udicr hcafl. a bodi hcaiti^ tibnliaic, pusi-
lioriing Ihc deiibrsfialuig puddles over die respective lateral wails 
t>f t!ie ehes! (i.e^ just below each axilia) is ofien succcssfui u\ 
deiibiillnring boili org;ws^ Several ceriiers. iiKduddig Cupc Town, 
have documeiilcd good d;)rior ticart function in die presence of 
itiiibgnuitt iiadvc iicart vcnn-icniaf dysitivthmias-'' '", 

A few of our bifi'T pndenis wilh uoderlyiug iscitemie henri 
disease lieve coHiinueu io show leusurcs of progressive aiiteronia 
of the coronas) arteries otdhe ranve heart. One p-'nient snftVred ;• 
[iiassese nvyocafilsai iidfifciioii of Use recipieii! ticiir! '} on.niuis 
afier HHT He expciueneed diaphoresis and severe typical h^^ 
chendc chest pain radiatiiig lo die arms; an eieeirocardiogi'ann 
cetniirrned die suddeii oiisei ol ventricular tibnliadon, Thronghout 
diis epibode, liosvevcr. the donur heart iiiaintaincd a steady 
rhyiJini and a sysicrnic blood prt̂ •;,̂ l!re of 110/70 nniiHg. He did 
not deiTiOTsirate any other ciisiicai features of shock, Anaigessa 
was ad tltat was necessary ia the foiin erf therapy. 

SEQUENTIAL HEART TRANSPLANTATION AND 
RETRANSPLANTATIOW IN PATIENTS WITH A 
HETEROTOPIC HEART TRANSPLANT 

The isuheaiioif. [oi a second iieail n.aisspl.int ni t pdlii-Ul v, iili 
H!i f. and ihe Piim.dpiir'i nt ^.tdecinas ol a pdicnt >.iht.ible for sijth 
a prcieedure, arc hxsically the saiiie as those with regard to a 
pabeiil siilb an < fidT and an- d!S(.n'->>cd m Ctuiptci d6 1 here aiss 
ho-ACver, •HJI-M diflerenseblhiil require eonsidcr.iliuii. 

Willi regard to the timing of the second tiaiisplant in a patient 
wiih iniraciafde aeiiic rcje,"ti..,ii, HHT tnav alUnv fiaiieiii siiruval 
eveii when die donor heart lia> ceased fuiicuoiiitig eiitirely''f This 
is paitiLijlarly hkely ii) puiienis \vli() undergo acule rttcetiiin of 
file gnift wittiin the iirtd few weeks or montlis followiiig trans-
plari!;jiion. .ii whicii hiage ihe palienl's naiive heart is hkdy lo 
remain Mifiieienily fuijctioiiaJ lo allow patient sur\i\al uiiiil a 
second trapsplant prrccdiire is performed. 

hi sueh patients, excision oi' the irreversibly aeoteiy rejected 
fieterotopic heart may be unnecessary or iiiadvisabie (see below) 
or may be delayed i ;f possible) unfil ihe Uwe oi rePrnispiainadon, 
The patient is rniiintained on iviethylpredmsotone 20 mg,'f;g per 
day onuiy, in an effort to pi event syirsptonis fi'oni the toxic effects 
oftoisue iiecfosis. At (.iroorc Sahnar llosniral this pohey was sue-
%-essUu m al! cases excepi one,, in a'hich the patient de\'eloped a 
tdgli iewrr and 'vas clearly unwelb siecehsittaing iiiUfiediate exci
sion of die reicci.cd dositu- heart"'b 

Otu' experieisee and th,ri of others^'- (though act all ' ' ; aith pa-
iicnts vatli HHT has been iliai recipiciH licart funcdeu has sicadily 
deteriO!S.ited doriitg the months tbilowiag transplantation, lii'e-
stK-vUve of llic undeiiying cai'dias pudiology, fue ds-picssi^ai of 
naSive lefi \anitricular funcdon is maudy isdaled to reduced 
preio.sd (eompciiU'c rilling; uad increase!,! aficiioavk". tiy rhe 
btsie grafi vasenbpadiy larieriosclerosisi devefups. recipicni bean 
ilnaiiuii !ia;y l!.::vc beconse inadesjiiaic iu ^u:>tii!n Ide, cr u;ay have 
ceased altfigefher, \̂ 1tiK!Ut i-eiransplantaiion, dieictisfe, complete 
graif faifure is irequciitly ibilowed by dte death of die jiaiient. 

Operatiwe considerations 

It is c.-M pohey in ad ease^ of sequendal rransplasuaiion or retisms-
plantaiioa io pi'ei>are the feitirirai ariery and veac Tids ailows ini-
niediate initiation of pump-oxyge:iator support diiougis this route 
if carditic finietnnt deicrioiaies bctfu'e or wuile ioecian sici--
aofoiay is ped'oirned, la all cases, inotropic agents should be 
avaihibie dining usduction of aiicsihesia. 

,--sfteT HHT ihe peiscuixhum carinoi be closed. Lhuess a sheet oi' 
piTistheiie iriaterial polyteii'afiiiorethvletie.. has been inserted 
between hcari and aaieisor chest walk adhesiojis are hkely to 
develop hetwecii the right ventricle of the reeipieiit's own heart 
and the posterior aspect of the sternairi; the donor heart, lying iu 
the rigiit che.st, adhere^ to the right iting and anteiior chest vcalh 
ficiranspianialion mats iheretoscc be leehrucaliy aa eKireniely 
difficidt proceduiv;, (jrcst ca-e is iefpiircd in lipening ihe siernnm 
atid in disseeiing oul ihe siruciares oi' die cbesi. 

In Cape Town ihe following operatJ\'e procedui-es were eirĉ  
plojed ill palieriib with HHT undergoing second transpianis 
i Figure i6)''--'-h 

(i i Replacemenc of the hetc!S)iopie donor heari, 
(2) Replacement of the native hearl, leaving the iirst heSerotopie 

donor hea.o. m silii. Followiag cscision of die recipieui's 
lieart. the standard operation of OUT was performed (Figures 
17 and 18). 

(3) Excision of both original donor and recipient hetirts and inser
tion of an orthotopic heart transplant; the right lower lobe re
quires iTiobiHzation and rc-cxpansion to fill the space vacated 
by the excised heteroiopic heart. 

Certain aspects of technique are worthy of note. Whenever it was 
decided to leave the heterotopic donor heart in situ, usually only 
its base and great vessels were mobilized. Similarly, whenever 
the recipient heart was to be left rn situ, a full dissection was 
usually not carried out. If femoro-femoral bypass had already 
been inidated, a further single SVC cannula was all that was re
quired. If cardiopulmonary bypass was not already in progress, 
an arterial cannula was inserted iiito the aortic arch, and two 
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D t D 2 

Figure 17 Replacement of the native heart in a rccijjieil! with a previous 
heterotopic transplant (Dl) (Technique 2). The natfve heart has been excised, 
and the second donor heart (D2) is about to be sutured into the orthotopic 
positii>n 

venous cannulac placed, one in the SVC, aod one low in the right 
atrium or IVC. While handling the SVC, care was taken not lo 
injure the azygos vein. Systemic cooling to 22°C wa.s usually 
maintained. 

Our approach to myocardial protection of the heart that was not 
lo be replaced (i.e. either the heterotopic donor or the native 
heart) varied "over the years. Usually the aortic crossclamp was 
applied cephalad to the anastomosis of the aortae, thu.s rendering 
both hearts ischemic. On occasion, arrest of the retained heart by 
cardioplegia was obtained, but on other occasions we relied on 
topical cooling only. As this heart (which was not lo be removed) 
was badly diseased, and therefore of Mttle value to the patient, we 
were not always meticulous in our efforts to protect the 
myocardium. 

Figure 18 Replacc.n.ierit .it Ihe ii:itive I'lcar! in a recipient v..iih a previous 

heterotopic transplant (D! i - iJa; '.:i)inpiet';:d opi--rali«n sTeciina|ije 2) 

Decompression of the heart that was to be left in .situ was 
readily achieved, as removal of the other heart rendered the left 
atrium open. At the end of the operative procedure, however, 
great care was taken to remove all air from both hearts. It has not 
been our policy to vent either heart, but a large air needle was 
placed in both aortic roots and in both left ventticlcs. either 
directly through the apex or, in the case of a heterotopic 
donor heart, through the anterior right ventricle and septum into 
the posteriorly placed left ventricle. 

When the heterotopic donor heart required removal (techniques 
(1) and (3) above), this wa.s performed once cardiopulmonary 
bypass had been initiated. On some occasions air leaks and 
oozing of blood from the right lower lobe proved unavoidable. 
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Excision of the first donor heart can be a difficult procedure in 
view of tight adhesions between this heart and the surrounding 
tissues, notably the lung. By leaving this heart in situ, the operat
ing time is reduced and potential postoperative complications 
avoided. 

Technique (3) is probably the least favorable, as reinoval of the 
original recipient heart, together with the donor organ (and inser
tion of an orthotopic graft), also requires expansion of the right 
lower lobe, necessitating an extrapleural mobilization of much of 
the right lung, thereby increasing blood loss significantly. 

Excision of a heterotopic allograft in a patient with a 
functioning native heart 

In (a) patients with an irreversibly acutely rejected heterotopic al
lograft (and a functioning recipient heart), when the donor heart 
requires excision as a semi-emergency following the development 
of toxic symptoins from tissue necrosis, and when retransplanta-
tion cannot yet be performed due to the absence of a suitable 
donor (or other contraindication), or (b) in the very rare event 
when the native heart has shown significant recovery and the 
donor assist is no longer required, excision can been achieved on 
occasions without the need for cardiopulmonary bypass. The op
eration is performed through a median sternotomy. Vascular 
clamps are applied across the four sites of anastomosis (i.e. aorta, 
pulmonary artery, right atrium and left atrium), the donor tissue 
divided and excised, and the residual cuffs of tissue oversewn. 
There have been no complications associated with leaving cuffs 
of donor aorta or atria in the chest. 

If a second HHT is anticipated, the vacated cavity of the right 
chest has been maintained by filling it with a suitable foreign 
body, such as a silastic breast prosthesis. If this is not done, the 
space will till with blood and other fluid and dense adhesions will 
form, making subsequent HHT exceedingly difficult, if not 
impossible. 

Results of sequential transplantation or 
retransplantation 

In the Cape Town series of nine sequential transplants'''', there 
were no operative deaths, though the procedures were difficult 
whenever the heterotopic donor heart required removal (tech
niques (1) and (3)). Two patients died, however, after 24 days and 
3 months, from bacterial pneumonias, and one hyperimmunized 
patient lost graft function after 5 days from accelerated acute re
jection, but survived a further 17 months before dying from his 
underlying cardiomyopathy. Of the two patients who underwent a 
third transplant, one died after I month from Aspergillus sepsis 
and the other died within the first post-transplant year from accel
erated graft vasculopathy. The three surviving patients remained 
well several years after their second operation. 

In this small series certain factors were noted to influence 
survival. 

(I) Operative technique. Removal of the original donor heart, a 
technically difficult procedure with potential complications of 
bleeding and air leak, was followed by a higher morbidity and 
mortality than when this organ was left in situ and the second 
graft inserted in the orthotopic position. 

(2) Cause of failure of first transplant. Patients who were retrans-
planted for acute rejection did less well than those retrans-
planted for chronic rejection, This was possibly related to the 
immune status of the patient at the time of retransplantation, 
but in this small series was more readily explained on the 
basis of the immunosuppressive therapy available to the 
patient at the time of transplantation (see below). 

(3) Immunosuppressive therapy. Of the four patients who con
tinued to receive immunosuppression with only azathioprine 
and methylprednisolone after retransplantation, only one was 
a long-term survivor. Of the four patients in whom therapy 
was changed to include CsA at the time of the second 
intervention, three proved to be long-term survivors. 

From this experience we would recominend that the first donor 
organ is left in situ, and that the recipient's own heart should be 
replaced at the second operation (see Figures 17 and 18). This 
would also seem to be the operation of choice at third and subse
quent procedures. The risk of major thromboembolism from a 
poorly or non-functioning heterotopic donor heart would seem 
small, as long as anticoagulation is maintained. 

COMMENT 

Though the technical problems faced in sequential transplantation 
or retransplantation in patients with an existing HHT are consid
erable, and therefore the risk of early postoperative complications 
probably increased, it would seem that a second transplant is cer
tainly a worthwhile procedure, particularly since the introduction 
of CsA. However, the present indications for HHT are relatively 
few and, as reoperation in such patients is difficult, we believe 
that this procedure should be performed only when there is a 
definite contraindication to OHT. 
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Heart Transplantation in Infants and Children -
Indications, Surgical Techniques and Special 
Considerations 
C.B. HUDDLESTON 

INTRODUCTION 

For some children with severe congenital malformations of the 
heart or end-stage myopathic processes, cardiac replacement 
offers the only hope of survival. The evolution of this treatment 
began in the late 1960s when Kantrowitz performed a heart trans
plant in a 16-day-old infant with tricuspid atresia'. Not long after 
that, Cooley performed a combination heart-lung transplant in a 
2-month-old infant with an atrioventricular canal and pulmonary 
consolidation with pneumonia-. Neither of these infants survived 
their hospitalization, and in the 1970s fewer than 15 transplants in 
children were performed. The introduction of cyclosporin and the 
pioneering work of Bailey and associates at Loma Linda in 
neonatal transplantation were two significant developments of the 
1980s which contributed to a steady increase in the volume of 
transplantation in children. According to the Registry for the 
International Society for Heart and Lung Transplantation^ the 
number of children transplanted has plateaued since 1990 at 
280-300 per year. Although heart transplantation (HTx) is a gen
erally accepted therapy for children with medically refractory 
heart failure, controversies exist, such as the appropriateness of 
HTx for children with hypoplastic left heart syndrome. While it is 
true that HTx in children has been a direct extension from the ex
perience gained in adults, there are substantial differences in prac
tice from the standpoint of indications, surgical techniques, 
implications of immunosuppression on growth and response to in
fectious agents, and anticipated survival. This chapter will review 
the indications for HTx, the surgical techniques involved, the 
post-transplant management, and the results in children based on 
the published literature as well as the author's personal 
experience. 

INDICATIONS 

As with adults, children present for cardiac replacement as 
therapy for refractory heart failure or life-threatening arrhythmias. 
The specific indications for HTx in pediatrics are almost evenly 
divided between (a) congenital heart disease and (b) myopathic 
processes. In younger age groups, particularly infants, the 

congenital heart disease indication predominates and, as one ap
proaches teenage years, the myopathic indication predominates'. 

CONGENITAL HEART DISEASE 

It has been estimated that 10-20% of all children with congenital 
heart disease will ultimately require HTx over the course of their 
lives'*. Long-term survival statistics (out to 15 years) in patients 
following surgical treatment of complex congenital heart disease 
arc now available for entities such as tetralogy of Fallot\ atrial 
repair of transposition of the great arteries''^, and Fonlan proce
dure for single ventricle". These all show a steady fall in survival 
that significantly exceeds that of the normal population. Patients 
with single ventricle anomalies status post-Fontan procedure rep
resent a potentially large group of candidates for HTx. The down
ward slope of their survival curve is steeper than that of other 
surgically treated congenital heart diseases. Those with other 
complications of the Fontan procedure, such as protein-losing en
teropathy and severe refractory atrial arrhythmias, may also be 
suitable candidates'*. Further, children with single ventricle physi
ology who do not meet the strict criteria for the Fontan procedure, 
and for whom no other palliative option is available, can often be 
satisfactorily treated with HTx'". Heart failure occasionally 
occurs in teenagers and young adults when the anatomic right 
ventricle is serving as the systemic ventricle, such as following 
atrial correction of transposition of the great arteries or with 'con-
genitally corrected' transposition of the great arteries. HTx is a 
perfectly reasonable treatment option for these patients. Table 1 
lists the specific congenital heart diagnoses treated with HTx at 
our institution. 

Heart transplantation in neonates as primary therapy for hy
poplastic left heart syndrome was introduced by Bailey and his col
leagues at Loma Linda". Their early and intermediate results have 
been good, with a 3-year actuarial survival >80% of all those surviv
ing to HTx'-. At the time, this compared quite favorably to previ
ously reported results of reconstructive surgery for newborns with 
this diagnosis - <60% I year survival from Norwood's group" and 
30% early survival from a multi-center group of surgeons'''. This 
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Table 1 Diagnoses of children requiring transplantation for congenital 
heart disease at St Louis Children's Hospital 

Hypoplastic left heart syndrome 
Primary 
Following palliation 

Failed Fontan procedure 
Tetralogy of Fallot, S/P repair 
Heterotaxy syndrome 
c-TGA/VSD 

S/P repair; S/P MVR 
Straddling mitral valve, CHB 

d-TGA/VSD 
S/P Senning, VSD closure 

Pulmonary atresia. IVS; s/p MI 
Ebstein's anomaly, pulmonary atresia 
S/P repair of atrioventricular canal 
S/P repair of multiple VSD (left ventriculotomy) 

42 
4 
3 
2 

1 

c-TGA = congenitally corrected transposition of the great arteries; VSD = 
ventricular septal defect; MVR = mitral valve replacement; CHB = complete 
heart block: IVS = intact ventricular septum; Ml = myocardial infarction 

resulted in a progressive increase in the number of transplants in the 
infant population during the early 1990s. However, in the past 3 ^ 
years two factors have made the results between HTx and recon
structive surgery for this entity increasingly similar: (a) the mortality 
while awaiting HTx and (b) the improved results with reconstructive 
surgery. In some centers the mortality on the waiting list for these 
critically ill infants is 15-20% as the time from listing to HTx has 
gradually increa.sed to 4-6 weeks. If one is to add an 'acceptable' 
5% operative mortality to this, the early mortality based on the 
planned intention becomes at least 25%. Some centers that have [per
sisted with reconstructive surgery have improved their results con
siderably, with I-year survival rates of 75-80%'''"'. Thus, the most 
appropriate treatment for these infants remains controversial, with 
some centers continuing to use HTx as the treatment of choice, 
others employing reconstructive surgery exclusively, and others 
adopting a more selective approach. We have gone from offering 
HTx as the treattnent of choice to a selective approach where risk 
factors for HTx or reconstruction are evaluated. Factors favoring 
HTx include: (a) blood type other than O, (b) severe tricuspid valve 
regurgitation, and (c) poor ventricular function. Factors favoring re-
con.structton include: (a) blood type O (because of the long waiting 
time for HTx), (b) good ventricular function, and (c) the presence of 
an intact atrial septum or a very small atrial septal defect not 
amenable to dilatation. The size of the ascending aorta, the anatomic 
subtype of hypoplastic left heart syndrome, and the size of the 
patient have not been used at our center to influence this decision. 

CARDIOMYOPATHY 

Cardiomyopathy is the dominant indication for HTx in children 
over 5 years of age. Although the etiology for the majority is 
unknown, viral (usually Coxsackie) infection accounts for 23%, 
hereditary cardiomyopathy 14%, hypertrophic cardiomyopathy 
5%, and doxorubicin-induced cardiomyopathy 4%" . Ischemic 
cardiomyopathy, the dominant diagnosis for adult cardiac trans
plantation, is very rarely seen in children, and is limited to those 
with anomalous coronary artery syndrome with irreversible left 
ventricular dysfunction and hyperlipidemias. The indications to 
proceed with HTx in a patient with a cardiomyopathy are similar 
to those for adults. However, some factors have been noted which 

portend a poor prognosis for children with cardiomyopathies: 
(a) age >2 years at onset, (b) lack of improvement on medical 
therapy, and (c) associated arrhythmias'". 

CARDIAC TUMORS 

Unresectable primary cardiac tumors, such as fibroma, are very 
rare. Cardiac transplantation is an option for therapy as long as 
there are no significant associated anomalies. These primary 
tumors rarely metastasize. Rhabdomyoma of the heart is the most 
common cardiac tumor in infants and is usually quite large at pre
sentation. However, many of these patients have mental retarda
tion related to tuberous sclerosis and most of the tumors 
spontaneously regress without treatment'*'. HTx is necessary 
medically when the tumor causes severe left ventricular outflow 
tract obstruction or life-threatening ventricular dysrhythtnias. 

RETRANSPLANTATION 

Retransplantation accounts for slightly less than 5% of all heart 
transplants in children. Early graft failure, severe acute rejection, 
and coronary va.sculopathy are the underlying reasons for this. The 
results with retransplantation are generally worse than for first-time 
transplants and one could argue that it is inappropriate to utilize 
this valuable resource in a situation where the anticipated result is 
less likely to be successful. The age range for which the donor: re
cipient ratio is >1.0 is 1-10 years. Thus, a child transplanted as an 
infant developing coronary va.sculopathy as a 6-year-old is a per
fectly reasonable retransplant candidate. All others arc controver
sial and should be carefully exatnined on a case-by-case basis. 

CONTRAINDICATIONS 

Contraindications to HTx include those factors that preclude 
transplantation of any organ: (a) active malignancy, (b) uncon
trolled infection, and (c) significant psychosocial issues. Severe 
renal and hepatic dysfunction that fails to improve with intensive 
medical treatment of heart failure is a relative contraindication, 
bearing in mind the balance between the nephrotoxic effects of 
cyclosporin and the potential reversal of these processes once the 
transplanted heart begins to provide satisfactory cardiac output. In 
neonates, however, renal insufficiency is a fairly strong con
traindication because dialysis is difficult to inanage in small child
ren for a prolonged period of time. 

The classic guidelines regarding pulmonary vascular disease 
and its impact on risk for HTx are that the indexed pulmonary 
vascular resistance should be <6-8 Wood units and the transpul-
monary gradient should be <15 minHg.-"-' It should be empha
sized that these are only guidelines, and are difficult values to 
obtain accurately in patients with congenital heart disease where 
intra- and/or extracardiac shunts significantly complicate the com
putations necessary to derive the pulmonary vascular resistance 
value. The patients identified as high-risk on the basis of pul
monary vascular disease should be evaluated extensively in the 
cardiac catheterization laboratory to exatnine their response to va
sodilators such as nifedipine, oxygen, prostaglandin E|, prostacy
clin (where available) and inhaled nitric oxide. In addition. 
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inotropic agents should be evaluated as they frequently have both 
short- and long-term beneficial effects on elevated pulmonary 
vascular resistance, particularly when it is on the basis of poor 
ventricular function with a high end-diastolic pressure in the sys
temic ventricle or with atrioventricular valve regurgitation. Those 
patients with inadequate acute response to any of these measures 
should be treated for several days or weeks and re-evaluated prior 
to excluding them from isolated cardiac transplantation. 

I personally do not consider any congenital cardiac lesion to be 
of such complexity that transplantation is impossible. That in
cludes situs inversus and any of the heterotaxy syndromes. In 
general, anomalies of the systemic and pulmonary veins provide 
the major technical challenge in children with congenital heart 
disease. A number of novel solutions to these issues have been 
provided by various surgical groups and these will be discussed 
later in this chapter. 

PRETRANSPLANT EVALUATION AND TREATMENT 

This evaluation is much like that for adults. A series of tests 
screening for the presence of active infectious disease is per
formed. An evaluation for the presence of preformed cytotoxic 
antibodies is also undertaken. When present at a level of >15% 
either a prospective cross-match with the donor or treatment with 
plasmapheresis is necessary. The significance of these antibody 
levels in infants under 3 months of age is unknown as they most 
likely represent maternal antibodies. Except for the neonates with 
hypoplastic left heart syndrome, the potential candidate then un
dergoes a cardiac catheterization to confirm the diagnosis and also 
to evaluate the pulmonary vascular resistance. In an infant pre
senting with a presumptive diagnosis of cardiomyopathy, the di
agnosis of anomalous left coronary artery originating from the 
pulmonary artery must be excluded. Children with complex con
genital cardiac lesions, particularly those with heterotaxy syn
dromes, should have a thorough characterization of the systemic 
and pulmonary venous drainage to exclude anomalies. 

Once listed and awaiting HTx, a number of potential complica
tions can occur. Neonates with hypoplastic left heart syndrome are 
particularly complex patients to manage. They all require continu
ous treatment with prostaglandin E; to maintain patency of the 
ductus arteriosus. The pulmonary and systemic blood flows are bal
anced optimally by avoiding supplemental oxygen and hyperventi
lation, while constantly being on surveillance for additional 
hemodynamic problems, such as the closure of the patent foramen 
ovale—. In older children with myopathic processes clinical deterio
ration occurs due to either progressive pump failure or the develop
ment of refractory ventricular arrhythmias. Generally speaking, the 
intra-aortic balloon pump is not particularly effective in children, 
due in part to the greater compliance of the aorta and the small size 
of the vessels. When progressive heart failure is occurring and in
otropic drugs are not providing the necessary support, mechanical 
support is indicated-\ Ventricular assist devices may be inserted 
into older children; the lower limit of acceptable weight is not 
clearly defined. For very small infants, extracorporeal membrane 
oxygenator (ECMO) support is an option. Prior to embarking on 
the adventure involved with the use of one of these modalities (par
ticularly ECMO) one must have some assurance of a relatively 
short anticipated waiting time. It is very difficult to maintain an 

infant on ECMO for more than 21 days without developing some 
sort of complication which would impact upon the candidacy of the 
pafient for a transplant. An automatic cardioverter-defibrilliator or 
pacemaker-cardioverter- defibrillator may be used in children as 
small as 10 kg when ventricular arrhythmias occur that are poorly 
responsive to medical therapy-^. 

SURGICAL TECHNIQUES 

Anatomic considerations - general comments 

The technique of HTx in children with myopathic processes is no 
different from that employed in adults, which is discussed else
where. I would comment, however, that there is some controversy 
regarding the nature of the venous anastomoses in HTx - atrial 
versus caval/pulmonary venous anastomoses. My preference, in 
general, is to perform caval as opposed to right atrial anastomoses 
for the systemic venous connections, except in two instances: 
(a) small infants in whom the superior vena cava (SVC) is very 
thin and at greater risk for kinking and narrowing due to purse-
stringing the suture line, and (b) the presence of a left SVC. For 
the latter situation, my preference is to alter the recipient cardiec-
tomy to maintain the patency of this vessel by leaving its course 
via the coronary sinus intact; the left atrial incision on the infero-
lateral free wall in the recipient is made near the atrioventricular 
groove"^ .̂ Direct caval anastomoses require cannulation for car
diopulmonary bypass high in the SVC and quite low in the in
ferior vena cava (IVC). Cannulating low in the IVC often requires 
dissection of the IVC below the diaphragm so that it may be tran
sected at its junction with the right atrium and still provide 
sufficient length for the anastomosis. Caval anastomoses provide 
a potentially better hemodynamic result, and also allow for the 
greater flexibility necessary for dealing with some of the complex 
anatomic entities presenting for HTx - particularly the heterotaxy 
syndromes and the post-Fontan patients. 

The number of different combinations of congenital defects 
and their anatomic nuances preclude an encyclopedic description 
of each method of implanting the donor heart. However, with a 
discussion of some of the more unusual entities, modifications to 
meet the individual needs can be met. The major anatomic entities 
to be addressed are hypoplastic left heart syndrome, transplanta
tion following the Fontan (total cavopulmonary connection) oper
ation, situs inversus, and heterotaxy syndromes. 

Donor assessment/management 

Once a donor has passed the usual criteria for general acceptance 
for organ procurement on the basis of appropriate blood type and 
absence of transmissible disease, size match and organ function 
become the issues to be evaluated. The degree of size discrepancy 
allowable depends upon the size of the recipient. For neonates I 
will accept an organ from a donor as much as three times the 
weight of the recipient. For older children, the range by weight is 
usually of the order of 20% above or below. It is generally felt 
(without much objective data) that a heart from a larger donor 
will tolerate higher pulmonary vascular resistance in the recipient. 
I would agree that it is preferable to utilize a larger donor in this 
circumstance, but would not turn down an otherwise acceptable 
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donor for a patient with relatively high pulmonary vascular resist
ance due to somewhat small size in the donor aione. This would 
particularly apply to ihe situation where the donor is local and the 
anticipated ischemic time would be sliort. 

Operatiwe techniqyes 

Hypoplastic left heart syndrome 

Donor procurement (Figure I). The major differeocc between 
donor harvest in this circumstance and any other harvest is to 
acquire sufficient donor aorta to allow for reconstruction of the 
recipient aorta as part of the transplant procedure. The ascending 
aorta, aortic arch including the head vessels, and proximal de
scending aorta arc all dissected out. Following aortic clamping, 
cardioplegia administration, and cooling with topical cold saline 
and ice, the innominate, left common carotid, and left subckivian 
arteries arc divided just beyond their origins. The proximal de
scending aorta is divided just beyond the origin of the ligamen-
turn arieriosum. The remainder of the organ harvest proceeds as 
for any other cardiac procurement. At the time of transplant, the 
donor aorta is prepared by excising the superior portion of the 
aortic arch beginning just proximal to the origin of the innominate 
artery and going all the way to the ligamcnlum arteriosum. 

Donor 
aorta 

Donor main V*' 
putfnonary artery 

Recipient 
aortic arch 

Recipient 
pylmonary artery 

Figure 2 Completed arch reconstruction. The donor aortic flap is anasto
mosed to ttic recipient aorta in such a way to re-create aortic continuity and to 
repair the coatctalion 

Recipient operation (Figure 2). The ductus arteriosus, branch pul-
montiry arteries, and aortic arch with its branches are ail dissected 
out extensively. When dissecting out the ductus arteriosus and 
during Ihe distal arch reconstruction, care must be taken to avoid 
injury to the recurrent laryngeal nerve. Following systemic he-
parinization. the proximal pulmonary artery and right atrial ap
pendage arc cannulatcd. Once cai^diopulmtjnary bypass has 

Vessels to head 
and uppe* iimbs 

Superior 
vena cava 

Ascending-
aorta 

lain 
pulwonsrf artery 

Right atrial' 
appandage 

RIglit 
ventricle 

Divided 
patient 
ductus 

Left atrial 
appendage 

Lett 
ventricle 

Figure 1 Donor hcarl prepared ior traii.spUinUUion ir. a patient with hy
poplastic left heart syndrortie. The aoitic atcii and desceiidiiig aorta are pre
pared for the aortic recoiisU'uction by removing tlic superior :ispect, including 
the origins of the arch vessels 

commenced, the left and right pulmonary arteries are occluded with 
snares and the patient is cooled to 18°C. Circulation is then shut 
down, the patient is exsanguinated into the cardiopulmonary bypass 
circuit, the snares are removed from the pulmonary arteries, and 
the innominate and left carotid arteries are occluded. The arterial 
and venous cannulae are removed and the recipient cardiectomy is 
pcrft)rmed. The pulmonary artery end of the ductus arteriosus is 
ligated and the remainder of it is excised from the aorta. The as
cending aorta, which is generally very small, is resected with the 
heart. The underside of the aortic arch is opened down to the area 
of the ductus arterio.sus. The aorlotomy is extended approximately 
1 cm distal to the region of the ductus because coarctation oi' the 
aorta is extremely common with this disease. 

The transplant is then commenced with the left atrial anastomo
sis perfoniied in the usual fashion. The aortic anastomosis i.s per-
fornied next in such a fashion as to reconstruct the aoilic arch and 
proximal descending aorta. Generally, this anastomosis is hegun at 
the distal extent, with downward traction applied to the left pul
monary artery to provide exposure. The pulmonary artery anasto
mosis is then performed in the usual fashion, as is the right atrial 
anastomosis. Cannulation stitches are then placed into the new as
cending aorta and right atrial appendage. De-airing the aortii is ex
tremely important and can generally be done through the aortotomy 
site for cannulation. Rewarming is commenced, the patient weaned 
from cardiopulmonary bypass, and decannulation carried out'*. 

Frequently, the donors used for these newborn infants are con
siderably larger than the recipients - in our series approximately 
twice as large by weight. Most of the time the donor heart fits sat
isfactorily but, when there is a particularly large donor-recipient 
mismatch, opening the pleural spaces and resecting a large 
portion of the pericardinm provides more space for the heart. 
Avoidance of positive end-expiratory pressure and the use of 
small tidal volumes will also assist in getting the chest to close. 
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Failing this, it may be necessary lo leave the chest open for a few 
days until edema has resolved. 

Approximately 15% of all patients with hypoplastic left heart 
syndronie will have a left SVC. As mentioned above, a very 
simple method of handling this is to alter the recipient cardiec-
tomy such that the left SVC continues to drain via the recipient 
coronary sinus into the new right atrium^ (Figures 3 and 4). 

RSVC --

Hypoplastic 
aorta 

Coronary 
sinus 

LSVC 

?'/M4M^'&^-i'--i-

Figure 3 Anatomy of hypoplastic left heart syndroiiie wiih a left superior 
vena cava. This empties via ihe coronary sinii.s into t!ie right atrium. LSVC = 
left superior vena cava, RSV'C = right superior vena cava 

RSVC 

Opening of 
coronary 

sinus 

LSVC 

Enlarged 
coronary sinus 

underneath 
L. atrium 

.Pulmonary 
trunk 

Figure 4 Hypopla.siic left iieart syndrome. Tlic recipient cardiectomy is per
formed so lliat Ihe coronary sinus is left intact along the postcro-inferior left 
atrioventricular groove. This leaves the left superior vena cava draining into 
the right atrium via the recipient coronary .sinus. The donor heart is then sewn 
into place in the usual fashion with bi-alrial anastomoses 

The postoperative management of these infants is similar to 
that for any neonate undergoing major cardiac reconstructive 
surgery, with the possible exception that isoproterenol is used 
more frequently for chronotropic and inotropic effects. For pa
tients who have v^aited for significant periods of time, the pul
monary vascular resistance will be .somewhat elevated and will 
predispose to either right heart failure or pulmonary hypertensive 
crises. Therefore, we manage thtjse infants at risk for this problem 
postoperatively with 24 hours of paralysis, sedation, and 
hyperventilation. 

Status post-Fontan procedure 

Donor procuremeMt. Depending upon the precise anatomic 
nature of the congenital anomaly and the technical aspects of the 
Fontan procedure, pulmonary artery reconstruction and correction 
of systemic venous anomalies are the most common problems re
quiring tiiodification of the standard technique i.n these patients. 
Thus, if there is not an associated lung harvest, one should 
include as much of the branch pulmonary arteries as possible. If 
this is not feasible, harvesting a section of the donor descending 
thoracic aorta also allows for excellent flexibility for pulmonary 
artery reconstruction when necessary, especially when the recipi
ent has had a right 'classical' Glenn anastomosis in combination 
with a right atrial-to-left (or main) pulmonary artery connection 
as the Fontan technique; this results in a significant gap between 
the orifice of the right pulmonary artery and the main or left pul
monary artery. When the recipient has a left SVC, the innominate 
vein should be harvested in continuity with the SVC. 

Recipient operation. Figures 5 and 6 demonstrate a patient with 
bilateral SVC, each anastomosed to the pulmonary artery directly. 

RSVC 

R. Glenn 
shunt 

RPA LPA 

fffva^lli/H-U&L-^ 

Figure 5 Anatomy in a patient with bilateral superior venae cavae, status 
post-Fontan correction by the total eavopulmonary conneciion technique. 
Both superior venae cavae are connected directly to the pulmoiiarj- arteries. 
The inferior vena cava is connected via an intra-atrial bafie to the orifice of 
the superior vena cava, the cardiac end of which is anastomosed to the under
side of the pulmonary artery. LPA = left pulmonary artery, RPA = right pul
monary artery 
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LSVC 

Patch 
on LPA 

IVC 
anastomosis 

Figure 6 The completed transplant (in the anatomy illustrated in Figure 5). 
The left superior vena cava has been directly connected to the donor innomi
nate vein, and the right superior vena cava is connected to the distal donor su
perior vena cava. The inferior vena cava is anastomosed directly to the donor 
inferior vena cava. The defects iti the pulmonary arteries at the siies of the 
prior Fontan connections usually require patches. IVC = inferior vena cava 

The blood from the IVC readies the pulmonary artery via a lateral 
atrial baffle (cavopulmonary conncetion) and anastomosis of the 
cardiac end of the SVC and pulmonary artery. Venous cannula-
lion will need to be high in both SVC and low in the IVC. The re
cipient cardiectomy is performed, removing most of the right 
atrium and all of the cavopulmonary baffle. A small cuff of right 
atrial tissue may be left on the orifice of the IVC to provide a link 
more length for this anastomosis. The SVC are rem.oved from 
their anastomotic sites on the pulmonary artet^'; in most cases, the 
sites of the ciival anastomoses to the pulmonary artery need to be 
patched, rather than directly oversewn. The remainder of the 
cardiectomy is performed in the usual fashion. 

The transplant procedure is modified to allow for an anastomo
sis between the donor innominate vein and the left SVC. The 
right SVC is anastomosed directly to the donor SVC, and the IVC 
is connected directly to the donor IVC at its junction with the 
right atritim. The pulmonary artery anastomosis is placed at the 
appropriate position, most often utilizing a long segment of donor 
main pulmonary artery. It is frequently necessary to perform 
some sort of reconstruction of the right and left pulmonary arter
ies or the bifurcation. In the presence of a 'classical' Gletm shunt, 
the pulmonary artery reconstruction can be done with a long 
segment of harvested right pulmonary artery, if available. 
Alternatively, the donor descending thoracic aorta is an excellent 
conduct and can be easily harvested with the heart, regardless of 
the needs of the other procurement teams. It can then be inter
posed between the right and left pulmonary aiteries to re-establish 
continnity. The donor main pulmonary artery may then be con
nected to an arteriotomy made in a convenient section of donor 
thoracic aorta. The pulmonary artery reconstruction and anasto
mosis will usually need to be perfonned prior to the aortic anasto
mosis since much of this reconstruction is located in what would 
be directly posterior to the aorta'". 

Situs inversus 

Patients with situs inversus may present for HTx because of asso
ciated severe congenital cardiac defects, such as single ventricle 
physiology with failed t'ontan or occasionally with an isolated 
cardiomyopathy and no other anomalies. In either instance this 
entity is a significant technical challenge primarily related to han
dling of the systemic venous return. Certainly, the expectation of 
finding a donor with situs inversus is extremely low, given that it 
is estimated to occur at a rate of only 2 per 10 000 population. 
Thus, techniques designed to modify the recipient so that a heart 
with normal situs may he implanted are necessary. 

Donor procurement. Donor procurement will depend on how 
the surgeon specifically plans to handle the systemic and pul
monary venous connections as well as needs based on the associ
ated anomalies present and previous palliative procedures. To 
allow for greatest flexibility, the harvest should include all of the 
SVC and a long segment of innominate vein. If the recipient has 
had a prior Fontan or Glenn procedure, modifications of the 
amount of pulmonary artery harvested should be made. A long 
segment of ascending aorta should be harvested. The left atrial 
portion of the procurement is usually standard. 

Recipient operation (Figures 7-9). A number of techniques 
have been described that .successfully handle the problems pre
sented by situs inversus. The major adjustment is in the area of 
connection for the systemic venous return. Cannulation directly 
into the SVC and IVC at points far distant from the right atrium is 
advised. The aorta should also be cannulated in a distal location. 
The incision in the right atrium is near the atrioventricular groove, 
leaving sufficient tissue to allow for the modifications necessary 
for implantation of the donor heart. The incision in the left atrium 
is also near the atrioventricular groove. As much of the atrial 
septum as possible should be retained. The pulmonary artery is 
transected close to the bifurcation. The aorta is transected distally 
to move the anastomosis closer to the midline. 

Aorta 

Main pulmonary 
artefY 

•Left- ' " ^ 
(pulmonary) 

atrium 

"Right" 
systemicl 

Fignre 7 Anatomy of situs inversus totalis 
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SVC 

R. pulm 
veins 

Figure 8 Siiiis iDversus. Picpriruiioi: oi the recipient, The cardiectoni)' hab 
been perrci;ine<i. Tire .'irnai Mjprair! is iiicbilizecl by incising tlie cephalad ami 
cautlad piirtion?. The lci< aKjinjiny fir the ultimate left atrial anastomosis is 
perforincd near the inrcr-atriai i.'.roove (indicated by dotted IJBe) 

Orifices 
R. pulm veins 
posterior to 
transposed 

atrial septum Left atrial 
anastomosis Donor 

RA 

Figure 9 Situs inversus. The mobilized atrial septum is then sewn to the 
lateral free wall of the ieft atrium anterior to the right pulmonary veins so that 
the pulmonaiy venous blood will be directed to the new atriotoiny. The donor 
left atrium is thee sewn to the atriotomy near the inter-atrial groove. The right 
atrium is sewn to the atrial orifice on the right, to which the superior and infe
rior venae cavae have been directed. The pulmonary artery anastomosis 
should be performed prior to the aorta because it will lie posterior m the aorta. 
LA = left atrium, RA = right atrium 

M\' preferred technique for impiaritatioji of the donor heart is 
She tine illiistraied arid is reaiiriiscetil of the Seririing proce^siure 
for iransposirion of the great arterie-;-' The atrial septum is mobil
ized by dividing if at its caudad aocl cephalad portions. It is then 
reattached lo the free v '̂ali of the left atrium anterior to iht; righl-
sided piihnonary veins. When an atrial se-plal defect is present, 
pencardium or prostiielic patci; material may he used in addiiior; 
to, or in place of. the alrtai septum. Tiiis directs the ptilnionary 
venous rcitirn frotri tfie right iuiis io ihc left, acrc.»ss the miidlitic. 
The iateratrial groove is then .rnobilized eweiisively. .4R .atriofoiny 
is placed anicrior lo i:lic Icll-sidcd pulmonary veiiib. The left airial 
anastcmo.sis is dius placed on die left side of Ihc mediastinum. It 
!S usually necessary lo perlorrn ilic riglil aifiai aiiasioitiosi?. iit-,\t, 
A portion of llic left superior aspect of ihe new right alriotomy 
can lie cio.sed primarily to move more of this anasiornosis to the 
right aiid to heiter march the size of the donor right atrial ciifl". 
The recipient pulmonary artery is usually positioned to the 
patient's right. This cats be effectively moved to the left by rnobii-
i'.'ing the branches or by extending the arreriotorny oat onto the 
left pubjionary arteiy. while pariiaJly closmg the right side. The 
puliiioriar)- artery anastoiiiosis shoisid be pcrfoiMDed prior to the 
aortic anastoinosis so that the pulmonary artery can be accurately 
seen. The aortic anastomosis is performed in llie nsual fssitiori. 

There are other tcchnitjiics (not illustrated) which may be 
applied, and may serve as ijcitcr options depending upon die asso-
dai.eti ariornaliete 1 wo ot these wilt be described. The first is a 
modiiicaiioij of thtii descnbed above, in whicii the atrial g.roove is 
dissected extensively and split so that two separate atrii.i result. 
Fixqucntly. the anterior portion of the atrial septum is too thm to 
split precisely: in thiit case, the septiuri should be devoted to the 
ptitotoTiary venous atrium. These two airitd orihccs arc then tftins-
posed, moving the systemic (left-sidedi atriiiiii anterior and to tire 
rigid, and moving the puime»nary (right-skied) alritirn posterior 
and to the left. The SVC and IVC will need to be cvlensivejy mo
bilized by dividing the azygous vein above and by mobilizing 
subdiaphragmatic veins below. The atrial and arterial connections 
are then performed as described above. 

The ne..\t modification is based on the principle of devoting the 
atrial mass to the pulmonary venous connection and re-establish
ing systemic venous flow with bicaval anastomoses-^*. Tins may 
be the preferred technique when the patient has palliated single-
ventricle physiology or other major intracatdiac anomalies, par-
tictdarly one of the heterotaxy syndromes. Cannulaiion in the 
SVC mu.si be at or above the entry of the innominate vein, and in 
the IVC below the diaphragm. The Icft-sidcd SVC is removed by 
tran.secting it at its junction with the heart andjusi below the entry 
of tlie innominate vein. This short segment is then anastomosed to 
the base of the innominate vein on the patient's right side. The 
donor SVC can then be anastomosed to the newly constructed 
right-sided SVC; alternatively, a long segment of donor SVC may 
be anastomosed directly to the innominate vein on the right side. 
The IVC is effectively moved across the midline to the right by 
utilizing a flap of right atrial tissue. The inferolatcral portion of 
the right atrium i.s separated from the left atrium and the septum is 
resected. The incision in the right atrium is caiTied down into the 
iVC orifice medially to the level of the junction of the peri
cardium with the diaphragm. From there, the IVC is then sewn to 
the pericardium to create a tunnel which continues across the 
midline, utilizing the flap of right atrium to cotilinue on to the 
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righl where the donor IVC can be sewn to this tunnel; some of 
the IVC is sewn to the pericardial portion of the newly created 
'tEime]', The left atrial anastomosis is carried out by using the 
lateral portion of the recipient right atrium as the left side of the 
anastomosis, and the rest carried out in the usual fashion. 

Heterotaxy syndromes 

Patients with heterotaxy syndromes (or splenic syndromes) have 
ambiguous visceral and atrial situs associated with anomalies of 
systemic and pulmonary venous drainage. Virtually all these pa
tients have single-ventricle physiology and most will have under
gone prior palliative procedures. In addition, they have an 
endocardial cushion defect with its associated single common 
atrioventricular valve. This valve frequently becomes insufficient, 
resulting in either failed Fontan procedures or lack of candidacy 
thereof, thus leading to HTx as a treatment option. 

The key issue once again pertains to the venou.s drainage, either 
systemic or pidmonary. Anomalies of the pulmonary venous 
drainage arc associated with both polysplenia (sometimes referred 
to as left atrial isomerism) and asplenia (sometimes referred to as 
right atrial isomerism) syndromes, although the ejitracardiac 
forms occur almost exclusively with the asplenia syndrome. 
Anomalies of the systemic venous drainage occur with both 
asplenia and polysplenia, but are more eomnioo with polysplenia, 
where the vast majority of patients will have bilateral SVC as 
well as continuation of the IVC to the SVC via the azygous 
system. The hepatic veins may enter the atrium separately. It is 
crucial that both systemic and pulmonary venous drainage be 
carefully defined, either by cardiac catheterization or by other 
imaging .studies such as a magnetic resonance. 

Donor procurement. This is performed much like procurement 
for sitE.s inversus. Sufficient length of SVC is necessary to allow 
for flexibility in the transplant operation. Other considerations for 
the harvest of the great arteries will be dependent on the associ
ated anatomic defects and prior palliative procedures. The left 
atrial portion of the harvest does not need to be altered 
significantly. Although it may be more convenient to obtain the 
entire left atrium, including the orifices of the pulmonary veins, 
this would preclude lung harvest for transplantation of this organ 
into another recipient. It is entirely possible to perform isolated 
HTx in these patients with only a small left atrial cuff from the 
donor. 

Recipient operation (Figures 10 and II). The transplant proce
dure should in general be based on the principle of devoting the 
atrial mass to the pulmonary atrial anastomosis, and connecting 
the venae cavae by direct anastomoses. The illustrations provided 
are for a patient with total anomalous pulmonary venous connec
tion to the right SVC and a midline IVC. The SVC is of necessity 
very large just as it enters a large common atrium, which these 
patients frequently have. Cannulation again is high in the SVC 
(above the entry for the pulmonary veins) and very low in the 
IVC. The heart is excised with an atrial incision that proceeds 
around the heart near the atrioventricular groove. The SVC is 
divided below the cannula and above the entry of the pulmonary 
veins, and the cardiac end is then oversewn. The IVC is separated 
from the atrium, leaving a short cuff of atrium attached for added 

SVC —. 

Aorta 

Ascending vein from 
pulm. venous 
confluence 

Pulm. venous 
confluence 

Figure l i Example of anatomy of a patient with heterotaxy syndrome mani
fest as total anomalous pulmonary venous drainage to the superior vena cava 
via an a.<>cending vein. The pulmonary venous confluence is in tiie posterior 
mediastinum bcliind the parietat pericardium and in a relatively superior 
posilion 

Recipient 
aorta 

Ascending 
vein from 

pulm venous 
confluence 

"Common 
atrium 

Donor 
iVC 

Figure 11 Heterota,\y .syndrome. The recipient cardiectoiny is performed 
such that the ascending vein from the pulmonary venous conflnence is left 
intact into the proximal superior vena cava. Tlie common atrium will become 
the left atrium. It is generally verv' large and, when the recipient eardiectoniy 
is performed, a large orifice is present with tlie opening frequently more to the 
patient's right side. This opening is reduced in size by sewing up the corners 
in such a way a.s to shift tlie opening more to the left side. The systemic veins 
are connected by direct cava! anastoraose.s 
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length, This leaves only the pulmonary venous drainage to empty 
into the atrial mass. This very large atrial orifice will frequently 
need to be reduced in size by sewing up the corners, especially 
those on the right upper and lower corners. This effectively 
moves the recipient left atrial orifice to the left. The transplant is 
then performed, beginning with the left atrial anastomosis. The 
connections for the pulmonary artery and aorta will depend upon 
the associated anomalies, but are generally not difficult to accom
plish. Finally, the systemic venous connections are made with 
caval anastomoses'^''. 

IMMUNOSUPPRESSION/REJECTION 

Although some have suggested that neonates may be at lower risk 
for rejection due to an immature immune system^", the rate of re
jection is the same in this age group as in any other''. It is our 
policy to maintain the same level of immunosuppression in 
infants as we do in teenagers. All are given an oral dose of cy
closporin pretransplant, and begun on a continuous infusion post-
transplant to establish blood levels of 250-350 ng/ml. 
Azathioprine is given pretransplant in a dose of 2 mg/kg and then 
post-transplant at a dose of 1.5-2.0 mg/kg per day, modifying this 
as necessary to maintain a white blood cell count at >4500/mm\ 
Methylprednisolone (20 mg/kg) is given while on cardio
pulmonary bypass prior to removing the cross-clamp. The steroid 
dose post-transplant is weaned from 1 mg/kg per day to 
0.1 mg/kg per day over 3-6 months, and then discontinued in 
selected patients. The cyclosporin dose is gradually reduced such 
that the trough blood level at 1 year post-transplant is 150-
200 ng/ml. We reserve cytolytic therapy for recurrent or refrac
tory rejection, but many centers use it early as 'induction 
therapy'. The first endomyocardial biopsy is taken at 7-10 days 
post-transplant. Because there are no absolutely reliable non
invasive means for detecting rejection, apart from histologic 
examination of the myocardium, endomyocardial biopsies are 
performed in all patients from the smallest infants to teenagers at 
regular intervals^'. Acute rejection (>grade 2) is treated with 
bolus methylprednisolone (20 mg/kg) daily for 3 days. 

POST-TRANSPLANT COMPLICATIONS - EARLY 

Graft failure 

This is the most common cause of death, particularly in the 
neonatal age group. Mechanical support for infants is generally 
limited to extracorporeal membrane oxygenation (ECMO). Intra-
aortic balloon counterpulsation is generally not effective in small 
children because of relatively small size, high heart rates, and the 
distensibility of the aorta preventing effective counterpulsation. 
Small size is also the limiting factor for the use of ventricular 
assist devices. Although an oxygenator may not be necessary, 
ECMO provides an excellent means of mechanical support. As 
with other non-transplant cardiac procedures, it usually requires 
5-7 days for recovery of the heart to be able to wean from 
ECMO. The patient should probably be relisted for HTx when 
mechanical support is necessary, bearing in mind that the heart 
might still recover, and that the results of retransplantation for 
acute graft failure are poor. 

Right heart failure with tricuspid valve regurgitation may be 
treated in a number of ways. However, prior to initiating treat
ment one must ensure that there is no technical problem leading 
to obstruction of the main pulmonary artery or one of its major 
branches; this is particularly true in the setting of prior Fontan or 
other palliative procedures where the transplant has involved re
construction of the pulmonary arteries. The combination of 
prostaglandin E,, administered via a central venous catheter, and 
norepinephrine and/or epinephrine, administered via a left atrial 
line, is reasonably effective treatment. Prostacyclin and inhaled 
nitric oxide are particularly potent selective pulmonary vasodila
tors that are available in some centers and will likely become gen
erally so in the near future. These agents are so effective that they 
may extend the limit of pulmonary vascular resistance acceptable 
for isolated HTx. It has been our experience that over the first 4-6 
days following HTx the pulmonary vascular resistance falls 
somewhat, and the tolerance of the graft to this afterload require
ment on the right side increases, in part due to recovery from the 
ischemic interval. Thus, one should make every effort to get 
through this interval, including the use of a right ventricular assist 
device when necessary. 

Recurrent coarctation of the aorta is a potential surgical com
plication in infants transplanted for hypoplastic left heart syn
drome. It should be suspected in the presence of upper extremity 
hypertension. This generally occurs late enough that it can be 
effectively treated with balloon dilatation'-. 

Bleeding 

This is particularly an issue in patients that have had multiple 
prior palliative procedures. The use of aprolinin is now routine in 
our center for these patients, and has had significant benefit at 
least on a subjective level. I do not believe that the number of 
prior cardiac procedures should impact on candidacy for HTx. 
We have successfully transplanted patients with as many as five 
prior sternotomies. 

Neurologic 

These complications include headaches, tremors, mental status 
changes, and seizures. Some of these may be related to the pro
longed periods of circulatory arrest necessary for some of the 
transplant procedures. However, most of these complications are 
related to cyclosporin therapy and are not associated with a long-
term neurologic problem. 

Other 

Gastrointestinal complications include gastric and duodenal 
ulcers, acalculous cholecystitis, and pancreatitis. We have en
countered a number of patients with chylous pleural effusions that 
ultimately required thoracic duct ligation. Most of these were 
related to leaving the left-sided central venous catheter in place 
for a prolonged period of time, with subsequent occlusion of the 
subclavian or internal jugular veins. Phrenic nerve injury can 
occur from direct surgical trauma, particularly in patients requir
ing extensive dissection of the right SVC or of the branch pul-
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monary arteries. This is generally well tolerated except in young 
infants who depend almost exclusively on the diaphragm for in
spiration; they will likely require diaphragm plication for weaning 
from the ventilator. 

POST-TRANSPLANT COMPLICATIONS - LATE 

Infection 

Infections in these children are relatively common, but are gener
ally due to agents seen in otherwise normal children'-. 
Respiratory syncytial virus occurs but has responded appro
priately to either supportive therapy for mild clinical infections 
or ribavirin for more symptomatic cases. Symptomatic cyto
megalovirus infections are unusual, but seroconversion is 
common. All children receive prophylaxis against Pneumocystis 
carina, and infections due to this agent are rare. Fungal infections 
are also unusual. Immunizations are an important consideration. 
All children can receive inactivated vaccines - diphtheria-tetanus-
pertussis and Salk polio. The measles-mumps-rubella vaccine is 
to be avoided, as is the oral (Sabin) polio vaccine. If the patient 
has time to complete his/her vaccination schedule prior to HTx, 
this is optimal. Children exposed to chickenpox should be treated 
with varicella-zoster immune globulin. The safety of the varicella 
vaccine in these patients is unknown. 

Lymphoproliferatlve disease 

In our experience this complication occurs rarely. It has usually 
been associated with Epstein-Barr viral infection. The manage
ment of this complication is the same as for adults, described 
elsewhere in this volume. 

Graft vasculopathy 

Some have suggested that the incidence of this complication in 
small children is less than that seen in adults'^. However, in a 
multi-center study, some evidence of atherosclerosis was seen in 
35% of children at a mean follow-up of 28 months post-
transplant". In our own series of 40 infants, two have been 
retransplanted, one has died, and another has angiographic 
evidence of coronary artery disease. 
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Figure 12 Kaplan-Meier actuarial survival curve of neonates undergoing 
heart transplantation at St Louis Children's Hospital. The vast majority had 
hypoplastic left heart syndrome 
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Figure 13 Kaplan-Meier actuarial survival curve for all children (age <I8 
years) undergoing heart transplantation at St Louis Children's Hospital 

RESULTS 

Survival 

The actuarial survival for all pediatric patients undergoing HTx is 
around 78% at I year and 70% at 2 years post-tran.splant, figures 
similar to those obtained in adults. For infants transplanted at <1 
year of age, the actuarial survival is 65% at 1 year and 62% at 2 
years. These data come from the Registry of the International 
Society for Heart and Lung Transplantation'. Most of the deaths 
in these infants occur in the first month following HTx and are 
due to graft failure. Our results at St Louis Children's Hospital 
are a little more favorable, with an overall survival of 90% at I 
year and 80% at 5 years. The survival in infants is 82% at 1 year 
and 80% at 5 years (Figures 12 and 13) 

Growth 

Apart from survival, quality of life is a concern. One determinant 
of this is the growth of the individual. A review of our series re
vealed that the infants grow along the 25th percentile for height 
and weight, with 4 years of follow-up available post-transplant^''. 
Results from the Loma Linda group are similar'''. We have also 
demonstrated that the left ventricle grows appropriately in these 
infants. When the donor heart is larger than the recipient, the left 
ventricular chamber adapts rapidly to the appropriate size for 
the stroke volume required. The wall thickness is initially 
significantly greater than normal, but gradually reduces to normal 
in the first year post-transplant^''. 
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COMMENT 

It is now clear that, with intermediate follow-up available from 
several centers, cardiac transplantation in children has results 
similar to these seen in adults. There are no anatomic contraindi
cations to HTx, although it may be necessary to alter the recipient 
anatomy and donor procurement to meet the individual needs. It 
is essential that a full anatomic evaluation of the recipient be per
formed so that appropriate plans can be made for donor procure
ment as well as the transplant procedure itself. The surgeon 
should have a thorough understanding of congenital heart disease 
and experience in the various palliative and corrective procedures 
employed therein. 

Small size should not be an excuse for reliance on non-invasive 
means of diagnosis of rejection; if anything, the clinical diagnosis 
of rejection is more difficult to make in infants than in adults. 
Thus, one must be able to perform endomyocardial biopsies in 
children as small as 3 kg to provide appropriate care. An aware
ness of the impact of the usual childhood illnesses on the im-
munosuppressed patient is also necessary. The major impediment 
for this form of therapy remains the shortage of donors, a problem 
likely to be solved only with the evolution of xenotransplantation. 
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Exercise Rehabilitation of Cardiac Transplant 
Recipients 
E.W. DERMAN, K.L DERMANAND T.D. NOAKES 

INTRODUCTION 

Patients with chronic heart failure have impaired exercise tolerance. 
An expected outcome of cardiac transplantation in such patients is 
an improvement in functional capacity. However, despite normal 
left ventricular ejection fraction after cardiac transplantation, com
pared to control subjects the exercise capacity of these patients 
remains impaired both during symptom-limited maximal exercise 
and during static exercise'"*. Indeed, the exercise capacity of pa
tients after cardiac transplantation is often comparable to that of pa
tients with medically stabilized heart failure'. The reasons for this 
phenomenon remain unclear, but it could indicate that the exercise 
capacity of these patients is limited by peripheral alterations, 
perhaps in skeletal muscle, which develop during heart failure and 
which are not reversed immediately after cardiac transplantation. 

There are a number of possible reasons why cardiac transplant 
recipients will have significantly impaired functional capacity and 
exercise tolerance. 

Firstly, because of the incapacity caused by their progressive 
disease process, cardiac transplant recipients have frequently par
ticipated in little or no meaningful physical exercise for many 
months or years prior to transplantation. Ultimately they may be 
bedridden. The deleterious effects of bed rest on cardiova.scular 
and skeletal muscular function and on bone mineral content are 
well described" '̂ . 

Secondly, the function" and structure of the skeletal muscle 
are abnormal following cardiac transplantation (Figures I and 2). 
This skeletal myopathy was originally ascribed to the use of corti
costeroids following cardiac transplantation"'"'. 

The main feature of the steroid myopathy is atrophy of both 
fiber types, particularly of type IIB fibers'-". Electron microscopic 
analysis of skeletal muscle with steroid myopathy shows enlarged 
and degenerate mitochondria, dilatation of the sarcolemma, loss 
of myofibrils, and marked thickening of the basement membrane. 
Lipid-fiUed vacuoles and glycogen accumulation, especially in 
the type I fibers, are also prominent features"*. The dose of corti
costeroids necessary to induce myopathy is variable; prednisone 
15-100 mg daily for periods ranging from I month to 5 years''-^" 
has been shown to cause a skeletal myopathy. 

Research from this laboratory shows that profound abnormal
ities of skeletal muscle structure, that are different from those de
scribed above, exist in patients with chronic heart failure and 
persist after cardiac transplantation^'. These abnormalities include 
muscle fiber splitting, type II fiber predominance, myelin inclu
sion whorls within the mitochondria and various abnormalities of 
the cell nucleus. These findings suggest that the skeletal muscle 
structure and function in the transplant recipient are present 
before the chronic ingestion of corticosteroids, and are caused pri
marily by the condition of chronic cardiac failure. We have per
formed biopsies of skeletal muscle of cardiac recipients up to 2 
years following cardiac transplantation, and have shown abnor
malities similar to those identified prior to transplant. These 
findings suggest that the skeletal myopathy in cardiac transplant 
recipients is reversed slowly, and might indeed be inhibited or 
slowed by the ingestion of corticosteroids. 

Thirdly, even after surgery, cardiac recipients can potentially 
have a residual central (cardiovascular) functional limitation as a 
result of the altered pattern of response of the denervated heart to 
exercise. As a result of denervation, the heart rate of cardiac re
cipients rises more gradually after the onset of exercise, reaches a 
lower peak, and decreases more slowly after cessation of exercise 
than does that of the subjects with normally innervated 
hearts'~''^^'\ As a result, maintenance of an adequate cardiac 
output in cardiac transplant recipients during submaximal exer
cise is achieved by augmenting preload and activating the 
Frank-Starling mechanism''. At high workloads, cardiac output 
increases secondary to chronotropic and inotropic effects induced 
by steeply rising circulating norepinephrine concentrations''-"'"-''. 
Whether these adaptations can ensure that the maximal cardiac 
output of transplant recipients equals that of normal subjects is 
not clear' "•^'*-'°, but seems unlikely'. However, it is unlikely that 
these alterations in cardiac performance could be responsible for 
impaired performance during submaximal exercise when cardiac 
output is not limiting. 

It should be noted that the prescription of yS-receptor antagonist 
agents severely restricts the exercise tolerance of cardiac trans
plant recipients, in part because it prevents the essential 
chronotropic and inotropic actions of circulating catecholamines 
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Figure 1 Light photomicrograph showing normal slieleta! muscle from a control subject (H&E, X 300) 

on the denervated inyocardium''-^^. However, not all studies have 
found |3^bIockcrs to have a deleterious effect on exercise toler
ance in transplant recipients-'. 

Fourthly, alterations in peripheral blood flow are preseot fol
lowing cardiac transplantation-"'-'. Haywood ef al?^ measured 
forearm and renal blood flow during short-duration maximal 
upright bieycle exercise in transplant recipients. They reported in
creased renal and forearm vascular resistance with decreased 
renal and forearm blood iow, indicating ihat vasoconstriction Is 
increased in renal vessels and non-exercising skeletal muscle 
during exercise. Morgan et al? measured foreann blood flow in 
the non-exercising forearm of these patients during 30% maximal 
static handgrip exercise and also found that vasoconstriction, 
rather than the normal vasodilatory response, occurs in the non
exercising forearm during static exercise. These peripheral vascu
lar changes might contribute to the exercise intolerance and 
skeletal muscle abnormalities in patients both before and after 
cardiac transplantation. 

Fifthly, the ventilatory response to exercise is similar in trans
plant recipients to that observed in patients with chronic heart 
failure. The increased ventilation seems to be due to pulmonary 
ventilation/perfusion mismatch, or a restrictive pattern of breath-
j,̂ g34,35 Q,- altered pulmonary diffusion capacity''. 

However, less than 80% of the maximal minute ventilation is 
utilized at peak exercise in transplant recipients. Thus patients ter
minate the exercise test before maximal ventilation is attained. 
Furthermore, arterial pOi, pco, and pH during graded exercise is 
not different in transplant recipients from controls-'"'. These 
findings suggest that ventilatory abnormalities during exercise are 
generally not the factor limiting exercise performance in trans
plant recipient,s^"'". 

Finally, a major long-term limitation is the process of chronic 
rejection, manifested by accelerated atherosclerosis of the donor 
coronary arteries, and myocardial necrosis. Thus, work time 
during maximal exercise in cardiac transplant recipients was in
versely related to the histoiy of rejection, and was least in those 
with the most frequent and severe episodes of rejection'. This re
lationship could be explained either by more frequent episodes of 
myocardial necrosis, or by the administration of higher doses of 
immunosuppressive agents in those experiencing frequent 
episodes of rejection, 

The result of any and all of these processes is that the exercise 
tolerance of cardiac transplant recipients is subnormal'•'•^*''*. 

In this review we present an approach to the evaluation of the 
cardiovascular and skeletal muscle function of cardiac transplant 
recipients, and describe how this inlbnnation can be used to pre-
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Figure 2 Light phoioiiiicrogiapb siKiwiog prosiiijieiit auxiiiliy, liypertrcph), •.ine split skeietai ainscle fibers from a heart trf 
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scribe appropriate individualized exercise programs for such pa
tients. It is likely tliat the bcocfits of such an exercise program for 
cardiac recipients are similar to those enjoyed by patients with 
coronary arter)- disease"^'. 

EXERCISE TESTING AND FACTORS LIMITING 
EXERCISE PERFORMANCE IN CARDIAC TRANSPLANT 
RECIPIENTS 

The prescription of the appropriate individualized exercise train
ing program hinges oo a correct understanding of tlie physiologi
cal and pathological factors that limit the exercise tolerance of 
cardiac transplant recipients. These factors are identiied during 
short-duration exercise of progressively increasing intensity, 
maintained by the patient until volitional exhaustion or antil the 
onset of identifiable medical endpoints, such as electrocardio
graphic changes compatible with myocardial ischemia, significant 
airhythmias, hypotension, or angina pectoris. 

The exercise test starts at a low work rate, with progressive 
linear increases in oxygen consumption and heart rate and with 
linear increases in work rate. 

Figure 3 depicts the physiological response of cardiac trans
plant patients to exercise of progressively increasing intensity, 
and that of age-matched, sedentary control subjects. None of the 
transplant recipients terminated exercise prematurely because of 
the development of medical endpoints, and most complained of 
leg fatigue. 

The features of note are that the cardiac transplant recipients 
stopped exercising at significantly lower work rates than did con
trols. However, the cardiac transplant patients stopped exercising 
when their rates of oxygen consumption, rates of ventilation and 
blood lactate concentrations were comparable to those of the 
control subjects at that same workload. Furthermore, blood lactate 
concentrations were also similar in both groups, with no evidence 
for a 'lactate tumpoint' during exercise in the transplant recipi
ents. These findings suggest that the cardiac recipients stopped 
exercising before the delivery of oxygen to the active skeletal 
muscles became limiting. 

Thus, somewhat paradoxically, one must assume that the exer
cise performance of the majority of cardiac recipients is limited 
either by peripheral, skeletal muscular factors, as also concluded 
by Kavanagh and his colleagues' or by a failure of skeletal 
muscle recruitment (central neural drive). It is clear, however, 
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Figure 3 Heart rate, oxygen consumption and bliwd lactate concentrations 
depicted against increasing workload during graded exercise to exhaustion in 
patients after heart transplant (n = 15) and age-matched sedentary controls (n 
= 10). Data are displayed until >50% of the patients and controls terminated 
the exercise test. Abbreviations: b/min = beats per minute; V'O; = volume of 
oxygen; ml Oj/kg/min = milliliters of oxygen consumed per kilogram of body 
weight per iriinute; ' ;) <().()5 post-transplant vs control. All values are ex
pressed as mean and standard error of the mean 

that patients who terminate exercise at low rates of oxygen con-
suinption and low venous blood lactate concentrations are unlikely 
to have a central cardiovascular limitation of their exercise tolerance. 

These data indicate that an evaluation of skeletal muscle 
tion would be appropriate in these patients. 

ASSESSMENT OF SKELETAL MUSCLE FUNCTION IN 
CARDIAC TRANSPLANT RECIPIENTS 

Currently in vivo skeletal muscle function can be evaluated by 
isokinetic or isometric testing. 

Measurement of isokinetic skeletal muscle function 

Isokinetic muscle strength and endurance can be measured using 
the Cybex isokinetic dynamometer (Lumex Inc., New York, 
USA). This system measures the dynamic muscular performance 
of different muscle groups during reciprocal contractions at dif
ferent functional speeds. 

A strength test measures maximum isokinetic torque of the 
quadriceps and the hamstring muscle groups of the dominant limb 
recorded during three maximal contractions through a full range 
of motion at a limb contraction speed of 60°/s. An endurance test 
of the dominant leg, involving repeated full knee extensions for 
25s at a rate of 180°/s, is also usually performed. The total work 
and power generated by the leg muscles at this speed are 
measured. 

Measurement of isometric skeletal muscle function 

Isometric skeletal muscle strength of the quadriceps muscle can 
be measured by a strain gauge mounted on a custom-made leg-
stabilizing chair. 

In this chair the patient sits with his or her arms folded, back 
angled at 90°, knees at 90° flexion, and pelvis secured to the chair 
by an adjustable belt. Once the use of the hip flexors has been 
limited by securing the pelvis, a cuff is placed above the malleoli 
of the right ankle, and linked via a chain to a precalibrated strain 
gauge for the measurement of torque during contraction of the 
knee extensors. 

Patients perform (a) maximum voluntary contractions (MVC) 
for the measurement of peak isometric torque and (b) repeated 
cycles of maximal contraction/relaxation until the patient is unable 
to generate a torque of 70% of the initial MVC. The time to reach 
this point is recorded as the time to fatigue, and is a measure of re
sistance of the skeletal muscle to the development of fatigue'*''. 

Results of tests of isometric and isokinetic skeletal muscle 
function in patients after cardiac transplantation and in age-
matched, sedentary controls are depicted in Figure 4. Both iso
metric and isokinetic skeletal muscle function is impaired in 
patients after cardiac transplantation. Furthennore, the ability of 
the skeletal muscle to generate peak isokinetic torque and 
maximal isometric voluntary contraction, as well as the ability of 
the skeletal muscles to resist the development of fatigue, is 
reduced in patients following cardiac transplantation. 

Whilst neither of these tests has yet been used for exercise pre
scription, they can be used (a) to quantify the peripheral compo
nent of the impaired exercise tolerance of transplant organ 
recipients: and (b) to follow the changes in muscle power that 
develop with training". 
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Figure 4 Isometric and isoliinetic tests of skeletal inuscle function in patients after heart transplant (» = 15) and age-matched sedentary controls 
(n = 10). Abbreviations: MVC = niaxirnuni voluntary isometric contraction; Nm = Newton metres; sec = seconds; quads=quadriceps; J = Joules; TPLT = trans
plant. * /;<0.()5 post-transplant vs control. All values are e.xpres.sed as mean and standard error of the mean 

EXERCISE REHABILITATION PROGRAM FOR THE 
CARDIAC TRANSPLANT RECIPIENT 

The general principles for the exercise rehabilitation of the trans
plant recipient are similar to those for patients who have under
gone coronary artery bypass surgery, coronary angioplasty or 
stent procedure, or valve replacement surgery, or who are recov
ering from myocardial infarction. Concise, formal guidelines for 
exercise rehabilitation of these patients are available'*'': however, 
special considerations for the rehabilitation of the transplant re
cipient exist and will be detailed. 

The exercise rehabilitation program provides the transplant re
cipient with a graduated exercise training program and is divided 
into four phases: phase I, in hospital: phase II, post-hospital exer
cise intervention; and phases III and IV, extended outpatient and 
exercise maintenance"'^. 

Phase I usually begins as soon after surgery as possible and 
lasts about 10-15 days. Phase II, the convalescent stage, should 
begin within 4 weeks of discharge from hospital and usually lasts 
8-12 weeks. Phase III, the supervised portion of the maintenance 
program, is usually of 4-6 months duration, and phase IV, the un
supervised portion of the ongoing maintenance program, is of 
indelinite duration. 

Phase I - the intensive-care unit and hospital inpatient 
phase 

The intensive-care unit phase of the rehabilitation program starts 
shortly after surgery, under the supervision of a physical therapist 
and the physician. When the patient's cardiac status is considered 
to be stable, he or she tnay start to perform a series of simple ex
ercises. The aims of these exercises are to diminish the patient's 
risk of developing hypostatic pneumonia and thromboembolic 
phenomena, and to restrict the detrimental physical and psycho
logical effects of deconditioning. 

The foriTial exercise program will probably be conducted by a 
physiotherapist, and will usually be conlined to exercises con
ducted in the bed or at the bedside**. 

Examples would be breathing exercises, upper limb exercises for 
the arms and shoulders, leg raises and ankle exercise, all performed 
once a day. The energy cost of these activities is ver> low. increas
ing the heart rate of the order of 8 beats/min and the rate of oxygen 
consumption by about 2 ml/kg per minute, or less than one meta
bolic equivalent (MET, which equals 3.3 ml Oi/kg per minute)'*''-^". 

Depending on the length of stay in hospital, and the patient's 
response to these exercises, additional exercises are added and the 
session increased to twice daily. 'Armchair mobilization' and 
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standing at the side of the bed are encouraged, and walking is in
troduced. The intensity of all activities is carefully controlled by 
monitoring the patient's level of perceived exertion*' and watch
ing for the development of cardiac arrhythmias or the onset of 
inappropriate dyspnea. 

Unresisted cycling, treadmill walking, and resisted cycling may 
be introduced subsequently. Progression at all levels is carefully 
monitored in accordance with the criteria that are well established 
for the exercise rehabilitation of patients with ischemic heart 
disease"". Phase I rehabilitation usually lasts 10-15 days follow
ing cardiac transplantation. 

Phases II and III rehabilitation: the post-hospital phase 

Our own experience has been with out-of-hospital rehabilitation, 
particularly of patients with ischemic heart disease, but also of 
renal" and cardiac transplant recipients. The requirements of all 
these patients are quite similar. Experience with patients with is
chemic heart disease has established the safety and value of early 
low-intensity exercise testing within 3-6 weeks after acute myo
cardial infarction, before hospital discharge". It is more likely 
that, because of their lower risk of developing ventricular fibrilla
tion during exercise, such criteria need not be applied with equal 
rigidity to all cardiac transplant recipients. 

Early, low-intensity exercise testing may be performed prior to 
hospital discharge. In patients with ischemic heart disease such 
testing usually stops at a heart rate of 12()-130 beats/min, or at 
30 beats/min above the resting heart rate in persons receiving /3-re-
ceptor antagonist agents, or at 60% of the age-predicted maximum 
heart rate. Criteria for terminating the test in cardiac transplant re
cipients who lack the normal chronotropic response to exercise 
will, of necessity, be different. The use of the Borg Scale of 
Perceived Exertion would be most appropriate; the test should 
probably be terminated when the subject reaches a perceived exer
tion of 12-13 units, equivalent to a perceived exertion described as 
"light to somewhat hard", or a workload equivalent to about 9 
MET'-. Patients with ischemic heart disease who achieve a low 
maximum workload, or who show evidence of poor myocardial 
function during such low-intensity testing, have a 1-year mortality 
rate of between 15% and 25%, and require further cardiologic in
vestigation. Cardiac transplant recipients are unlikely to show any 
of these abnormalities during low-level exercise testing. Those 
who do, would likely constitute poor candidates for an exercise re
habilitation program, and would require further, more invasive 
cardiac evaluation prior to referral to a formal exercise program. 

Patients who show none of these abnormalities during low-
intensity exercise testing may undergo symptom- and sign-limited 
maximal exercise testing some time later, possibly within 2-6 
months after transplantation'". 

It is very useful, specifically in cardiac recipients, to sample 
expired respiratory gases during such maximal exerci.se testing, in 
order to measure minute ventilation and oxygen consumption 
on-line, for the following reasons: 

(I) A failure of oxygen consumption to rise with further increases 
in workload would indicate that the patient had reached 
maximum aerobic workload, perhaps as a result of a limiting 
capacity to increase cardiac output, and that no extra infor
mation can be obtained by continuing the test further. As de

scribed, this is an unusual endpoint in most cardiac transplant 
recipients, but could be present in patients with advanced 
heart failure, in which case it is a dire prognostic sign. 

(2) The workload corresponding to the ventilatory threshold can, 
at times, be identified. It .serves little purpose to exercise the 
patient much beyond the ventilatory threshold, as it is inap
propriate to prescribe exercise at intensities that exceed this 
threshold, at least initially. 

The medical criteria for terminating the exercise test are the same 
as those used in patients with ischemic heart disease, and have 
been detailed by Kavanagh and his colleagues'. These are: 

(1) Adverse symptoms. It is important to recognize that a patient 
with a denervated transplanted heart does not (usually) sense 
anginal pain. Significant other symptoms included severe 
dyspnea, light-headedness, faintness, confusion, and severe 
fatigue. 

(2) Adverse signs, including facial pallor; either a fall in heart 
rate or blood pressure, or the failure of either or both to rise 
with increasing effort, systolic blood pressure exceeding 
280 mmHg, or diastolic blood pressure exceeding 140 mmHg. 

(3) Adverse electrocardiographic changes, including frequent 
complex ventricular extrasystoles. ventricular tachycardia, 
sustained supraventricular tachycardia, atrial librillation, 
second-or third-degree heart block, or severe ST segment 
depression (horizontal or downsloping of greater than 
4 mm). 

Determining the appropriate exercise intensity 

The symptom-limited maximal exercise test is used as the basis 
for determining the appropriate exercise intensity for the cardiac 
transplant recipient. A popular approach for patients with 
ischemic heart disease is to limit the patient to a maximum of 
90% of the maximum symptom- or sign-limited heart rate 
achieved during the maximal exercise test, and to allow a 6-week 
training period before the patient is allowed to exercise regularly 
at that heart rate. 

However, this is clearly inappropriate for the cardiac transplant 
recipient who has a blunted chronotropic response to exercise. 
Accordingly, in these patients it is more appropriate to prescribe 
exercise on the basis of the measured oxygen consumption, the 
ventilatory threshold'', the Borg Scale of Perceived Exertion"*'', or 
a combination of percentage of maximally achieved heart rate and 
perceived exertion'''. The approach of Kavanagh et c;/.' has been 
to allow patients to exercise either at 60-70% of their peak 
oxygen consumption or peak METS measured during the 
maximal exercise test, or at the exercise intensity corresponding 
to the ventilation threshold, or at an effort rating of 14 on the 
Borg Scale of Perceived Exertion, equivalent to a perceived exer
tion described as 'somewhat hard'. A detailed walking/jogging 
program and the method of progression has been fully detailed'. 
As the heart rate response of the transplant recipient is slower at 
the onset of exercise and remains elevated longer into the recov
ery than that of normal program participants, a longer warm-up 
and cool-down is prescribed. Progression of the intensity of exer
cise is individualized and is according to exercise tolerance and 
adaptation to the exercise program. 
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Table 1 

Week 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

The UCT/SSISA 24-week initial phase II-III (raining program for cardiac transplant recipients 

Sirelching 
(min/week) 

45 
45 
40 
40 
40 
30 
25 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

Slatumary 
cycling 
(min/week) 

30 
30 
40 
45 
50 
60 
60 
60 
40 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

Low-impact 
aerobics 
(min/week) 

0 
0 
0 
0 

10 
10 
15 
20 
30 
30 
30 
40 
40 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

Walking 
(min/week) 

15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
15 
15 
15 
10 
10 
10 
10 
10 
10 
0 
0 
0 
0 
0 

Jogging 
(min/week) 

0 
0 
0 
0 
0 
0 
0 
0 

10 
10 
15 
15 
15 
20 
20 
20 
20 
20 
20 
30 
30 
30 
30 
30 

[j>w intensity 
muscle 
strengthening 
(min/week) 

0 
0 
0 
0 

15 
15 
15 
15 
20 
20 
20 
20 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Circuit 
weight 
training 
(min/week) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

30 
30 
30 
30 
30 
30 
30 
30 
35 
35 
35 
35 

High 
intensity 
inten'al 
training 
(min/week) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

15 
15 
15 
15 

Perceived 
exertion 
rating 
(units) 

10 
10 
11 
11 
12 
12 
12 
13 
13 
13 
13 
13 
13 
13 
13 
13 
14 
14 
14 
14 
14 
14 
14 
14 

Exercise limes are displayed in minutes/week. Patients participate in three structured exercise sessions per week. At each session a different activity may be pcrtormed so that the total 
weekly exercise duration for each activity would be represented by the above times. 

The University of Cape Town/Sports Science Institute 
of South Africa cardiac rehabilitation program 

Our own approach has been to devise a 24-week graded program 
that includes stretching, walking, jogging, low-impact aerobic 
dance, high-intensity interval training (in selected patients) and 
circuit weight training (Table 1). Dietary advice and psychologi
cal support form an essential part of this program. The program is 
overseen by a sports medicine physician, physiotherapists and ex
ercise physiologists. We have found that these persons have 
special expertise for developing interesting and enjoyable exer
cise programs that are meaningful for all participants. They are 
also able to adapt the programs to new ideas that are fashionable 
amongst the popular exercise movement. For example, the inclu
sion of circuit weight training or high-intensity interval training in 
any exercise program would have been unthinkable 10 years ago; 
yet it is perfectly acceptable today. 

At the start of our program, emphasis is placed on stretching 
and aerobic exercise. The aerobic component of our program is 

achieved through stationary cycling, walking, jogging and low-
impact aerobic dance. 

Prescription of aerobic exercise 

The prescribed intensity is determined by the individual patient's 
response to graded exercise as described above, according to the 
Borg Scale of Perceived Exertion, and increases gradually as the 
program progresses. Table 2 lists equivalent values for the percent
age maximum heart rate, the percentage Vo, max., and the rating of 
perceived exertion according to the date of Ekblom and Goldbarg'^\ 
and others'''. It shows that, to a first approximation, the Vo, max. is 
10% lower than the p)ercentage maximum heart rate at any exercise 
intensity, and that the rating of perceived exertion can be calculated 
as the percentage VO2 max. multiplied by 0.2. Thus the training 
heart rate zone of between 60% and 80% maximum heart rate, 
within which the patient should maintain his heart rate during exer-

Table 2 Comparative values for percentage maximum heart rate, percentage maximum oxygen consumption (Vo^max), and rating of perceived 
exertion 

Maximum heart rale (%) VOimax (%) Rating of perceived exertion (units) Subjective description 

50 
60 
70 
80 
90 
100 

36 
46 
58 
70 
82 

100 

7.2 
9.2 

11.6 
14.0 
16.4 
19.2 

Very, very light 
Very light 
Light 
Somewhat hard 
Very hard 
Very, very hard 

Data from ref, 55. 
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cise, corresponds to 50-79% Vo, max. and ratings of f)erceived ex
ertion of 10-14, equivalent to subjective feelings of 'light to some
what hard'. 

Whilst this approach is not as exact as that of Kavanagh et al}, 
it accommodates a great diversity of sporting interests amongst 
the patients, who may be less committed to a program that 
includes only walking and jogging. 

Low-intensity siteletal muscle strengthening 

This form of exercise intervention is employed from the fifth 
week of our program and consists of a light resistance placed on a 
limb which is exercised through the natural range of motion. 
Light resistance exercise is facilitated with the use of Cliniband, 
thin surgical tubing or light dumbbells. 

Circuit weight training 

The use of circuit weight training in the rehabilitation of cardiac 
patients has gained popularity in recent years. Not only does this 
form of training improve skeletal muscle strength and functional 
capacity, but it also provides a safe and novel alternative to 
aerobic exercise^^. Guidelines for patient selection and resistance 
exercise prescription have been published previously'*'''''^ 
Selection criteria include: 

(1) Patients should have participated in a cardiac rehabilitation 
program involving aerobic exercise for a period of 12 weeks 
before participating in a circuit weight training program. 

(2) A second graded exercise test should be performed before 
starting the circuit weight training program. 

(3) The patient should have an exercise capacity of at least 6-7 
METS as measured during the graded exercise test. 

(4) Resting blood pressure should not exceed 150 mmHg systolic 
and 100 mmHg diastolic. 

Exclusion criteria in the transplant recipient include: 

(1) Persisting discomfort experienced in the area of the thoraco
tomy scar. 

(2) Uncontrolled arrhythmias or hypertension. 
(3) The usual exclusion criteria for participation in aerobic 

exercise. 

Selected patients in our program begin circuit weight training 
after 12 weeks of conventional (aerobic) exercise. Resistance is 
set at a mass which can be lifted/pushed 15 times without undue 
strain or breath-holding. This mass usually equates to between 
40% and 60% of a one-repetition maximal effort. 

Patients typically make use of eight stations of selected resist
ance machines, including seated bench press, pectoral squeeze, 
triceps push down, biceps curl, seated rowing, latissimus pull
down, seated leg press, and leg extension apparatus. 

High-intensity interval training 

Our belief is that there is no evidence that patients who exercise 
more vigorously necessarily derive greater benefit than those who 
exercise more conservatively. On the other hand, it would seem 

that the risk of cardiac complications arising during exercise, at 
least in patients with ischemic heart disease, increases with inten
sity of exercise*^**'. Thus, our approach has been to encourage most 
patients to exercise at a lower intensity for a longer time rather than 
at a higher intensity for a shorter time. However, the safety of high-
intensity short-duration interval training has recently been estab-
lished^-''\ Patients who participate in this form of training typically 
cycle at higher workloads which increase the perception of effort to 
level 16 on the Borg Scale Perceived Exertion. This intensity is 
maintained for up to 2 minutes followed by a 2-minute recovery 
period at a lower workload. This form of exercise training is 
popular in selected patients who have participated in the program 
for at least 20 weeks, have a superior functional capacity, and 
express a de.sire to exercise at a higher intensity. 

Monitoring during the exercise sessions 

During each exercise session, careful attention should be paid to 
the following: 

(1) Each patient's level of perceived exertion and heart rate is 
regularly checked. At first these are measured every few 
minutes, but later, as the patient's ability to monitor exercise 
intensity improves, only once every session. The heart rate 
checks are essential to identify abnormal heart rhythms. 
Patients are instructed to report any cardiac rhythm abnormal
ities to the attending exercise specialists. To reinforce these 
practices all patients are required to fill out an activity card at 
the end of each exercise session. The card includes informa
tion on resting heart rate and blood pressure, on exercising 
heart rates, on time spent in each activity, on the presence of 
symptoms, and any medications that might have been taken. 

(2) Blood pressure at rest and during exercise should be 
measured regularly, as cyclosporine ingestion and chronic 
neuroendocrine hyperactivity induce hypertension in most 
transplant recipients*^'''. Furthermore, an abnormal blood 
pressure response may help identify incipient or established 
heart failure, which may be an indication of rejection. 

(3) All symptoms must be immediately reported. Our experience 
in patients with ischemic heart disease is that the majority of 
patients at risk of sudden death will develop warning symp
toms*" and, if these symptoms are ignored, problems will 
develop. Symptoms such as excessive dyspnea, unusual 
fatigue, general malaise and tiredness, and light-headedness 
must be taken seriously. They are an immediate indication to 
reduce the training load, and for further cardiac evaluation. 
As angina does not develop in those with denervated hearts, 
the presence of myocardial ischemia must be detected by 
careful attention to these other symptoms. 

(4) During circuit weight training the patients are monitored to 
ensure that the selected weight stack is managed with relative 
ease and that the patient does not hold his or her breath during 
the bout. Tenderness over the thoracotomy scar is monitored 
during the first 2 weeks of circuit weight training. 

(5) The patient is not allowed to exercise during or within 10 
days of a pyrexia! illness, due to the possible, albeit low. risk 
of fatal myocarditis. 

(6) The results of the most recent endomyocardial biopsy score 
should be known, as rejection will decrea.se exercise tolerance. 
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Exercise training should be stopped during episodes of rejec
tion, and the training schedule modified on return of the recipi
ent to the program*^. Alternatively, a reduced exercise capacity 
should alert to the possibility of an episode of rejection. 

(7) Patients are also instructed that they must train regularly 
without peaks of activity, must avoid competition, and must 
reduce their exercise training load should mental tension and 
depression develop. It i.s our feeling that work tension and 
business stress, particularly when travel is involved, are im
portant causes of transient exacerbation of symptoms. 
Smoking is prohibited. Particular attention is paid to patients 
with type A personalities because they are notoriously 
difficult to control in any exercise rehabilitation program. 
They will frequently exceed their exercise prescription and 
fail to report symptoms. Thus they may be more likely to be 
at risk of complications, and require particular attention'''. 

BENEFITS OF TRAINING 

There are relatively few reports of the effects of exercise training 
in organ transplant recipients. 

Squires et alP trained two patients, beginning 6 weeks after each 
had undergone orthotopic cardiac transplantation. After 8 weeks of 

low-intensity exercise training the maximal exercise capacity of 
both patients had increased, and their heart rates and rating of 
perceived exertion were decreased at all submaximal workloads. 

In the most comprehensive study yet reported, Kavanagh el cil.' 
followed 36 cardiac transplant recipients who participated in a 
more vigorous walking/jogging training program for up to 17 
months. The average peak power output of the transplant recipi
ent was less than one-half that of the untrained normal controls in 
the pretraining maximal exercise test. After training, lean body 
mass was increased, heart rate and blood pressure at rest were 
reduced, as were heart rate, minute ventilation and perceived 
exertion, but not cardiac output, during submaximal exercise. At 
exhaustion, peak heart rate, peak power output, and peak rate of 
oxygen consumption (VOT max.) were increased. 

More recently, Ketcyian el al.^* reported greater benefits of a 
10-week exercise training program in heart recipients than in a 
non-training control group. These investigators reported that Vo^ 
peak, peak respiratory rate, and maximum ventilation were in
creased after exercise training compared to the controls. Ratings 
of the perception of effort at submaximal workloads were also 
reduced through exercise training. 

Cardiac output during submaximal exercise is, however, not 
altered after exercise training in transplant recipients'. 

EF% 

WL peak 

V02 peak 

Ex. Time 

HR peak 

SBP peak 

VIpeak 

[lactate] peak 

PKTQ 

TWQ 

MVC 

TTF i 
J 

-20 120 

% Change after exercise training 
Figure 5 Effecl.s of a 7-month aerobic exercise training program on cardiorespiratory, metabolic and skeletal muscle function in heart tran.splant recipients Ut = 
8). Abbreviations: EF% = ejection fraction; WL peak = peak workload during graded cycle exercise to exhaustion; Vo, peak = peak oxygen consumption during 
graded cycle exercise lo exhaustion; Ex time = exercise time during graded cycle exercise to exhaustion; HR peak = peak heart rale achieved during graded cycle 
exercise to exhaustion; SBP peak = peak systolic blood pressure recorded during graded cycle exercise to exhaustion; VI peak = peak minute ventilation during 
graded cycle exercise to exhaustion; [lactate] peak = peak blood lactate concentration during graded cycle exercise to exhaustion; PKTQ = peak torque generated 
by the quadriceps muscle during a maximal isokinetic test of skeletal muscle function; TWQ = total work performed by the quadriceps muscle during a 25-second 
test of isokinetic skeletal muscle function; MVC = maximum voluntary isometric contraction; TTF = tiitie to fatigue during repeated isometric contraction/relax
ation cycles of the quadriceps muscle. * p<i).Q5 post-training vs pre-training. All values are expressed as a percentage change from pre-training values 
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We have recently described changes in physiological parame
ters in a group of cardiac transplant recipients participating in a 
moderate-intensity aerobic training program for a period of 7 
months''"'. Figure 5 depicts changes in cardiorespiratory and skel
etal muscle function during exercise in transplant recipients fol
lowing exercise training. Resting ejection fraction, peak heart 
rate, peak systolic blood pressure, and peak minute ventilation did 
not change significantly after exercise training. However, peak 
workload, peak VOi, peak exercise time, and peak blood lactate 
concentration during a graded exercise test to exhaustion in
creased significantly after training. Indeed, peak blood lactate 
concentration increased by over 100% of pretraining values. This 
finding is in accordance with the higher workload achieved after 
exercise training. Whilst the total isokinetic work produced by the 
quadriceps muscles during 25 maximal contractions increased by 
20%, and time to reach fatigue during the test of isometric skel
etal muscle function improved by more than 40%, peak isokinetic 
torque and the maximal voluntary contraction produced by the 
quadriceps muscles was not different after exercise training in 
these patients. 

Histological analysis of skeletal muscle biopsies from the 
vastus lateralis performed before, and again after, the exercise 
training program revealed that the features of the myopathy, de
scribed above, had improved significantly, so that the histological 
appearance of the muscle was more normal after training. 

We have concluded that a significant factor limiting the exer
cise performance of these patients was a peripheral myopathy, 
and that the major effect of training was to increase the resis
tance of the trained skeletal muscle to the onset of fatigue, 
rather than a direct training effect on the transplanted heart. We 
are currently investigating whether a program designed 
specifically to increase the patients" muscle strength, rather than 
their 'cardiorespiratory endurance', would not be an equally ef
fective training method. 

COMMENT 

Certain physiological and pathological features of the cardiac 
transplant recipient demand that adaptations be made to the con
ventional principles underlying exercise prescription for patients 
with ischemic heart disease. In particular, the use of heart rate 
monitoring to control the exercise intensity is less applicable, and 
an alternate method using the Borg Scale of Perceived Exertion 
would appear to be more appropriate. 

In addition, the cardiac transplant recipient is more likely to 
have a peripheral limitation to his/her exercise capacity, probably 
due to alteration of skeletal muscle structure and function during 
heart failure and the myopathic effects of the drugs used to 
control rejection. 

It would seem that cardiac transplant recipients adapt in the 
normal way to exercise training, with the exception that the 
peripheral skeletal muscular adaptations would appear to 
dominate. The use of additional or alternate training programs 
specifically to increase skeletal muscle strength would seem 
justified. 

Whether continued exercise training can prevent progressive 
drug-induced myopathic changes, and can reduce or delay the 
onset of hypertension or rejection-related accelerated coronary 
atherosclerosis, would seem worthy of further study. 
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40 
Non-cardiac Surgery in Patients with Heart 
Transplants - Anesthetic and Operative 
Considerations 
E. BECERRA AND D.K.C. COOPER 

INTRODUCTION 

As cardiac transplantation becomes increasingly successful there 
is a growing possibility that patients with heart transplants may 
require surgery for conditions unrelated to the heart. Such patients 
clearly present special management problems, which include, in 
particular, atypical responses to both stress and certain pharmaco
logical agents, and increased susceptibility to infection. 

CONDITIONS FOR WHICH SURGERY MAY BE 
NECESSARY IN PATIENTS WITH HEART 
TRANSPLANTS 

Between 12% and 30% of the patients who undergo heart trans
plantation may develop a pathological condition requiring one or 
more non-cardiac operations" *'. The need for such an operation 
has been documented from 2 hours to more than 10 years after 
transplantation-. The incidence of significant general surgical 
complications developing within 30 days after transplantation has 
been reported to be between 4.8%^ and 7%'. 

Patients with cardiac transplants may, of course, develop any 
unrelated disease requiring surgical intervention (e.g. carcinoma 
of the stomach-, head and neck surgery'', aortic coarctation'" " or 
kidney transplantation'*), as may any member of the population, 
but, in addition, they are at special risk of requiring surgery for 
several reasons (Table 1). 

Such patients may develop a complication of the transplant op
eration (e.g. incisional hernia, wound infection, gastric outlet ob

struction secondary to vagus nerve injury occurring during 
heart-lung transplantation'), or of a subsequent diagnostic pro
cedure (e.g. right ventricular perforation, pneumothorax or hemo
thorax following endomyocardial biopsy). 

Systemic thromboembolism may occur in patients with a 
heterotopic heart transplant from a poorly functioning recipient 
(native) left ventricle, but may also occur rarely in patients with 
an orthotopic transplant when donor heart function is decreased 
either during an acute rejection episode or when chronic rejection 
is advanced. Anticoagulant therapy and antiplatelet agents may 
increase the risk of gastrointestinal bleeding and hematoma 
formation following trauma. When cardiac transplantation has 
been performed for ischemic heart disease, the atheromatous 
disease process may progress in peripheral vessels and lead to is
chemic complications, particularly in the lower limbs or brain. 
Aortic dissection may also occur. New or previous aortic 
aneurysms are seen almost exclusively in recipients with under
lying ischemic heart disease^'-' ' in whom there may be a rapid 
increase in size of the aneurysm'-. A high incidence of choleli
thiasis (30-42%) has been documented after heart trans
plantation'^"', especially in older patients'^ and those with high 
cyclosporin levels"*. All of these conditions may require surgery. 

In addition, however, certain complications of long-term 
immunosuppressive therapy may require a surgical procedure, 
notably because immunosuppressed patients are more susceptible 
to infection (Chapter 32). The immunosuppressive agents them
selves, particularly the corticosteroids, may lead to complications 
which require surgical treatment (Chapter 8). Corticosteroid 

Table 1 Conditions for which patients with heart transplants may require surgery 

1. Unrelated 
2. Complications of the transplant operation 
i. Complications of diagnostic procedures (e.g. endomyocardial biopsy) 
4. Complications of immunosuppressive therapy, particularly corticosteroids 
5. Complications of other drug therapy (e.g. anticoagulation) 
6. Systemic thromboembolism (especially in patients with a heterotopic heart transplant) 
7. Continuing atheromatous disease or disease related to hypercholesterolemia (particularly in patients with previous ischemic heart disea.se) 
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therapy may result in musculoskeletal disorders (e.g. osteo
porosis, vertebral compression fractures, pathological bone 
fractures, aseptic necrosis), gastrointestinal disorders (e.g. peptic 
ulceration and pancreatitis) and ophthalmic disorders (e.g. 
cataract, glaucoma, exophthalmos), all of which may require 
operative procedures. 

The differential diagnosis of an acute abdominal complication 
in a patient with a heart transplant may prove difficult, but re
quires urgent assessment in order to avoid delay of treatment. 
Despite steroid therapy the history and physical examination are 
generally reliable, though the white blood count may be mislead
ing'. When perforation of the bowel is present, the condition is 
almost always manifest by pain, tenderness and muscular rigid
ity'. Peptic ulcer disease and Cytomegalovirus gastritis or duo
denitis should be included in the differential diagnosis of 
abdominal pain"*". Free intraperitoneal air on an abdominal radi
ograph suggests bowel or stomach perforation. In the early post
operative period, however, if no pain or muscular rigidity is 
present, free air may be associated with accidental opening of the 
abdominal cavity at the time of sternotomy. For the same reason, 
pneumothorax in the early post-transplant period (or even later'), 
or possibly as a complication of endomyocardial biopsy, may also 
progress and present as air in the abdomen. Assessment of the 
acute abdomen may include gastrointestinal endoscopy, comput
erized tomographic scanning, gastrografin contrast radiography, 
and ultrasound studies. Pancreatitis is a not-unusual complication 
of immunosuppressive therapy'" •̂ •' and of Cytomegalovirus infec
tion^ -''-'', but it should be noted that the serum amylase is often 
increased after cardiopulmonary bypass-^. In doubtful cases, early 
exploratory laparotomy is advocated''. 

PREOPERATIVE ASSESSMENT 

If time permits, before any major surgical procedure is under
taken, the status of the patient with regard to both acute and 
chronic rejection should be checked. This may involve clinical 
examination for features of cardiac failure or dysrhythmias, blood 
cell counts and plasma chemistry, electrocardiographic and/or 
echocardiographic studies (the latter to demonstrate adequate left 
ventricular function), endomyocardial biopsy to detect acute re
jection, or even coronary angiography, thallium scanning or 
dobutamine stress echocardiography if significant chronic rejec
tion is suspected. Elective surgical procedures should be post
poned if the total white blood cell count is particularly low (less 
than 2000-3000 cells/mm'). 

Patients receiving long-term anticoagulation therapy should 
have this therapy reduced to a safe level for the period of opera
tion, but it should be instigated again 48 hours after operation 
unless there is a contraindication. Antiplatelet therapy should be 
discontinued for the day of operation only. In an emergency, 
fresh-frozen plasma can be administered to normalize the coagu
lation state of the patient before surgery. 

Unless the operative procedure is being undertaken for an in
fective complication, e.g. the drainage of an abscess, and a 
specific antibiotic is therefore indicated, our policy has been to 
prescribe an anti-staphylococcal antibiotic as prophylaxis over the 
period of the operation; this should be administered initially ap
proximately I hour before the surgical procedure begins, so that 

high blood and tissue levels are present, and discontinued within 
24-48 hours to minimize the risk of growth of resistant bacterial 
or fungal organisms. 

SPECIAL PROBLEMS OF ANESTHESIA AND SURGICAL 
CONSIDERATIONS 

The special problems faced in managing patients with cardiac 
transplants who require operative procedures include: (a) atypical 
responses to stress and to certain drugs, since the transplanted 
heart remains denervated; (b) increased susceptibility to infection; 
(c) increased tendency to arrhythmias, particularly during the first 
3 months after transplantation or when acute or chronic rejection 
is occurring-'*; and (d) risk of complications related to drugs such 
as anticoagulants, corticosteroids, and cyclosporin. Furthermore, 
account has to be taken of the possibility that some of these pa
tients are in a state of 'stress' from such conditions as acute rejec
tion or infection, or from being in the early post-transplant period, 
or from surgical shock or other condition''. 

With regard to drug-related complications, the increased risks 
of managing a patient who has been on long-term anticoagulation 
therapy are obvious. The need for increased therapy in patients 
receiving corticosteroids over a long period of time, since their 
own adrenal cortical response to stress is suppressed, is also well 
known. Hydrocortisone 50-100 mg should be given intravenously 
immediately before the induction of general anesthesia, and may 
be required after operation every 8 hours for at least one or two 
doses- -'. Cyclosporine may result in impaired renal and/or 
hepatic function, which may complicate the perioperative period, 
and may also have resulted in systemic hypertension, for which 
the patient may be receiving additional antihypertensive therapy. 

In an attempt to reduce septic complications and avoid wound 
healing problems, some centers, such as the Utah group, have at 
times advocated a decrease in corticosteroid therapy, substituting 
this with a short course of OKT3 or ALG\ Our own policy has 
been to maintain azathioprine, cyclosporin and corticosteroid 
therapy. In cases of pancreatitis, azathioprine is generally 
replaced with cyclophosphamide'. 

As cyclosporin does not appear to modify the effect of the com
monly used anesthetic agents in humans''"', standard general anes
thetic technique may be used, care being taken to maintain good 
oxygenation. (Orotracheal intubation has been suggested as being 
preferable to nasotracheal, to diminish the risk of lung infec
tion" ".) Muscle relaxation, where necessary, may sometimes 
require larger doses than usual, since azathioprine antagonizes neu
romuscular blocking agents by its phosphodiesterase-inhibiting 
properties". Agents such as morphine may be used as necessary-. 
Halothane, a potent myocardial depressant, has been used in induc
tion of anesthesia in the pediatric patient without untoward effect''. 

Particularly when a major surgical procedure is undertaken, ad
equate hemodynamic monitoring is essential. Arterial and central 
venous pressure lines are inserted, employing strict sterile tech
nique. Continuous ECG monitoring is necessary. Percutaneous 
suprapublic rather than transurethral catheterization was advo
cated in the past to avoid urinary tract infections''*, though this is 
no longer considered necessary. 

Since transplantation results in complete and usually permanent 
denervation of the heart, it can no longer respond to neurally-
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mediated stimuli. During stress or exercise the heart initially in
creases cardiac output by an increase in stroke volume rather than 
by cardioacceleration (Chapter 27). To avoid hypotension and 
maintain cardiac output during stress, therefore, an adequate 
preload must be available, especially when spinal anesthesia is 
employed*. In addition, steps may be required to increase heart 
rate rapidly and also enhance contractile force, namely by the ad
ministration of inotropic agents; the response of myocardial 
adrenergic receptors has been shown to be normal or increased. 

In the early post-transplant period any abdominal incision re
quired should preferably be made in such a way that it does not 
communicate with the previous sternotomy. This may help avoid 
potential contamination of the mediastinum, especially when the 
abdominal procedure is for an infective condition. It has been rec
ommended that the surgical management of emergency abdominal 
complications should, when possible, be technically conservative 
(e.g. by simple peptic ulcer plication instead of the performance of 
acid-reducing procedures, the fashioning of temporary intestinal 
stomas rather than the use of primary anastomosis, the use of reten
tion sutures, etc.)'. Although this is probably wise counsel, modem 
developments in surgery, in particular the use of laparoscopic tech
niques, have reduced the risk of surgical procedures in the heart 
transplant recipient, particularly when performed electively. 

POSTOPERATIVE MANAGEMENT 

To reduce the risk of infection the patient should be extubated, 
and all drains and vascular and urinary catheters removed as soon 
as possible after operation. Since pulmonary infection is particu
larly common in immunosuppressed patients, they should receive 
respiratory therapy until fully mobilized; chest radiographs should 
be taken frequently during the early postoperative days, to 
monitor pulmonary status. Since these patients are frequently re
ceiving long-term corticosteroid therapy, this should be supple
mented to cover the operative procedure; it is not necessary to 
continue this extra therapy for longer than 48 hours after opera
tion unless there is some specific indication. As corticosteroids 
may impair wound healing, sutures should be left i?i situ for rather 
longer than usual. For a similar reason, when a gastrointestinal or 
biliary leak is present, it is advisable to maintain the drain for a 
longer period of time than usual, to allow adequate healing'^ 

After gastrointestinal surgery it may prove necessary to admin
ister cyclosporin intravenously rather than orally'', since absorp
tion can be variable. To avoid nephrotoxicity the intravenous 
dosage should initially be small and adjusted when blood levels 
have been measured. It is rarely necessary to administer more 
than I mg/kg per day over the course of 24 hours. In patients 
beyond the first post-transplant year, even smaller doses 
(0.3-0.6 mg/kg per day) are generally sufficient. An easy guide to 
remember is to administer a dose of 1-3 mg per hour (NB, not 
1-3 mg/kg per hour); this will generally provide continuous CSA 
whole blood levels of 125-300 ng/ml, which are usually sufficient 
to prevent acute rejection from developing. 

Alternatively, most patients can be managed for several days, if 
necessary, without cyclosporin if ALG is administered on a daily 
basis to suppress the T-11 lymphocyte subset. AZA and cortico
steroids can also be administered intravenously, AZA at the same 
dose as when given orally (although some groups advocate a re

duction in dose)"* with methylprednisolone being substituted for 
prednisone at the equivalent dose. 

Early postoperative mobilization of the patient, to minimize the 
risk of venous thrombosis and pulmonary embolism, is as impor
tant as in other patients undergoing surgery; this complication 
has been documented in most of the published series-'"-\ 
Subcutaneous heparin therapy may be indicated in patients who 
are likely to be immobilized for a long period. 

RESULTS OF NON-CARDIAC SURGICAL PROCEDURES 
IN PATIENTS WITH HEART TRANSPLANTS 

The surgical technique, timing and indication for cholecystec
tomy all remain controversial'* "'•'"' *̂. At present, however, it is 
generally agreed that laparoscopic cholecystectomy is the best 
technique to employ. Symptomatic patients should ideally 
undergo cholecystectomy before heart transplantation, while 
asymptomatic patients can be left to undergo the procedure post
transplantation, usually only if they become symptomatic. When 
performed electively the operative mortality is 0%, whereas there 
is a significant risk (of possibly even 40%) when it is performed 
as an emergency operation in patients with heart transplants'''. 

Surgical procedures to resect and replace abdominal aortic 
aneurysms, whether from a degenerative'- '""'•" or a mycotic'*" 
cause, have been associated with a surprisingly low risk. 
Furthermore, we have been unable to identify any cases of infec
tion of the prosthetic graft used to replace the aneurysm. 
Although our own policy has been to replace the aneurysm pre-
transplant whenever feasible (particularly in patients with pre
vious cardiac surgery who may require initiation of 
cardiopulmonary bypass through the femoral route), this reported 
low mortality and morbidity make it reasonable not to eliminate 
heart transplant candidates with abdominal aneurysms, but to plan 
the surgery after transplantation, when the risks of acute myo
cardial infarction are clearly reduced''^^'. However, with careful 
surgical technique and meticulous postoperative care, at our own 
center Chaffin and his colleagues have performed a number of 
abdominal aneurysmectomies and/or carotid endarterectomies in 
patients awaiting heart transplantation with no mortality and little 
morbidity (J. Chaffin, unpublished results). 

A summary of published results of surgery in patients with heart 
transplants is shown in Table 2. As some patients at Stanford may 
have been included in more than one study, it is not possible to esti
mate accurately the combined mortality in these series. It is clear, 
however, that the mortality has been relatively low. Most of the 
deaths were related to the underlying pathology rather than to any 
anesthetic or surgical complication. The highest mortality was re
ported in a series which included complex surgery for serious ab
dominal pathologies; this mortality would probably have been 
lower if some of the patients had presented for medical consultation 
earlier in the course of their illness. The authors of this paper stress 
the importance of early diagnosis. Pulmonary infections and 
embolism were the most frequent postoperative complications. 

COMMENT 

General anesthesia and surgical intervention in patients with heart 
transplants would therefore appear to be relatively safe pro-
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Table 2 Mortality of non-cardiac surgery in patients with lieart transplants: published results 

Center Ye<ir ofpuhlieuliim (refereiwe) Number of patients Number ofoperaliiins Korly mortitiity fi) 

Stanford, USA 
Stanford, USA 
New York. USA 
Pittsburgh, USA 
Cape Town. SA 
Hershey, USA 
Utah, USA 
New York, USA 
Cambridge, UK 
Loyola, LfSA 

1977" 
197746 

1981=" 
1983' 
1986= 
1989-' 
199P 
1991" 
1991' 
1993'* 

2 
16(?) 

1 
17 
15 
14 
17 
28 
20 
23 

24 
2 

17 
39 
16 
20 
33 
21 
33 

0 
4 
1 
4 
1 
1 
0 
('.') 
4 

4 

cedures. if care is taken to monitor the patient and avoid the 
special complications that may be associated with immuno
suppressive therapy. Neither a satisfactorily functioning heart 
transplant, even in the early postoperative period, nor immuno
suppressive therapy need therefore be considered a contra
indication to any other surgical procedure whenever it is clearly 
indicated. 
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Recurrence of Myocardial Disease in the Transplanted 
Heart 
A.M. KEOGH 

INTRODUCTION 

The question of the potential for recurrence of the underlying 
disease in the cardiac allograft arises most frequently, in 
Westernized countries at least, in relation to amyloid and sarcoid 
heart disease and giant cell myocarditis. It is about these that the 
literature contains the most information. Far less information is 
available on disease recurrence in hemochromatosis, Chagas' 
disease, and tumors involving the myocardium. One limitation of 
the literature is that follow-up is often relatively limited, particu
larly as the emphasis on results in cardiac transplantation is shift
ing away from 1 -year survival towards long-term survival. 

When assessing a recipient in whom there is the chance of 
disease recurrence, there are two considerations to weigh up. The 
first is whether transplantation is likely to improve the short-, 
medium- or long-term survival of that individual. The second is 
whether transplanting such a patient is the best use of a particular 
organ, bearing in mind the worldwide donor organ shortage (cur
rently growing worse yearly) and the excellent results obtainable 
in those with more traditional diseases requiring transplantation. 
Not unimportantly, the cost of the procedure and likelihood of a 
long healthy survival, which may increase return to useful com
munity participation, should be considered. 

AMYLOID HEART DISEASE 

Background 

Amyloidosis is a generic term for the deposition of various different 
fibrous proteins in vital organs. These proteins display a characteris
tic spatial orientation conforming to a B-pleated sheet. The tradi
tional classification includes: (a) primary, i.e. no pre-existent or 
coexistent disease, (b) secondary to a plasma cell dyscrasia, (c) sec
ondary to chronic infection or inflammation, (d) hereditofamilial 
(familial Mediterranean fever), (e) local amyloidosis without sys
temic amyloid, and (f) age-related amyloid deposition (AS 1 protein) 
in those over 65 years old'. It is important to differentiate clearly in 

the pretransplant assessment which of these applies, in order to best 
assess risk. The somewhat confusing terminology, and sometimes 
limited workup of amyloid patients, have tended to obscure the 
small amount of data reported to date. Many cases are classified as 
'primary' amyloid, when in fact there was evidence of plasmacyto-
sis or abnormal plasma cells in bone marrow. It has been suggested 
that a form of isolated cardiac amyloid exists, but in all likelihood 
this represents an early predominance of amyloid in one organ 
rather than true freedom from systemic multiorgan disease-1 

Chemical types of amyloid 

The chemical class of amyloid protein is identifiable using mono
clonal and polyclonal antibodies directed against purified and 
chemically characterized amyloid fibril proteins in up to 70% of 
amyloid disease'. 

AA amyloidosis 

This is usually a reactive process in the wake of inflammation or 
infection. The AA protein is probably derived from serum 
amyloid-A protein (SAA) produced in response to B cell stimula
tion. The concentration of SAA can be elevated 1000-fold during 
an acute-phase reaction'. AA amyloidosis occurs predominantly 
in the kidneys. If progressive, the heart may become involved, but 
underlying renal disease would usually preclude consideration of 
cardiac transplantation. 

AL amyloidosis 

A lambda or, less commonly, A kappa amyloid protein deposition 
derives from a monoclonal light chain and very rarely from a de
fective heavy chain. The underlying disease may be benign (local 
plasmacytoma, benign monoclonal gammopathy) or a malignant 
plasma cell dyscrasia such as Waldenstrom's disea.se, multiple 
myeloma, lymphoma or Bence-Jones plasmacytoma'. 
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Clinical and natural history 

Arnyiuid heart dibcabC geocrally lakc^ (he ionii uf a resiricrivc 
cardiomyopathy V'ith poor prognosis, leading to death within 2 
yetii's of diHgnosis but sorneiiines an qiiickiy as 4 moiifhs after di
agnosis"-. At Iciisl- one ixport documents slower progression of 
disease before the development of crsngestive heart failure^. 
Roberts an<i Waiier report ruean duration of heart failure as being 
!8 months (range ! 108 rnojiitis) and hisiing <12 months in 64%' 
of 54 necropsy cases'". Cardiac amyloidosis is the lending cause of 
death hi parient.s with primary sys;ieniic amyioidosis-. The restric
tive caixlioiiiyopaihy with resultant cardiac failure arises from iii-
terrayocyle aroyioid Jeposttion, compounded by narrowing of 
intramural coronary arteries. There may also be mural and valvu
lar endocardia! deposits and couductioH pathway involvement'"'-'''. 

Diagnosis 

The most consistent eeiiocardiographie features v,4iieh should 
arouse suspicion of amyloidosis pretranspiant wee symmetrical iii-
crea-se in left ventricular wall thiclcness in the absence of a hi.story 
of systermc liypcrieiision or aortic valve disease, hypokuiesis and 
decreased systolic thickening of the intervenlricuiar sepiuni and 
posterior left ventricular wall, and small to noniuii -veuiricular 
cavity size*. Clinically significant cardiac amyloid is almost 
always associated with a low-voltage electrocardiogram. .4myloid 
is often an elusive diagnosis and should be considered w-herc 
there is the question of a restrictive cardiomyopathy, constrictive 
pericardial diset'se or hypertrophic cardiomyopariiy. It is impor
tant io Hiake the diagnosis in order to avoid iiiadverleni iransplan-
tatron of a patient widi undetected am\!oid. 

Hematoxylin and cosin examination of cardiac biopsies may 
no! be adec|iiate. A patient vviih known monocloiia! gamniopathy 
had no deieclable .imvloid disease in biopsies of the heart, rectum 
or bone marrow, yet posi-transplant rapidly developed wide
spread nuilii-organ amyloidosis". .As a result, rnuiti-organ biopsy, 
along with electron microscopic examination of cardiac tissue, 
has been recommended''. 

Treatment 

!.:)eposils uf amyloid tlbrillar protein in myocytes and capillaries, 
and the mechanical interference with corHracliliiy, render tunyloid 
heart disease reiaiiveiy resistant to treatment with conventional 
heart failure rnedicalions--'. In fact, conventional therapy, such as 
lanoxin*-'" and calciinn-channcl-blocking agents", ro.Ry have 
delererious effects^'', friteriuittent^^dosc melplielan and pred
nisolone have been shown to prolong life only marginally in 
primary .41, amyloid'-'. Because of its poor prognosis and the 
often relatively young age of those aflcctcd, the question of Irans-
plantatioii is still often raised, despite the fact that amyloid heart 
disease has been 'established" as a conrraindicaiion for 
many years. 

Recurrenc© after transplantation 

Amyloid heart disease has been considered a eoritraindication to 
transplantation because it tends to be a systemic disease, and it 
was expected that amyloid deposition would recur in the allograft. 
The available recent hteraiure indeed confirms a generally malig
nant course post-transplant, cither by recurrence in the allograft 
(as early as 2 montjis post-transplant) or by progression in oiher 
organs' \ 

The most comprehensive experience is reporleti by Hosetipud 
ei al}^^ A survey of 24 transplant centers yielded 10 patients 
transplanted for the diagnosis of cardiac amyloid. This collective 
experience has the longest follow-up and involved many cases 
previously reported. Its results and conclusions largely supersede 
prior individual case reports in wiiich less malignanl outcomes 
were noted'-'--", in this collective report the diagnosis of cardiac 
amyloid was made on diagnostic biopsy or on examination of the 
explanted heart''' (Figure 1). .411 10 patients had serum or urine 
protein eleeti'ophorctograrn performed f!reiran.splant, with an 
aniyl.oid iigiit chain demonstrable in eight patients (seven lambda 
and one kappa). Rectal biopsy was positive in three of seven, 
where performed, renal biopsy positive in two of three, liver 

Amyloid workup 

A comprehensive diagnostic workup for amyloid should include a 
search for cardiac amyloid and for systemic involvement. The 
cardiac biopsy should be stained by the Congo Red method with 
polarized light viewing, looking for apple-green birefringence and 
dichroism. Tissue should also be stained with antisera against 
amyloid p, amyloid SAA and lambda and kappa light chains. 
Supplemental electron microscopy has been recommended'. 
Characteristic electron microscopic changes are amyloid banding 
around myocytes with scalloping of myocyte edges and amyloid 
fibril deposition. 

Systemic disease should be sought by kidney, liver and rectal 
biopsies, and bone marrow aspirate and biopsy to rule out 
myeloma or other plasma cell dyscrasia, which are present in 45% 
of all cases of cardiac amyloidosis. Additional testing includes 
ESR, urine and serum immunoelectrophoretogram, full blood 
count, technetium bone scan for osteolytic lesions, and serum 
calcium. 

Figurt 1 Cardiac amyloidosis (Masson's trichrome, original magnilication 
X400) 
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biopsy positive in two of three, and gingival biopsy positive in 
two of two, but marrow did not show plasma cell proliferation in 
any of nine where this was performed. 

Of the 10 patients transplanted, follow-up was available in 
eight. One developed restrictive cardiomyopathy due to amyloid, 
one required dialysis for amyloid renal disease, one had extensive 
gastrointestinal amyloid, and one patient with 9-month follow-up 
was free of disease. Four had died - one of right ventricular 
failure in the perioperative period (unrelated to amyloid), one of 
amyloid liver failure, one of amyloid malabsorption and neuropa
thy, and one at home with malnutrition due to amyloid esophageal 
involvement and airway obstruction. By 4 years post-transplant, 
survival was only 39% in this group, and 66% had developed 
other major organ involvement'''. 

Four of these nine survivors demonstrated recurrent amyloid 
deposition in the graft, in one patient as early as 14 weeks post-
transplant''. However, in two of these four the diagnosis was 
solely an electron microscopic one, and there were no clinical se
quelae, with right heart hemodynamics unaffected at a mean of 22 
months post-transplant. One patient developwd restrictive physiol
ogy on echocardiography". The obligatory immunosuppression 
appeared to do little to ameliorate the progression of systemic 
amyloid disease. 

The authors concluded that transplantation for amyloid heart 
disease was associated with a suboptimal survival, caused by 
either recurrence of local cardiac disease or progression of sys
temic organ involvement. Survival at 4 years was only half that 
anticipated in the general heart transplantation population. 

Data pooling makes it difficult to distinguish whether systemic 
progression post-transplant was related to demonstrable disease 
in particular organs. It remains unclear, therefore, whether a 
patient with 'localized' cardiac amyloid, and who is biopsy-
proven free of disease in the liver, kidney and bone marrow, may 
have a different long-term prognosis from that of the reported 
group. There are occasional reports indicating that patients with 
cardiac amyloid, but with negative rectal and renal biopsies and 
no evidence for myeloma, may do well over a 12-month period". 
Long-term follow-up is needed. Additionally, there are no data 
indicating whether the specific protein, or the absolute serum or 
urine level, predicts recurrence or subsequent systemic 
manifestations. 

Amyloid heart disease must be considered a virtual contraindi
cation to transplantation, or at best only a palliative approach. The 
presence of myeloma must also be considered a total contraindi
cation to transplantation. 

Comment 

Cardiac transplantation for amyloid heart disease is associated 
with less than half the usual survival post-transplant by 4 years. In 
66%, other organ involvement occurs within 4 years. A compre
hensive workup should be performed to exclude amyloid cardiac 
or systemic disease in potential transplant recipients in order to 
avoid inadvertent transplantation of such a patient, with its conse
quent suboptimal outcome. Amyloid heart disease should be 
considered a contraindication to cardiac transplantation; however, 
if this is undertaken, it should be done with the expectation of 
only short-term palliation. 

SARCOID HEART DISEASE 

Background 

Sarcoid is a granulomatous systemic condition of unknown etiol
ogy. In an autopsy series of patients with systemic sarcoid, 27% 
had myocardial granulomas and, of these, 65% had clinical heart 
failure or arrhythmias during life'*. On the other hand, most pa
tients with cardiac sarcoid demonstrate systemic sarcoidosis". 
Sarcoid is an uncommon cause of cardiac failure, making up only 
0.03% of one center's large experience with patients in heart 
failure'̂ ". It more usually manifests itself as conduction disturb
ances^' or arrhythmias^^. Twenty-two percent of patients with 
cardiac sarcoid have ventricular tachycardia. Conduction disturb
ances are often transient and may be self-limiting, rendering re
sponse to treatment difficult to assess. Occasionally pulmonary 
fibrosis may result in right heart failure. Other clinical features 
include left ventricular aneurysm, papillary muscle dysfunction, 
and recurrent pericardial effusion^ .̂ In the small proportion of pa
tients who develop cardiac failure, there is a poor correlation 
between myocardial biopsy changes and cardiac function. 

Etiology 

Several microorganisms have been implicated in the causation of 
sarcoidosis, including Mycobacterium tuberculosis^*, corynebac-
teria^', and viruses^*. Space-time clustering provides indirect epi
demiologic evidence for an infectious agent^'. This causation, 
however, remains somewhat speculative. 

Natural history 

Myocardial sarcoid may have a natural history of 15 years or 
more, but in most patients the interval from the onset of cardiac 
symptoms to death is less than 2 years, with 50% dying within 
12 months^'. In a large autopsy series of sarcoid heart disease, 
two-thirds had died suddenly, 23% of congestive cardiac failure, 
3% of recurrent pericardial effusion, and 7% of unknown 
cause". 

Histopathology 

The finding of non-caseating granulomas on cardiac biopsy leads 
to the diagnosis of sarcoidosis in a patient if there are granulomas 
involving at least one other site (Figure 2). The most common 
cardiac sites for granulomas are the mitral valve and papillary 
muscle, upper interventricular septum, and left ventricular free 
wall. Granulomas are thought to coalesce and progress to fibrosis, 
resulting in transmural scarring in the absence of coronary artery 
narrowing^'. The classical lesion is a central collection of mono
cytes and macrophages from which multinucleated and epithe
lioid cells are derived. T and B lymphocytes, immunoglobulins 
and complement may be present. 

Systemically, most patients with sarcoid show negative re
sponses to tuberculin, and abnormal cell-mediated and humoral 
immunity. Circulating atypical and activated T lymphocytes may 
be demonstrated in 50%. There is evidence of B cell hyperactivity 
with significant depression in T cell function. 
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Cardiac sarcoid may not be differentiable from idiopathic giant 
cell myocarditis on cardiac histology alone-*. The presence of 
granulomas in at least one other organ, or in a lymph node, 
confirms the diagnosis of sarcoidosis. The presence of granulo
mas in the myocardium only raises the possibility of giant cell 
myocarditis. It is necessary, however, for differentiation, to 
biopsy other potentially, albeit covertly, affected areas. 

original magnification X 200) 
sing a non-caseatiiig granuloma (H&ti, 

Pathophysiologieally, left ventricular dysfunction is relatively 
easy to understand when the myocardium is massively infiltrated, 
but dilated cardiomyopathies with non-specific changes are just as 
common as restrictive myopathies. One report proposes that 
myocyte degeneration may be related to amines released from ad
jacent mast cells in an attempt to explain diffuse dysfunction in 
the presence of only localized foci of sarcoid-*. Improvement in 
left ventricular function may be seen even in those with marked 
myocyte hypertrophy, myofibrillar loss and fibrosis, making prog
nostication difficutf". 

Diagnosis 

Myocardial sarcoidosis is often difficult to diagnose because of 
the patchy nature of myocardial involvement. The definitive diag
nosis is made on biopsy in only 25%, even when the affected 
areas should have been accessible^'. Repeated cardiac biopsies 
are indicated in a patient with granulomas in at least one other 
organ or lymph node, in order to make the diagnosis. Repeated 
biopsies, and sampling from multiple sites (including both right 
and left ventricle), may increase the chance of sampling a granu
loma. However, even multiple negative biopsies do not rule out 
sarcoidosis'"'*. 

Angiotensin-converting enzyme level" and thallium scanning 
(showing patchy perfusion defects at rest which reduce during ex
ercise-'*) are said to be useful, but are only indirect evidence for 
sarcoid involvement, and a histopathological diagnosis is still 
required. 

Several specimens should be sent for culture and staining 
(Ziehl-Nielsen) for atypical mycobacterium. In a patient in our 
own unit, transplanted for cardiac 'sarcoidosis' with associated 
pulmonary infiltrate, non-caseating pulmonary granulomas re
curred post-transplant and Mycobacterium haemophilum was 
grown postoperatively. Coronary vasculopathy led to death, and 
autopsy revealed mediastinal and hilar lymph nodes with exten
sive nodular hyaline fibrosis, raising the possibility the atypical 
mycobacteria may have been the causative process pretransplant. 

Treatment 

No treatment is of proven benefit in sarcoid heart disease. It 
remains unclear whether treatment with steroids is effective, as 
there are no randomized or controlled trials of steroids in sar
coidosis. In a retrospective report of 113 patients, only 15 had re
ceived steroids. However, four of these 15 patients (and these 
were the only four in the entire scries) showed clearance of granu
lomas with steroid therapy leaving myocardial scarring--'. It is of 
concern, however, that three of these four displayed ventricular 
aneurysm formation. Other reports also document clinical im
provement in small numbers of cases, as a consequence of steroid 
therapy, in the form of reduction in arrhythmias, conduction dis
turbances, and electrocardiographic evidence of myocardial 
damagê -̂̂ '̂̂ '*. On the other hand, in a retrospective review of 145 
patients with cardiac sarcoidosis, 80 were given steroids and 65 
were not '̂l Electrocardiographic abnormalities improved in 14% 
of treated and 2% of untreated patients, were unchanged in 62% 
of treated and 81 % of untreated, and worsened in 24% of treated 
and 17% of untreated. It was concluded that steroids were not in
dicated for isolated asymptomatic electrocardiographic abnormal
ities'*. In the absence of proven therapies, however, there seems 
to be a consensus that a trial of steroids is indicated before com
mitting a patient to transplantation. 

Recurrence after transplantation 

The literature contains only four case reports of patients trans
planted for cardiac sarcoid. In three of these cases, sarcoid was 
said to be localized to the heart and the post-transplant course was 
benign. In the fourth case, definite systemic sarcoid was docu
mented preoperatively and cardiac granulomas recurred post-
transplant but without clinical sequelae. 

Case 1 was transplanted for drug-resistant ventricular tachycar
dia without systolic dysfunction. Cardiac granulomas were 
discovered in the explanted heart, but no recurrence was seen on 
post-transplant biopsy over a 3.5-year period. This patient died of 
mycoplasma pneumonia'̂ '̂ . Case 2 was transplanted for severe 
heart failure. Preoperative biopsy showed only mild myocyte hy
pertrophy and interstitial fibrosis. Histologic examination of the 
explanted heart, however, revealed numerous non-caseating gran
ulomas. She remained well at 20 months with no evidence of 
sarcoid on biopsy '̂'. Case 3, with a granuloma on pretransplant 
biopsy, was transplanted after progressive cardiac failure failed 
to respond to steroids. The explanted heart showed multiple gran
ulomas. No granulomas were seen on surveillance biopsies subse
quent to the transplants* .̂ Systemic features of sarcoid were 
lacking in these three cases, leaving some donbt that the localized 
cardiac granulomatous process represented sarcoid. 
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Case 4 differs from the above in that the patient had definite bi
lateral hilar lymphadenopathy and interstitial pulmonary changes 
with granulomas on biopsy of heart, lymph nodes and lung. He 
was transplanted for cardiac failure, having failed a trial of 
steroids. Routine endomyocardial biopsy at 6 months (on triple 
therapy) showed non-caseating granulomas with negative stain
ing for acid-fast bacilli. Steroid augmentation to 1 mg/kg per day 
for 2 months, then down to 20 mg per day, was associated with 
gradual resolution of granulomas on biopsy over a 6-month 
period. Two months after a reduction in steroid dosage, granulo
mas again recurred on biopsy. Cardiac function was unaffected 
each time'". 

There are no data as yet to support the suggestion that sarcoid 
patients should receive steroids as part of their maintenance im
munosuppression post-transplant, just as there is no support for 
the suggestion to reduce immunosuppression in systemic sarcoid 
cases because of the intrinsic immune defects related to systemic 
sarcoidosis. 

A unique report raises the possibility of transmissibility of 
sarcoid via transplanted organs"". A recipient with ischemic car
diomyopathy received a heart from a donor with probable sarcoid. 
The donor was noted at procurement to have hilar lymphadenopa
thy and, on examination of the unused lung, culture-negative pul
monary granulomas were found. At week 18 the cardiac recipient 
developed bilateral lower zone lung infiltrates and fevers with 
granulomatous pattern on lung biopsy. Repeated cultures failed 
to uncover an infectious agent. No specific treatment was given, 
and 8 months later the radiographic and biopsy appearances had 
resolved spontaneously. The recipients of the liver and kidney 
from the same donor did not demonstrate granulomatous disease 
at any stage. Although in no way conclusive, the possibility 
remains that sarcoid was implanted with the donor organ, remi
niscent of Mitchell's and Rees's transmission of sarcoid from 
humans to animals by inoculation of sarcoid tissue". 

Comment 

Sarcoid heart disease, where there is evidence of systemic granu
lomatous involvement, may recur post-tran.splant, but not neces
sarily with clinical consequence, and possibly with steroid 
responsiveness'". Cases of granulomatous disease without docu
mentation of a systemic search for granulomata may possibly rep
resent idiopathic granulomatous or giant-cell myocarditis, and 
less can be concluded from these reports. Transplantation for 
sarcoid should probably still be considered experimental'". 

GIANT-CELL MYOCARDITIS 

Alternative terminology 

This condition is also known as idiopathic giant-cell myocarditis, 
giant-cell granulomatous myocarditis, and Fiedler's myocarditis. 

Background 

Idiopathic giant-cell myocarditis (GCM) is largely a diagnosis of 
exclusion. As with all granulomatous diseases it is necessary to 
exclude sarcoid, and tuberculosis, syphilis and fungi (where 

specific therapies are available). The workup on biopsy will 
include staining for fungi, acid-fast bacilli, spirochetes, polarized 
light examination for birefringent crystals, immunofluorescence, 
serum angiotensin-converting enzyme levels, ANA and DNA (to 
exclude systemic lupus), rheumatoid factor, ASOT (to exclude 
acute rheumatic fever), and electron microscopy for viral particles. 

GCM can be associated with Wegener's granulomatosis'", 
which is important to exclude because of its intense responsive
ness to cyclophosphamide and steroids". It is useful, therefore, to 
perform antineutrophil cytoplasmic (ANCA) testing in addition 
to ENT examination, chest radiograph, renal function testing and 
search for casts. Look also for thymoma and mediastinal lym
phadenopathy. Once these have been excluded, idiopathic GCM 
represents a distinct clinicopathologic entity characterized by a 
sudden onset and rapid decline to death within 1-3 months of di
agnosis, although prolonged survival has also occasionally been 
reported"*. Ventricular dysfunction may be focal or diffuse'"'. 
Heart failure tends to be fulminant, often requiring inotropes or 
intra-aortic balloon pump support. Heart block (inflammatory 
lesions in the ventricular septum with biventricular bundle branch 
block) or arrhythmias also occur*""^'. By definition, it is confined 
to the heart. 

In the absence of myocardial biopsy the condition has previ
ously often been diagnosed only at post-mortem''^. Diagnostic 
biopsy is subject to the usual problem of sampling error. In pa
tients with myocarditis proven by autopsy or on examination of 
the explanted heart, the diagnosis was made on diagnostic biopsy 
in less than 50%. GCM comprises up to 22% of all cases of 
biopsy-proven myocarditis in some series'*. 

Etiology 

It has been suggested that the disorder is autoimmune in origin 
because of its association with thymoma'*', giant-cell arteritis'"', 
thyrotoxicosis'*'', systemic lupus erythematosus, dermatomyositis, 
Sjogren's syndrome, pernicious anemia, rheumatoid arthritis, in
fective endocarditis and Takayasu's arteritis"-''''. Fungi, bacteria, 
parasites or protozoa have never been found. The clinical course 
is, however, thought to be most consistent with a viral 
causation''. 

Histopathology 

The histologic changes on cardiac biopsy are of a granulomatous 
myocarditis with dense mononuclear infiltrate, distinctive multi
nucleate giant cells and central myocardial cell necrosis (Figure 
3). Multinucleate giant cells probably either originate from my
ocytes'^ or differentiate from monocytes via macrophages''. 
Central eosinophils and plasma cells may be present. Fibrosis is 
said to be absent. GCM is a somewhat descriptive diagnosis, 
however, as giant cells are seen in other cardiac conditions. The 
histologic features of each are said to be distinctive and diagnos
tic as follows: infectious granulomatous myocarditis (palisading 
histiocytes around necrotic tissue centers), rheumatic myocarditis 
(interstitial Aschoff bodies, often adjacent to small intramyocar-
dial arteries, but no myocyte necrosis) and rheumatoid heart 
disease (where the granulomas are said to have a palisading ap
pearance). Lymphocytic myocarditis may have rare giant cells. 
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Figure 3 Giant-cell myocarditis (H&E, original magaificadoii X 400) 

The most common disease, however, from which GCM must 
be differentiated in the pre-transplant setting is sarcoidosis as 
sarcoid granulomas may have a similar appearance. In practice 
the diagnosis rests on the presence of systemic features in sarcoid 
and their absence in GCM. 

Treatment 

Treatment with steroids and azatliioprine is seldom successful*-''̂ -'̂ , 
although there are occasional anecdotal reports of response'"'. 

Recurrence after transplantation 

Tlie literature provides eight case reports of patients with GCM 
undergoing cardiac transplant. The outcome was favourable in six 
of the eight cases. 

Case 1: a 35-year-old man was transplanted for rhythm disturb
ances and fulminating heart failure requiring intra-aortic balloon 
pump support. Granulomas recurred on allograft biopsies at 5 
months post-transplant. Syncope, bifascicular block, and sino
atrial arrest with ventricular escape rhythm necessitated pace
maker insertion. Left ventricular function was impaired. A 
complete workup including culture for mycobacteria, autoanti
bodies and viral serology, Kveim test and serum ACE levels, liver 
and bone marrow biopsies was negative. There were no eye or 
nasal granulomas. Complete resolution of the inflammatory 
process occurred with high-dose steroids within 1 month. The re
currence was thus not prevented by maintenance immunosuppres
sion with cyclosporin and azathioprine, but did prove 
dramatically steroid-responsive. The conclusion was tliat trans
plantation wa.s a reasonable option in GCM, although a steroid-in
clusive immunosuppression schedule was advised^ .̂ 

Case 2: a 58-year-old man with fulminant heart failure was 
transplanted and GCM found subsequently in the explanted heart. 
Triple-therapy immunosuppression was used with antithymocyte 
globulin induction. Prednisone was withdrawn at 3.5 years. 
Recurrence of GCM occurred histologically just over 4 years 
post-transplant when a sole giant-cell granuloma was noted on 
cardiac biopsy*. 

Cases 3 and 4: five patients with GCM are reported from 
Stanford. All received pretransplant immunosuppression with 
various combinations of mcthylprednisolone and azathioprine, but 
failed to respond, and all displayed progressive failure and ven
tricular arrhythmias. Of five listed for transplant, two were trans
planted. One showed disease recurrence at 9 years 
post-transplant, but was asymptomatic and the histological 
changes resolved with steroids. In the other there was no 

recurrence 
,40 

Case 5: a 51-year-old female with biopsy-proven GCM preop-
eratively had rapid progression of cardiac failure despite high-
dose intravenous and oral steroid therapy. There was no evidence 
of extracardiac disease. Twenty-one months post-transplant she 
developed ventricular arrhythmias and systolic impairment, 
failing again to respond to high-dose intravenous and oral 
steroids. Other causes of granulomatous disease were rigidly ex
cluded. IMyocyte necrosis and giant cells did resolve histologi
cally, although she required an implantable deibrillator. In this 
case the same response to immunosuppression was seen before 
and after transplant, in that inflammation resolved with steroids 
but arrhythmias were not abolished'* .̂ 

Case 6: a 34-ycar-oId patient with rapidly progressive heart 
failure over 4 months and monomorphic ventricular tachycardia 
had biopsy-proven GCM, unresponsive to immunosuppression 
with cyclosporin and prednisolone. Following cardiac transplant 
and maintenance immunosuppression with triple therapy {with 
0KT3 induction) there had been no recurrence of GCM by 3 
years. A localized oon-Hodgkin's lymphoma (kappa variety) was 
in evidence, however, at 6 months post-transplant^^. 

Ca.se 7: a 47-yeai-old male was transplanted for rapidly pro
gressive heart failure and life-threatening arrhythmias with no re
sponse to steroids. Biopsy-proven GCM was present on 
prelransplant biopsy, with other potential sites and systemic 
disease reasonably excluded. There was DO recurrence on cardiac 
biopsy over 23 months*'. 

Case 8: a 15-year-old boy with fulminant cardiac failure and 
ventricular arrhythmias was transplanted after a period of 
Hemopump support. On postoperative triple therapy there was no 
GCM recurrence up to 5 months of follow-up**''. 

Post-transplant, there may be an overlap in the appearance of 
cellular rejection and possible recurrence of GCM. An episode of 
hemodynamic compromise associated with GCM-like biopsy ap
pearance occurred at 6 and 9 weeks post-transplant in a patient 
with rheumatoid arthritis. The episode responded clinically and 
histologically to steroids, and is put forward as a case of GCM-
like rejection''. 

Comment 

GCM has a benign post-transplant course in 75% of cases re
ported to date, and appears to be an intrinsic cardiac disease 
process suited to transplantation. Long-term data are awaited. 

HEMOCHROMATOSIS 

Alternative te rm ino lo f f 

This condition is also referred to as genetic, hereditary, primary 
or idiopathic hemochromastosis. 
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Background 

Genetic hemochromatosis (GH) is a common autosomal recessive 
inherited disorder in which excessive iron absorption leads to iron 
deposition in parenchymal liver cells, heart, pancreas and other 
organs. Homozygous hemochromatosis occurs in 0.04% of the 
population - only homozygotes develop iron overload sufficient 
to cause clinical disease. The male : female ratio for clinical 
disease is 5 : 1, with women probably protected by menstrual 
blood loss. Presentation is between 30 and 60 years of age with 
lethargy, arthralgias, loss of libido and upper abdominal discom
fort. Clinical signs include grey skin pigmentation and testicular 
atrophy. In advanced disease, diabetes mellitus, liver disease 
(fibrosis or cirrhosis) and cardiac failure or dysrhythmias may 
occur. Hepatocellular carcinoma occurs in about 30% with 
cirrhosis. 

The cardiomyopathy in hemochromatosis is due to a direct 
free iron effect on myocytes, rather than interstitial infiltration. 
Accordingly, cardiac function worsens or improves in propor
tion to the degree of iron accumulation in cardiac myocytes'*'. 
Iron overloading induces lipid peroxidation, known to produce 
membrane distortion, disruption and altered membrane perme
ability of lysosomes. Leakage of hydrolytic enzymes leads to 
cell death. 

It seems that a hepatic defect in iron metabolism is present in 
GH, but there is also a suggestion of an extrahepatic defect in iron 
metabolism. Liver transplantation may need to be considered 
where cardiac failure and cirrhosis coexist". The overall liver 
transplant experience, however, is of reduced survival compared 
with that of other liver transplant recipients*", with cardiac, malig
nant and infectious complications accounting for the excess mor
bidity and mortality post-transplant***. 

Treatment 

Treatment with life-long venesection is effective, titrated until 
excess iron stores are removed (i.e. serum ferritin falling to the 
low normal range). This may take 1-2 years and maintenance ve
nesection is subsequently required. If cardiac patients do not tol
erate this, then desferrioxamine may be used, although this is 
costly and in practice rarely needed. Alcohol intake should be 
minimized and vitamin C (which increases iron absorption) 
avoided. New oral chelators are available. Phlebotomy depletes 
myocardial iron stores as documented by serial myocardial biopsy 
specimens*', and is also associated with improved cardiac func
tion* .̂ Ultimately, however, this relation may be lost and cardiac 
dysfunction will continue to deteriorate despite iron unloading*^ 

Those patients with cirrhosis have a risk of primary liver 
cancer even when complete iron depletion is achieved, and should 
be followed with a-fetoprotein levels and hepatic ultrasound. 
Primary carcinoma of the liver (not cardiac failure) is the leading 
cause of death in idiopathic hemochromatosis, and this should be 
borne in mind when considering such a patient* .̂ 

Recurrence after transplantation 

Despite GH being a common disease, there are only two case 
reports in the literature of cardiac transplantation. A patient who 
underwent a liver transplant for cirrhosis developed cardiac 
failure at 7 months post-liver transplant. At 3 years he underwent 
heart transplantation. No follow-up is available as he died of in
fection within 3 weeks of heart transplant* .̂ The second cardiac 
transplant was in a juvenile with heart failure despite venesec
tions and desferrioxamine. At 18 months post-transplant, myocar
dial iron content was still within reference range on biopsy and he 
remained well*'. 

Histology 

The only single constant histopathologic finding is iron deposition 
in the form of pigmented granules within myocytes or in the inter-
stitium (highlighted by Gomori's iron reaction). 

Diagnosis 

The differential diagnosis is secondary iron overload due to recur
rent transfusion or to iron-loading anemias, e.g. thalassemia 
major, hereditary spherocytosis. Screening for GH is with trans
ferrin saturation (ratio of serum iron and iron-binding capacity) 
which is elevated early in the disease, and serum ferritin concen
tration (each taken after an overnight fast). Transferrin saturation 
is abnormal if above 55%, and serum ferritin abnormal if above 
200 /xg/l in women or above 350 |ig/l in men. 

If transferrin saturation and serum ferritin are found to be ab
normal, liver biopsy is strongly advised, irrespective of liver func
tion tests. It is the hepatic iron index on liver biopsy (measure of 
hepatic iron relative to age) which discriminates primary from 
secondary hemochromatosis. The hepatic iron index is the hepatic 
iron concentration (/i,mol/g dry weight) divided by age. 
Homozygous patients have a value >2.0, whereas alcoholic 
siderotic and heterozygous hemochromatosis patients have values 
<1.5. 

Comment 

There are inadequate data at present to support hemochromatosis 
as a reasonable indication for cardiac transplantation. The likely 
detrimental effect of cirrhosis and the potential to develop hepato
cellular carcinoma must be remembered. 

CHAGAS' DISEASE (TRYPANOSOMIASIS) 

Background 

Chagas' disease is caused by the protozoan Trypanosoma cruzi 
and is prevalent in Brazil, Argentina and Chile. It manifests as an 
extensive myocarditis becoming evident years after initial infec
tion. Three stages are described: acute, latent and chronic. 

The acute disease is transmitted to humans by the bite of the re-
duviid bug (colloq. 'vinchuca') which acquires the organism by 
feeding on infected armadillos, racoons, opossums, skunks and 
domestic dogs and cats. The bite allows transmission of try-
panosomes from the bug's feces to the person through the dis
rupted skin. The bite is often around the eye, causing unilateral 
periorbital edema (Romana's sign) or a skin lesion {chagoma). 
Congenital and transfusion-related transmission can also occur. 
In the acute phase, parasite multiplication and widespread 
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migration occur throughout the body. T cell function is depressed 
in those with inapparent acute infections, while those with 
clinically apparent acute infection (fever, myalgia, he-
patosplenomegaly and myocarditis) have intact T ceil function. 
The parasites are seen within cardiac myocytes, accompanied by 
a marked cellular infiltrate, with or without fiber degeneration. 
Cell lysis is due to cell- and antibody-mediated immunity directed 
against antigens released from T. cruz/-infected cells. Clinically, 
heart failure, left ventricular apical and right atrial thromboses, 
and pericardial effusions are seen. Heart failure may resolve over 
months or be fulminant if there is panmyocarditis. 

After a latent period of 10-30 years, 30% of patients develop 
chronic Chagas' disease with predominantly right (but also left) 
ventricular failure with tricuspid regurgitation and ventricular or 
atrial arrhythmias. Syncope and sudden death can occur. 
Conduction system involvement is common, resulting in right 
bundle branch block or left hemiblock. The echocardiogram 
shows a right- and left-sided dilated cardiomyopathy but with rel
atively preserved interventricular septal motion, often with apical 
left ventricular aneurysm and thrombosis. Other features may 
include autonomic megaesophagus, megacolon, and dilatation of 
the stomach, duodenum, ureter or bronchi. Parasites may not be 
detectable at this stage of the disease in 75% of cases. The 
process appears to be due to development of self-directed cyto
toxic T lymphocytes capable of lysing normal host cells in the 
absence of parasite antigens. 

Histologically, in the chronic stage, myocyte necrosis is seen 
with extensive fibrosis together with a chronic cellular infiltrate of 
lymphocytes, plasma cells and macrophages, and occasional gran
ulomas or even arteritis. Immunohistochemical markers identify 
the infiltrate as being 96% T lymphocytes (predominantly CD8*, 
with only a smattering of CD4* antigen expression"*. 

Diagnosis 

The Machado-Guerreiro complement fixation test has a sensitiv
ity of 90% and specificity of 99% for chronic Chagas' disease. 
Indirect immunofluorescent antibody, ELISA, and hemagglutina
tion tests are also useful. To detect parasites in the blood, 'clean' 
reduviid bugs raised in a laboratory are allowed to bite the 
patient, and identification of the parasite in the bug's intestine is 
proof of parasitemia in the infected human (xenodiagnosis). 

Treatment 

Antiparasitic treatment with nifurtimox and benzimidazole reduce 
parasitemia but do not affect chronic disease once it has 
developed. 

Recurrence after transplantation 

There are at least 12 cases in the English literature of cardiac 
transplantation for Chagas' disease. Bocchi et al. reported 12 pa
tients with Chagas* disease who underwent cardiac transplant 
with follow-up from 1 to 81 months. Patients with megacolon or 
megaesophagus were not transplanted. All but one patient re
ceived triple immunosuppressive therapy. Only four received an-
tilymphocyte globulin induction therapy. All patients were 

monitored for T. cruzi by serological tests, examination of blood 
or leukocyte concentrate for parasite, xenodiagnosis, culture and 
mouse inoculation. Five of 12 patients received benzimidazole for 
2-3 months as prophylaxis. In nine patients, T. cruzi reactivated, 
with the parasite detected in blood or other tissues, and in five of 
these nine there was clinical disease recurrence with myocarditis, 
fever and panniculitis accompanied by a rise in hemagglutination 
titers. All reactivations responded to treatment with benzimida
zole. Six of the 12 patients died, but in no case was death appar
ently related to T. cruzi infection. Curiously, three of the 12 
developed a lymphoproliferative disorder and a fourth developed 
pulmonary Kaposi's sarcoma*'. 

In one other report, a 54-year-old woman with Chagas' car
diomyopathy presented at 5 months post-cardiac transplant with 
a progressive rise in liver enzymes with biopsy-confirmed 
chronic active hepatitis. This was improved by a temporary ces
sation of azathioprine, later reintroduced in small doses, and re
duction in cyclosporin. The cause of the hepatitis was not 
determined*". 

Comment 

Most patients transplanted for Chagas' disease show reactivation 
of T. cruzi infection with myocarditis. Follow-up is too short to 
determine whether chronic Chagas' disease can also recur. 
Antiparasitic prophylaxis was unsuccessful when given for up to 
3 months. The occurrence of lymphoproliferative disorders in 
25% of transplanted patients raises the possibility that the under
lying immune changes related to Chagas' disease may predispose 
this group to malignancies when further immunosuppressed. 

CARDIAC TUMORS 

Cardiac tumors deserve mention as an indication for transplanta
tion, there being a small literature available on this topic*'''. 
Primary cardiac tumors occur only rarely (0.3%). Atrial myxomas 
are the most common benign form. Benign tumors may be 
amenable to surgical excision while malignant tumors are seldom 
resectable. 

Recurrence after transplantation 

In a collective report from Goldstein et aiy^, nine patients were 
reviewed who underwent cardiac transplantation for primary 
cardiac tumors. In each of these the tumor was unresectable 
without cardiac explantation. Of the nine, four had malignant 
tumors (comprising three sarcomas and one lymphoma) and five 
had locally invasive benign tumors (four extensive but benign 
fibromas and one phaeochromocytoma). In seven of these nine, 
cardiectomy allowed total resection of the tumor, and all of these 
patients were alive at follow-up 12 months to 6 years post-
transplant without recurrence, despite immunosuppression. One 
of these nine patients died beyond 6 years post-transplant from 
rejection due to non-compliance, without tumor recurrence. The 
two patients in whom tumor was present at the surgical margins 
(one large-cell lymphoma and one angiosarcoma) died at 14 and 
15 months, respectively, of tumor recurrence despite adjuvant 
chemotherapy. 
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Comment 

There is a potential for at least short-to-medium-term cure for 
benign tumors with cardiac transplantation, providing the tumor 
can be totally resected by cardiac explantation. 
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Quality of Life After Heart Transplantation 
C.E. SKOTZKO 

INTRODUCTION 

The number of patients undergoing heart transplantation (HTx) 
has increased over the years as transplantation has become a 
therapeutic option for individuals with end-stage cardiac disease. 
One-year survival rates now approach 80-90% (Chapters 43 and 
44), providing a real 'gift of life' to those who are fortunate 
enough to receive a donor organ. 

The lack of donor organs is severe, but the advances in phar
macologic management of patients with severe heart failure 
provide hope that the HTx candidate will maintain relative stabil
ity during the indefinite waiting period for a donor organ. With 
such scarce resources (of both organs and health-care financing) 
increasing scrutiny has been focused on the return of the HTx re
cipient to a reasonable quality of life. Attempting to determine if 
an individual who was near death is better off after a life-saving 
procedure may sound simple but, in actuality, the results are 
mixed. 

Although HTx imparts almost immediate improvement in ejec
tion fraction and cardiac output, Kuhn et al.' found that it was the 
first anniversary that served as a significant marker. Full social 
and emotional adjustment did not begin to occur until 12 months 
after implantation. This can be better understood when acknowl
edging the many tasks that are negotiated after HTx, including: 
(a) readjusting to family and vocational roles, (b) adapting to 
changes in body image, (c) controlling anxiety or fear of rejection 
and infection, (d) tolerating immunosuppressant drug side-effects, 
and (e) coping with disabilities and/or costs^. 

While medical staff look at objective hemodynamic data to 
denote improvement, the recipient's perception is far more sub
jective, driven by personal experience and cultural expectations. 
In an effort to better examine the complex nature of quality of 
life after HTx, examination of particular aspects of a recipient's 
functioning helps to unravel what is known with respect to 
outcome after HTx. The functions to be examined are: (a) -
physical, (b) vocational, (c) psychological, (d) social, and 
(e) sexual functions. 

PHYSICAL FUNCTION 

The National Transplantation Study in the USA"* found that 
80-85% of surviving HTx recipients are physically active when 
global measures of activity are considered. Harvison et al." 
found that 77% of recipients felt that their exercise ability had 
improved, while 15% reported no change. This certainly sounds 
promising, but it is worthwhile comparing individuals post-HTx 
with a comparable group with severe heart failure who are being 
vigorously managed medically, many of whom are awaiting 
HTx themselves. Walden et al.^ provided such a comparison. At 
6 months post-HTx no difference was seen between the two 
groups by the results of the 6-minute walk test, despite a statisti
cally significant improvement in ejection fraction in the HTx 
group. Stevenson et al.'' also compared such groups and, despite 
dramatic improvement in ejection fraction in the HTx group, 
there were no significant differences between the two groups in; 
(a) maximum work load, (b) oxygen uptake, (c) anaerobic 
threshold, or (d) maximum oxygen pulse. There appears, there
fore, to be little difference in pre- and post-HTx physical 
function. 

Kobashigawa et al.'', however, found that it is possible to mea
surably improve the physical status of HTx recipients. Cardiac re
habilitation was documented to be beneficial in improving 
physical function and significantly improving Vo2n,i, (in compari
son to a group of HTx recipients who did not receive such reha
bilitation. 

This brief overview indicates that, while HTx does improve 
cardiac function and the recipient's perception of physical func
tion, overall fitness does not follow unless focused training 
occurs. 

VOCATIONAL FUNCTION 

The data on physical function may partially help explain the rela
tively low rate of return to employment found after HTx (Chapter 
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15). Recipients state almost universally that a stable financial situ
ation is required for an acceptable quality of life. Examining the 
findings of Paris et al}'^, who reviewed the employment status of 
HTx recipients at seven HTx centers in the USA, we find that 
45% were employed, 13% medically disabled, 6% retired, and 
36% unemployed. Of the unemployed group, 63% had no plan to 
look for work. The policy of the individual transplant center with 
regard to providing continuing disability claims had an impact on 
the number of recipients who sought and secured new 
employment. 

In Australia, Harvison et al* documented that 53% of HTx re
cipients were employed, 28% received a pension, 9% were volun
tarily retired, 6% were unemployed receiving benefits, and 4% 
were on paid leave. (The figures do not indicate the number of 
medically disabled individuals.) While it would appear that only 
6% of HTx recipients are unemployed in Australia, the large 
number receiving a pension probably correlates with the unem
ployed in the USA. 

Walden et al} reported that there was no difference in the rate 
of retum-to-work between HTx patients and those on tailored 
medical therapy for heart failure. It may be that the 6-month as
sessment mark is too early after HTx to allow maximum return to 
employment, but the jjossibility exists that there is actually no in
creased employment rate after HTx. 

An unfortunate reahty in the present health-care environment 
in the USA is the link of insurability with disability. Meister 
et al.'" found recipients to be in one of four groups with respect to 
employment: (a) 32% employed, (b) 25% retired, (c) 7% med
ically disabled, and (d) 36% insurance-disabled. The insurance-
disabled population, although capable of working, is dependent 
on disability and government health-care benefits. Paris et al}"^ 
found that 71 % of the unemployed population would lose disabil
ity income, while 29% would lose health insurance, by returning 
to the workforce. The potential loss of income and health insur
ance associated with recovery after HTx is a major obstacle for 
many recipients. Indeed, many who present with anxiety and de
pression have extreme financial stresses that at times induce psy
chological disability. 

PSYCHOLOGICAL FUNCTION 

Psychological function is an area with potential for heavy overlay 
of subjective experience. Post-HTx perceptions often rely on pre-
transplant personality. Shapiro et al.'' supported this when they 
reported that pre-HTx life satisfaction correlated closely with 
post-HTx satisfaction. In addition to personality factors, there is 
clear evidence that HTx directly impacts the recipient's psyche. 

Depressive disorders were noted in HTx recipients as early as 
1969. At that time Lunde'^ noted that one in nine HTx recipients 
had problems with depression. As experience with HTx was in its 
infancy at that time, and survival rates were low, many might 
dismiss these numbers as a logical fear of an uncertain outcome. 
However, in 1989 Shapiro and Komfeld'̂  found 51% of HTx re
cipients had an affective illness characterized by irritability and 
mood lability. Additionally, Jones et al. in 1988''' reported that in
dividuals were more anxious 4 and 12 months after HTx than at 
discharge from hospital immediately post-HTx. As survival rates 

improved dramatically between 1969 and the late 1980s, it is 
difficult to dismiss these findings. 

Such high rates of psychological distress are not surprising to 
medical personnel involved in after-care clinics who provide 
counseling to HTx recipients. Immunosuppressive agents are 
known to act centrally, with depression and anxiety as prominent 
side-effects'' ". Added to this are accumulating data showing 
that chronic administration of cyclosporin may contribute to de
mentia in some patients. 

Corticosteroids are commonly linked with anxiety and depres
sion in non-HTx populations. This link is supported by Jones 
et al.'*, who found that HTx patients not receiving steroids had 
significantly less anxiety than a matched group receiving steroids 
as part of their immunosuppressive regimen. 

The link of pretransplant personality with post-transplant 
course was addressed by Brennan et a/.", who reported that indi
viduals with personality disorders had greater documented non
compliance after HTx, although this did not affect survival. This 
finding was supported by Shapiro and Fingeroth (personal com
munication, 1993), although an early study from Cape Town sug
gested that survival was affected^". 

It should be acknowledged that many programs utilize data re
garding pre-existing psychopathology in decision-making regard
ing candidacy for HTx^'. These findings do not generalize to a 
non-personality-impaired group. Skotzko et al.^^ found that there 
was no impact of pre-existing psychiatric disorders on survival or 
on medical outcome after HTx. 

The above studies provide evidence for the impact of immuno
suppressive agents on a recipient's emotional state, as well as ac
knowledge that personality factors may have a lasting impact on 
post-HTx course. Caution needs to be exercised to ensure that 
candidacy decisions are made with attention to factors affecting 
compliance, and not from prejudice toward a psychiatrically im
paired population. 

SOCIAL FUNCTION 

The abiUty of recipients to interact with family and friends is an 
important domain to consider in outcome after HTx. Harvison 
et al.* noted a link between social satisfaction and productivity. 
Individuals who had successfully gained employment after HTx 
reported increased social satisfaction. Lough et al.^^ determined 
that recipients acknowledge a significant {p <0.01) positive sense 
of accomplishment in the following areas: (a) future outlook, 
(b) feelings about self, (c) social support, (d) sense of achieve
ment, and (e) decision-making. Recipients additionally acknowl
edged a significant (p <0.01) positive sense of accomplishment in 
their relationships with family, friends, work associates, and 
health professionals. Emotional behavior, social interaction, 
alertness, and communication have all been documented to be 
diminished after HTx^". 

Walden et al.^ found psychosocial functioning to be compara
ble between HTx recipients and those with heart failure under
going tailored medical therapy, although the latter group did 
acknowledge greater dysfunction in social activities. 

The importance of social ties toward the outcome after HTx 
was demonstrated by Skotzko et al.^^, who documented a statisti-
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cally significant association between marriage and (a) fewer 
hospitalizations and (b) less severe rejection episodes. This under
scores the importance of relationships in maintaining health and 
diminishing the impact of illness on perceptions of quality of life. 

What is often not addressed in social functioning is the vital 
link between doctor and patient. Patients who are unable to form 
a strong working relationship with their doctors are often lost 
from follow-up in heart failure clinics and, at times, in HTx 
clinics. 

SEXUAL FUNCTION 

Concerns regarding ability to perform sexually after HTx are 
often raised before the procedure is undertaken. Some of the va
sodilators used to manage heart failure render many men impotent 
while awaiting HTx. 

Mulligan et al.-^ surveyed a population of men (predominantly 
white and married) with a mean age of 47.9 years, and found that 
pretransplant libido was strong and remained unchanged after 
HTx. Unfortunately, erectile function and the ability to achieve 
orgasm were impaired before, and declined further, after trans
plantation. Harvison et al.* found that only 50% of transplanted 
patients were nearly or completely satisfied with their sexual life, 
and Lough et al?^ supported this finding of a negative trend in 
sexual function after HTx. 

In an assessment of immunosuppressive therapy (double versus 
triple therapy) Jones et al.'* found that recipients who were not 
receiving steroids had higher levels of sexual satisfaction. The 
United Kingdom Study^*, however, indicated that, while 84% of 
patients awaiting HTx had problems with sexual function, only 
29% had difficulty after HTx. 

The data available regarding sexual function in men after HTx 
are therefore mixed. The impact of immunosuppressive medica
tions on sexual function is becoming more apparent, as are the 
effects of pre-existing conditions which may impede sexual func
tion even in the absence of transplantation. 

The impact of HTx on women is deserving of further investiga
tion. Awareness of immunosuppressive medications and their 
impact on female fertility and hormonal cycles is in its infancy. 

COMMENT 

Many patients make remarkable recoveries after HTx, going on to 
compete in athletic events, manage businesses, nurture relation
ships, and raise families. Dramatic recoveries are most apparent 
in the sickest individuals with severe physical limitations. The 
data reviewed support the conclusion that HTx helps people to 
sustain life and hope for the future, but also indicate that HTx re
cipients need assistance in returning to full functional lives. 

In this time of dwindling fiscal resources, a wish-list of sorts 
can be gleaned from the information reviewed. The data available 
suggest that return to optimal physical function requires focused 
attention. Physical rehabilitation would appear to be an area 
worthy of further investigation, and patients should be given 
every encouragement and assistance to maximize their fitness. 

Physical, fiscal, and psychological barriers impede the return 
of HTx recipients to the workforce. Legislative reform to foster 

improved access of transplant recipients to employment without 
endangering their access to health care and sustenance income de
serves further attention. 

Increasing awareness of the psychological impact of immuno
suppressive agents and appropriate referral to mental health 
providers would dramatically improve the quality of life of many 
HTx recipients. Attention to the need to reaffirm social ties after 
HTx, and renegotiate roles with family members and health-care 
providers, deserves further promotion. 

Finally, impediments to sexual function in men and women 
deserve further examination. While many HTx recipients are re
luctant to bring their sexuality into the examination room, many 
have concerns that deserve attention. 

It has been shown possible to save the lives of patients by this 
miraculous procedure. It is now time to devote resources to help 
this population contribute their full potential to future generations. 
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43 
Results of Cardiac Transplantation and Factors 
Influencing Survival based on the Registry of the 
International Society for Heart and Lung 
Transplantation and the Cardiac Transplant Research 
Database 
M.R CINQUEGRANIANDJ.D. HOSENPUD 

INTRODUCTION 

Despite significant progress in lengthening survival following heart 
transplantation (HTx) since the introduction of cyclosporin, patients 
who undergo this procedure do not face a normal life expectancy 
for their age. Information derived from a number of databases has 
been useful in identifying risk factors for mortality following 
transplantation. This chapter will review those clinical variables 
associated with decreased survival for heart transplant patients. 

PATIENT SURVIVAL 

Survival data from the latest report of the Registry of the 
International Society for Heart and Lung Transplantation 

(ISHLT) provide an overview of post-transplant mortality rates'. 
Of the 27 977 patients followed for a 12-year period through 
February 1995, 76% survived for at least 1 year after HTx (Figure 
1). These data reveal a 4% per year subsequent mortality rate, 
suggesting a maximum graft survival of 18j- years. When broken 
down by era of transplantation (Figure 2), there has been a clear 
improvement in 1-year survival rate over time. The 1- and 3-year 
survival rates for patients transplanted in the pre-cyclosporin era 
of 1975 through 1981 are far below those of more contemporary 
time periods. That progress has been made in enhancing survival 
is evident in the 1- and 3-year survival rates of 81% and 73%, re
spectively, for the 1988-1994 interval, versus roughly 55% and 
40% 1- and 3-year survival rates for patients transplanted between 
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Figure 1 Survival following heart transplantation (Internationa! Society for Heart and Lung Transplantation (ISHLT) data, 1995) 
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Figure 2 Cardiac transplant survival by era of transplant (ISHLT, 1995) 

1975 and 1981. The introduction of cyclosporin has been credited 
with the survival advantage of HTx subsequent to 1982. Other 
factors, such as increased clinical experience at active transplant 
centers, may also play a role in improved survival. 

CAUSES OF DEATH 

In the first year following HTx, infection and rejection are the 
predominant causes of mortality. Bourge's analysis of the Cardiac 
Transplant Research Database Group's (CTRD) data, which in
cluded data on 911 transplanted patients, revealed a 1-year mor
tality rate of 16%, with infection and rejection being nearly equal 
in frequency as the cause of death in 45% of the non-survivors\ 
Most of the mortality observed in this database occurred in the 
first 6 months following transplantation. Data from both the 

CTRD and the ISHLT have identified a number of clinical char
acteristics in the donor and recipient which appear to predispose 
the recipient to mortality post-transplant. 

FACTORS INFLUENCING SURVIVAL 

Table 1 lists risk factor data from the ISHLT registry for 10 782 
patients who underwent HTx in the USA between 1987 and 1994. 
In addition to the ISHLT risk factors, the CTRD data also re
vealed modest negative effects on survival for a blood group O 
donor matched to a non-O recipient, as well as negative effects 
for lower pretransplantation cardiac output in the recipient, and 
impaired renal function in the recipient and, in children, high pul
monary vascular resistance'. Clearly, it is easy to appreciate the 
impact of some of these factors on a recipient's risk for infection 

Table 1 Risk factors for l-year cardiac transplant mortality; n = 10 782 (US data, 1987-94) 

Variable Odds ratio p-Value 95% confidence interval 

Previous Tx 
Ventricular assist device 
Ventilator 
Hospitalized 
Recipient < 5 years 
Recipient 50-59 years 
Recipient > 60 years 
Recipient female 
Congenital 
CTR Vol < 9Tx/year 
Recipient ABo type A 
Donor female 
Donor 35^t4 years 
Donor 45-59 years 
Donor > 60 years 
Ischemic time/hour 
CMV: DNR-positive/Recipienl-negative 

,•̂ .55 
1.88 
1.83 
1.16 
1.62 
1.23 
1.73 
1.14 
1.47 
1.34 
0.87 

1.2 
1.26 
1.73 
3.49 
1.1 
1.2 

< 0.001 
< 0.001 
< 0.001 

0.006 
< 0.001 
< 0.001 
< 0.001 

0.03 
0.002 

< 0.001 
0.008 
0.001 

< 0.001 
< 0.001 
< 0.001 
< 0.001 

0.029 

2.78-4.53 
1.4.5-2.42 
1.50-2.24 
1.04-1.29 
1,25-2.09 
1.09-1..38 
1.49-1.99 
I.0I-I.29 
1.15-1.87 
1.18-1.53 
0,79-0.96 
1.08-1.34 
1.10-1.44 
1.47-2.04 
1.91-6.39 
1.05-1.16 
1.02-1.42 
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or rejection, or mechanical graft failure in the case of long is
chemic times. For some risk factors, such as gender, the interac
tion between risk factor and recipient mortality is more obscure. 

Recipient pretransplant clinical status 

Recipient health status plays a significant role in survival post
transplantation. Of all recipient-related factors, prior HTx is the 
most potent in terms of predicting mortality (Table 1), even when 
subselecting for patients transplanted more remote (>6 months) 
from their primary transplant (Figure 3). Patients undergoing any 

second cardiac transplant operation face a higher mortality rate"*. 
The negative survival risk of repeat cardiac surgery, together with 
a multitude of other factors, including the degree of illness associ
ated with the need for retransplantation, immunologic factors, and 
the morbidity associated with prolonged immunosuppression, 
probably account for the overwhelmingly poor outcomes that 
have been reported with second-time HTx. The subgroup of 
patients who undergo repeat HTx within 6 months of the initial 
procedure are at particularly high risk for mortality compared to 
patients receiving a second heart transplant at a later time (Figure 
4). This observation identifies a group of patients who are likely 
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Figure 3 Cardiac transplant survival for retransplantation more than 6 months after initial transplant compared to survival for primary transplant (ISHLT, 
1995) 
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Figure 4 Cardiac transplant survival for retransplantation more than 6 months after initial transplant compared to patients with early retransplantation (ISHLT, 
1995) 
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more susceptible to graft failure due to rejection or primary graft 
failure, which in turn may play a role in their poor outcome with a 
subsequent transplantation. The very poor survival of recipients 
of second heart transplants within 6 months of the first procedure 
should be taken into consideration before committing to repeat 
HTx in light of the limited availability of donor hearts. 

The need for intensive-care support prior to HTx identifies pa
tients at higher risk for post-transplant mortality. Individuals re
quiring hospitalization for intravenous inotropic support represent 
a group of patients with advanced congestive heart failure who 
are likely to be physically debilitated and subject to postoperative 
infections. Those patients who eventually require mechanical 
ventilation or ventricular assist devices prior to transplantation are 
at the far end of the spectrum of illness and, not surprisingly, are 
at increased risk for post-transplant mortality. Both mechanical 
ventilatory support and ventricular assist devices are potential 
conduits for infection. Miller et al. report that the lung is the most 
common site for post-transplant infection, with a mortality rate of 
23% in infected patients'. It is not surprising, in this light, that pa
tients on long-term ventilatory support are at increased risk for 
death post-transplant. Three-month survival post-transplant has 
been reported to be 65% for patients on pretransplant ventilatory 
support'. In addition to the infectious risk of mechanical ventricu
lar assist devices, these patients may be subject to compromised 
end-organ function such as renal insufficiency. A combination of 
factors probably suggests an additive risk for post-transplant mor
tality in patients who were preoperatively on mechanical ventric
ular assist devices. 

Recipient age 

Recipient age, at both the young and the old ends of the spec
trum, negatively influences survival following HTx. As with adult 

HTx, there has been an improvement in survival for pediatric pa
tients transplanted in the more recent era (Figure 5). Post-trans
plant survival in the pediatric age group is very age-dependent, as 
shown in Figure 6, with patients in the cohort of less than 1 year 
of age fairing worst and the 6-18-year age group having 24-
month survival rates similar to the general adult population. 
Bourge et al. also found the recipient age factor to be the greatest 
negative predictor of survival in recipients under age 5'. This 
group experienced a 1-year survival of only 68%, compared to 
85% for their entire patient population. High pulmonary vascular 
resistance appeared to be a significant risk factor for post-trans
plant mortality in children. In part, the very high mortality rates 
for the recipients less than 1 year of age may be reflected in the 
presence of congenital heart disease as the predominant indication 
for HTx in that age group (Figure 7). The stepwise decrease in 
mortality risk noted in older age cohorts of children may repre
sent a shift away from congenital heart disease, being replaced by 
cardiomyopathy as the principal indication for HTx. In addition to 
hemodynamic factors such as high pulmonary vascular resistance, 
other factors, such as the presence of an immature immune 
system and enhanced susceptibility to infection, are probably 
active in increasing the mortality risk of the youngest transplant 
recipients. 

Recipients over the age of 50 begin to experience the negative 
effects of age on post-transplant mortality. The mortality risk of 
age is particularly marked in patients over the age of 65. In this 
group the increased mortality risk was evident within 3 months of 
transplantation and remained significant throughout the 36-month 
time period reported by the ISHLT (Figure 8). The presence of 
concomitant complicating problems such as vascular disease or a 
predisposition to diabetes mellitus, in addition to greater suscepti
bility to infection, probably contribute to the enhanced mortality 
risk associated with older age. 
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Figure 5 Pediatric heart transplant survival by era of transplant (ISHLT, 1995) 
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Figure 6 Pediatric heart transplant survival by age at time of iraiisplanl (ISHI.T, 1995) 
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Figure 7 indications for pediatric heart transpiaot by age cohorts (ISHLT, 1995} 

Donor factors 

Age of the donor heart also greatly influences post-transplant 
mortality. Both the CTRD and ISHLT databases recognize donor 
heart age a.s a significant risk factor for mortality post-tran.splant. 
The increased mortality odds ratio is present for donors over age 
35, but it is most noticeable in the donor group over age 60. 
Indeed, the odds ratio for mortality in the group over age 60 is 
nearly equivalent to the mortality risk found in rctransplantation 
(Table 1), Another potent donor risk factor is associated with 
donor hearts from women. Some of this effect may be explained 
by higher cumulative rejection rates for recipients of female 
hearts and mismatches between donor and recipient body surface 
arcas*''̂ . The immunological reasons for an increased susceptibil
ity to rejection in female donor hearts are not understood. 
Donor-recipient body surface area mismatch can potentially lead 
to complications due to restrictive cardiac physiology in the 
recipient. Young el al. studied their patient population for 
donor-recipient interactions that may add to the risk of post-

transplant mortahty. In addition to the well-known risit factors, 
they observed that high donor inotropic support, donor diabetes 
melUtus, diffuse donor heart wall motion abnormalities and, in 
pediatric donors, death from causes other than closed-head 
trauma, all contributed to post-transplant mortality risk. These in
vestigators found their risk factor profile was additive in nature, 
allowing thetn to predict recipient mortality rates based on donor 
and recipient characteristics. 

Factors Inflyencing late mor ta l i t f 

Certain factors confer decreased survival potential on recipients 
well after the i rs t year of transplantation. Data presented in 
Figure 9 assess survival over a 48-month period for patients who 
have already survived 1 year. Three factors were identified which 
increased mortality risk in 1-year survivors of HTx. In the recipi
ent group a history of prior HTx remains a potent ongoing risk 
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Figure S Cardiac transplant survival by age at time of transplant (ISIILT, 1995) 
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Figure 9 Risk factors for mortality in patients who survive more than 1 year after cardiac transplantation. Stroke/CVA refers to these as etiology of death in the 
donor. Baseline refers to the entire transplant database (ISHLT, 1995) 

factor for mortality. From the donor perspective, donor age 
greater than 55 and the presence of cerebral vascular accident as a 
cause of death in the donor signiicantly increases the risk of mor
tality well after HTx. These indings indicate the long-term and 
persistent nature of certain risk factors, and place added 
importance on taking them into consideration whea making 
decisions regarding HTx. This is particularly true in the case of 
donor age, since long-term survival in recipients of donors over 
age 55 is as poor as that found in recipients of a prior heart 
transplant. 

Infection 

On the whole, bacterial and viral infections arc the most common 
agents of infection post-transplant, accounting for 47% and 41%, 
respectively, of all events'. Fungi and protozoa make up the re
mainder of infectious agents, but these agents carry a much higher 
risk of mortality at 36% versus approximately 13% for the aggre
gate group of infections. 

Cytomegalovirus is the most common infecting organism in the 
post-transplant patient, accounting for up to 26% of aO infeciion.s. 
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Miller et al. found that CMV infection was perhaps more frequent 
during the first year post-transplant in CMV-negative recipients 
of a CMV-positive donor heart. Approximately 27% of CMV-
negative recipients who received a CMV-positive heart developed 
active CMV infections versus 15% of all other post-heart trans
plant patients. They also found that the rate of infection with any 
organism was higher in patients who received OKT3 or antithy-
mocyte globulin induction therapy (41% with induction therapy 
versus 35% without induction therapy), and that induction therapy 
enhanced the risk of CMV infection during the first year post-
transplant (19% with induction versus 12% without induction). 
Kirklin etal. also reported the risk for early post-transplant CMV 
infection to be increased for CMV-negative recipients of a CMV-
positive heart, with enhancement of that risk by cytolytic 
therapy'*. The risk of mortality from CMV was noted to be great
est among those patients who had frequent infections with any 
other organism, suggesting that these patients were particularly 
susceptible to infection. In the group of all patients with CMV in
fections, those who were CMV-negative recipients of CMV-
positive hearts appeared to be at no greater risk for mortality 
(approximately 6%) regardless of the use of cytolytic therapy, 
compared to others with CMV infections. 

While this database suggests that the risk of mortality in post-
transplant patients with CMV may be equivalent between patient 
groups (CMV-negative recipient/positive donor, CMV-positive 
recipient/positive donor, or CMV-positive recipient/negative 
donor), the ISHLT database identifies the CMV-negative 
recipient/CMV-positive donor to be a risk factor for post-trans
plant mortality (Table 1). This is not surprising given that CMV 
colonization carries with it an increased rate of active infection 
and mortality, and that the CMV-negative recipient may be re
ceiving the organism at a particularly vulnerable time relative to 
his or her degree of immunosuppression. 

Gender 

Women compose a much smaller proportion of patients who 
undergo Htx, but their mortality risk is much higher than that of 
men'. Wechsler's report on actuarial survival of the 75 adult 
women in their total group of 379 patients receiving HTx re
vealed significantly lower survival for women as compared to 
men at 6 months (75% vs 84%) and 36 months (64% vs 76%). In 
addition, the ISHLT database shows a significant mortality risk 
for women recipients of heart transplants at 1 year compared to 
the entire group of recipients (Table 1). The CTRD data identified 
female recipient gender as a risk factor for death or retransplanta-
tion due to rejection'". 

In the Wechsler study, infection and rejection were the princi
pal causes of early mortality in women, similar to findings in 
men. In this study, several factors were found to be associated 
with reduced survival in women receiving heart transplants. 
Transplantation of a CMV-positive donor into a CMV-negative 
recipient increased mortality risk, as did the use of 0KT3 induc
tion therapy. These investigators also found that the use of a 
CMV-positive donor and OKT3 together had an additive effect 
on mortality risk in female recipients. The authors propose that, 
since women are more susceptible to autoimmune disease than 
men, they may be immunologically more reactive and thus more 

likely to experience life-threatening rejection episodes. 
Multiparity has been implicated as a mechanism for increasing 
immune reactivity in female heart transplant recipients". 
Wechsler's female patient population was largely multiparous, 
but this did not appear as a risk factor for mortality. 

The increased mortality risk for HTx in women also extends to 
recipients of female donor hearts (Table 1). Female donor hearts 
have been associated with the early development of rejection as 
well as a greater cumulative incidence of rejection*"'". The sus
ceptibility of female donor hearts to rejection is unknown, espe
cially when placed in male recipients. It is conceivable that there 
is something unique immunologically with allografts obtained 
from female donors. More likely, however, mechanical problems 
due to mismatch between a heart from a small-body-surface-area 
woman transplanted into a larger male are at work in increasing 
mortality associated with the female donor'. 

HLA matching 

Cross-matching kidney donors and recipients relative to their 
HLA tissue type has resulted in significantly prolonged graft sur
vival with overall less rejection'-. Unfortunately, HLA typing for 
donors and recipients in HTx has not been considered feasible 
given the length of time the testing takes, and the inadequacy of 
organ preservation techniques, which allow for a limited ischemic 
window of 4 hours following explantation. Heart graft failure 
rates due to ischemic injury become unacceptably high if the du
ration of ischemia is greater than 4 hours'. Nonetheless, there 
remains great interest in more closely matching the immunologi
cal profile of donor and recipient than the current practice of ABO 
typing allows, since rejection is a major cause of morbidity and 
mortality following heart transplantation. 

Opelz's and Wujciak's prospective study of the role of HLA 
compatibility between donor and recipient, and its effect on heart 
graft survival, demonstrated significant improvement in patient 
survival in closely matched individuals'\ As would be expected, 
of the 8331 patients entered into follow-up, only 128 had a 
perfect match or one mismatch of the HLA-A, B, or DR loci with 
their donor heart. This group experienced an 83% survival 3 years 
following transplant, in contrast to the significantly lower survival 
rates of 76% for patients with two mismatches and 71 % for three 
to six mismatches. The degree of HLA match was found to be a 
predictor of survival that was independent of other factors known 
to influence graft survival, such as age, sex, or the duration of 
organ ischemia. 

A retrospective analysis of the ISHLT database covering 
10 752 heart transplants also revealed a significant reduction in 
mortality risk for patients with more than three matches at the 
HLA-A or DR loci'^. Similar findings were reported by the 
Cardiac Transplant Research Database Group'". Interestingly, 
the ISHLT data did not demonstrate an independent role for 
matching at the HLA-B locus, suggesting that the HLA-A and DR 
loci are more involved in mediating rejection-related mortality. 
While these data support the value of closely matching donor and 
recipient HLA loci, the balancing of practical issues, such as the 
time required to perform tests and graft ischemic time, remain 
limiting factors in developing strategies to take advantage of HLA 
typing. It is possible, however, that more rapid testing and im-
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proved heart graft preservation techniques will make feasible the 
use of HLA typing, and better matching of the immunological 
profiles of donor and recipient. 

Recipient race 

In addition to gender, race also appears to play a role in survival 
following heart transplantation. Jarcho et al., reporting for the 
Cardiac Transplant Research Database Group, found that among 
the independent risk factors for time to first rejection and rejec
tion-related mortality was black recipient race'". Hosenpud et al. 
found an increased mortality risk not only for black recipients but 
also for Asian recipients (risk ratios of 1.4 and 1.35 respectively, 
from Proportional Hazards Model)'''. The mortality risk associ
ated with race was found to be independent of HLA matching 
status. The reasons for race affecting survival post-heart trans
plant are not clear. Butkus' study of graft survival in cadaveric 
renal transplantation suggested that black recipients were nega
tively affected by socioeconomic factors and problems with drug 
regimen compliance". 

In Wechsler et al.'s study cohort, there was a disproportionate 
number of non-white women (31%) compared to men (11%), but 
the authors were not able to conclude that race was the factor that 
decreased survival in women as opposed to men'. The relatively 
small number of patients included in this study (379, with 75 
women and 304 men) may have limited the authors' ability to 
observe the effects of race on survival in either women or men. 
More studies from the large transplant registries will be required 
to gain insight into the mechanisms driving reduced survival in 
non-white recipients. 

COIVIIVIENT 

This chapter has reviewed many of the recognized clinical factors 
associated with decreased recipient survival following HTx. An 
understanding of the factors which affect clinical outcomes in 
HTx is of great value, since donor hearts are a limited resource 
and should be allocated very carefully with an eye on the poten

tial for successful results of transplantation. Certainly, it is un
likely that post-transplant mortality risk will ever be reduced 
close to zero, but by matching donor and recipient risk profiles as 
much as it is feasible to do so, the best possible outcome for an 
individual recipient can be expected. 
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44 
Results of Cardiac Transplantation and Factors 
Influencing Survival based on the Collaborative Heart 
Transplant Study 
G. OPELZ 

INTRODUCTION 

This report provides an overview of transplant results obtained 
during the past 10 years at centers participating in the 
Collaborative Transplant Study. The Collaborative Transplant 
Study was initiated for renal transplants in 1982 and extended to 
cardiac transplants in 1984. Rather than aiming at being a com
prehensive registry for worldwide transplantation activities, the 
Collaborative Transplant Study was intended from the outset to 
be a scientific registry. Its aim was to identify and characterize 
factors that influence graft outcome, associated with the hope that 
knowledge concerning such factors would be useful for improv
ing the results of future transplantations. Anticipation that mean
ingful results would be obtained more rapidly if many transplant 
centers cooperated formed the basis for a collaborative multicen-
ter approach. Remarkably, 104 transplant centers in 23 countries 
are currently participating in the study, expending considerable 
resources on the collection of data and reporting them to the study 
center at the University of Heidelberg. 

Arbor, Baltimore, Birmingham, Charleston, Charlotte, Chicago, 
Columbus, Dallas (Baylor, Childrens H., Methodist H., St Paul's 
H.), Detroit, Falls Church, Fort Wayne, Hershey, Indianapolis, 
Iowa City, Kansas City, Loma Linda, Louisville (Humana H., 
Kosair H.), Madison, May wood, Miami, Milwaukee, Nashville 
(Tenn. Heart I., Vanderbilt), New Haven, New Orleans, New 
York, Oklahoma City (Baptist H., University H.), Philadelphia, 
Pittsburgh (Allegheny H., University H.), Portland, Rochester, 
Salt Lake City (LDS H., University H., VA H.), San Francisco, 
Seattle, Toledo, Tucson, Washington, Wichita. 

The transplants were reported to the study center shortly after 
transplantation. Clinical follow-up information was obtained 3, 6 
and 12 months after transplantation and yearly thereafter. The 
centers were assured of data confidentiality and of the anonymity 
of results obtained at individual participating centers. 

Graft survival rates were computed according to the 
Kaplan-Meier method. No exclusions were made for any reason. 
Statistical significance was estimated using the log rank test or 
weighted regression. 

METHODS 

The transplants on which this analysis was based were performed 
from January 1985 to September 1994 at the following transplant 
centers: Austria: Graz, Innsbruck; Australia: Melbourne (Alfred 
H., Childrens H.), Sydney; Belgium: Aalst, Leuven, Liege; 
Brazil: Belo Horizonte; Canada: Edmonton, Halifax, London, 
Montreal (Inst. Cardiol., Royal Victoria H.), Ottawa, Quebec, 
Toronto, Vancouver, Winnipeg; Colombia: Medellin; Croatia: 
Zagreb; Czech Republic: Prague; Finland: Helsinki (adult and pe
diatric); France: Nancy, Nantes, Paris, Rennes, Strasbourg; 
Germany: Essen, Hamburg, Hannover, Heidelberg, 
Kaiserslautem; Great Britain: Manchester, Newcastle upon Tyne, 
Papworth-Cambridge, Sheffield; Italy: North Italy Transplant 
(Bergamo, Bologna, Milan, Padova, Pavia, Udine, Verona), 
Turin; Lithuania: Vilnius; New Zealand: Auckland; Norway: 
Oslo; Russia; Moscow; Saudi Arabia: Riyadh; Slovenia: 
Ljubljana; South Africa: Cape Town; Spain: Pamplona; Sweden: 
Goeteborg; Switzerland: Geneva, Lausanne, Zurich; USA: Ann 

RESULTS AND DISCUSSION 

The overall 5-year results of first and second orthotopic heart 
transplants are shown in Figure 1. The survival rate of first grafts 
was 31% higher at 5 years than that of second grafts (64 ± 1% vs. 
33 ± 3%,p<0.0001). In addition, there were 136 heterotopic first 
heart transplants which had a 5-year survival rate of 42 ± 5% 
(p<0.0001 as compared to orthotopic first grafts). All subsequent 
data given in this report refer to orthotopic transplants. 

Based on the 5-year results depicted in Figure 1 it is possible to 
estimate survival half-life times for the period from the first to the 
fifth post-transplant year, and to extrapolate from these to project 
10-year survival rates. As illustrated in Figure 2, the 10-year pro
jected graft survival rates are approximately 48% for first heart 
transplants and 19% for second heart transplants. It should be 
pointed out that these 10-year rates are based on the hypothetical 
assumption that graft failures occur at the same rate from the 5th 
to the 10th post-transplant year as from the 1st to the 5th 
post-transplant year. 
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Figure 1 Graft survival of first and second orthotopic heart transplants. 
Numbers of patients studied are indicated. First grafts survived at a 
.significantly higher rate than second grafts (log rank p <0.0001) 

Figure 2 shows that, as indicated by the straight lines on loga
rithmic scale, the risk of failure of a kidney or heart transplant 
remains fairly constant over time. In other words, there does not 
appear to be a process of 'graft adaptation' whereby a transplant 
would become less and less likely to fail the longer it functioned. 
Another way of illustrating that is shown in Figure 3. Heart trans
plants that were reported with excellent function at 3 months, 1 
year, 2, 3 or 4 years, were analyzed. During subsequent follow-up 
it is evident that grafts with excellent function at 3 years had 
about the same risk of failing during the following year as grafts 
with excellent function at 3 months. 

It is interesting that the graft survival rate of first heart trans
plants is slightly better than that of first cadaver kidney trans
plants. Second kidney grafts, however, have a much higher 
success rate than second heart transplants (Figure 2). It was noted 
many years ago that the success rate of second kidney transplants 
depended on whether the first graft was rejected rapidly or 
slowly'. As shown in Figure 4, heart transplants appear to follow 
the same rule. Retransplants that were carried out after a period of 
more than 12 months of initial graft function did exceedingly 
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Figure 3 Survival curves for transplants with excellent clinical outcome at 
various post-transplant intervals. For each interval, subsequent graft survival 
was plotted starting at 100%. Intervals and numbers of patients studied are in
dicated for each curve. Note that the survival rates show a similar decline re
gardless of the length of follow-up 
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Figure 6 Comparison of first heart transplant survival for patients trans
planted in North America or Europe. The 5-year outcome was identical 

well. If the first graft had functioned for only a few weeks or 
months, second transplants showed a high early failure rate, indi
cating that many of these retransplants were rejected acutely 
(Figure 4). 

The results of first heart transplants were remarkably stable 
throughout the study period. Figure 5 shows the very similar 
outcome of transplants prerformed during different time intervals. 
This consistency of results justifies the combined use of all data in 
the present analysis of risk factors. Moreover, the results were 
also consistent with respect to the geographical region in which 
the transplants were performed. The majority of transplants were 
reported from North America and Europe, and their 5-year 
outcome was identical (Figure 6). 

Figure 7 shows the results of first heart transplants in relation to 
the patients' underlying disease. The curve for patients with con
genital heart disease shows a relatively rapid decline early after 
transplantation, possibly due to technical problems associated 
with transplantation in children. At 5 years, however, the result of 
patients with congenital heart disease was only marginally lower 
than that of other disease categories. The survival curve of pa
tients with valvular heart disease also showed a relatively steep 
initial decline. 

A comparison of survival after heart transplantation with that 
after heart-lung or lung transplantation is shown in Figure 8. 
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Figure S One-year graft survival rates for transplants performed during 2-
year intervals since 1985. The latest interval includes transplants done from 
January 1993 to September 1994 
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Figure 7 Survival of first heart transplants according to the patients" under
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Figure 8 Three-year graft survival rates of heart, heart-lung, single lung or 
double lung transplants. Numbers of patients studied are indicated 

Heart transplants apjjear to have both a lower initial failure rate 
and a lower long-term attrition rate. Similar to the heart transplant 
results (see Figure 5), the success rate of heart-lung transplants 
appeared to remain constant during the years from 1990 to 1993 
(Figure 9). Patients with primary pulmonary hypertension had a 
somewhat lower survival rate than patients with other underlying 
diseases (Figure 10). 
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Figure 9 One-year survival rales of heart-lung transplants performed during 
each of the calendar years from 1990 to 1993 
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Figure 10 Survival rates of heart-lung transplants for the most common in
dications. CYSTIC FIBROS = cystic fibrosis; PULMONARY HYPT = primary pul
monary hypertension 

Single or double lung transplants have been performed at an 
increasing frequency and with increasing success since 1990 
(Figure 11). 

Analysis of factors influencing heart transplant 
survival 

Recipient and donor gender 

The survival rate of male-to-male transplants was 3% higher at 5 
years than that of female-to-male grafts, or that of male or female 

donor grafts into female recipients (Figure 12). While the lower 
success rate of female donor hearts in male recipients might be 
explainable by a comparatively lower physiological muscle ca
pacity of female donor hearts, which on average are smaller than 
male hearts, this does not explain the lower survival of male-to-
female or female-to-female grafts. 

Recipient and donor race 

There is a strong racial influence on heart transplant survival 
which appears to be related to both the recipient's and the donor's 
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Figure 11 Survival of first lung transplants performed during the years 1990-91 and 1992-93. Curves are plotted separately for the most common indications. 
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Figure 12 Survival rates of first heart transplants according to the gender of 
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Figure 14 Influence of recipient age on survival of first heart transplants. 
Recipient age group (in years) is indicated for each curve, together with the 
number of patients studied. Note the peculiar curve for patients younger than 
10, which shows a steep early but slow subsequent decline 
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Figure 13 Influence of recipient and donor race on outcome of first heart 
transplants. R = recipient; D = donor; W = white; B = black 
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Figure 15 Influence of donor age on survival of first heart transplants. 
Donor age in years and numbers of patients studied are indicated 

race. Transplants from white donors into white recipients had a 
15% higher survival rate at 5 years than transplants from black 
donors into black recipients (65 ± 1% vs 50 ± 6%, p<0.00l). 
Transplants from black donors into white recipients or white 
donors into black recipients had intermediate survival rates 
(Figure 13). These results are very similar to results obtained with 
cadaver kidney transplants^. The reasons for these differences in 
results are not clear. Socioeconomic factors, a differential expres
sion of histocompatibility antigens, or genetic differences in im-
munoresponsiveness have been discussed. 

Recipient and donor age 

The age of the recipient appears to have relatively little influence 
up to 60 years. Patients older than 60 have an inferior graft 
success rate (Figure 14). The survival curve of pediatric patients 
(<10 years) shows a steep early decline, probably related to tech
nical problems, followed by a particularly good subsequent 
outcome course (compare also with Figure 7). 

The influence of donor age on graft survival is much more pro
nounced than that of recipient age. An analysis by decades of 
donor age shows that, among adult donors, graft survival declines 
significantly with donor age (regression p<0.0001) (Figure 15). 
Moreover, this can be shown to apply to transplants performed 

both in relatively young adult recipients (age 20-50) and in older 
recipients (age >50) (Figure 16). As the indications for transplan
tation have widened, the demand for donor organs has increased. 
Understandably, in life-threatening situations one cannot wait for 
an organ obtained from a young donor under ideal circumstances. 
Nevertheless, the striking association of donor age with graft 
outcome must be reason for concern. It would seem prudent to 
direct research efforts towards identifying risk factors in potential 
donors. Age per se cannot be a suitable endpoint measure. 
However, the strong correlation of donor age with the graft failure 
rate provides a clue which should stimulate research with the aim 
of eliminating those potential donors whose organs can be pre
dicted to have a very high likelihood of failure. 

ABO compatibility 

Although heart transplants are generally done from ABO-compat-
ible donors, 21 ABO-incompatible heart transplants have been re
ported to the Collaborative Transplant Study. For each of these 
transplants, written confirmation of the ABO typing results was 
obtained in order to exclude clerical reporting errors. In addition, 
information was obtained on the ABO subtype of blood group A 
donors, and whether plasmapheresis or splenectomy were per
formed. Based on the small number of cases available for analysis 
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it was not possible to identify risk factors. However, it is remark
able that 10 of the 21 transplants continued to function at 1 year 
(Figure 17). The steep initial decline in the graft survival rate 
shows that ABO incompatibility is a strong histocompatibility 
barrier in heart transplantation. However, if the early post-
transplant period, during which the danger of antibody-mediated 
graft rejection is very high, is overcome, ABO-incompatible 
hearts can apparently survive for long periods. 

There have been reports that ABO-identical heart transplants 
have a better survival rate than ABO-compatible transplants. 
These claims are not supported by the Collaborative 

Transplant Study data. ABO-identical and ABO-compatible trans
plants had virtually the same success rate (Figure 18). 

HLA compatibility 

Heart transplants are carried out without consideration of the 
HLA match. Many transplant centers are not even typing their pa
tients. From the outset it was a declared goal of the Collaborative 
Transplant Study to investigate whether HLA matching had an 
influence on heart transplant survival. As shown in Figure 19, 
there is a significant correlation of graft outcome with matching 
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Figure 17 Influence of ABO incompatibility on heart transplant survival. 
All types of ABO mismatches were included 
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Figure 18 Comparison of graft survival for ABO-identical and ABO-
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Figure 19 Influence of HLA-DR antigen mismatches on heart transplant 
survival. MM = mismatches. Numbers of mismatches and numbers of patients 
studied are indicated. The association of survival with the number of mis
matched antigens is statistically highly significant (weighted regression 
p<0.0001) 

Figure 20 Influence of mismatches at the HLA-A. -B and -DR loci on heart 
transplant survival. Grafts with no or one mismatch were combined. Note the 
initial steep but subsequent slow decline of the group with two mismatches. 
The as.sociation of survival with the number of mismatched HL.A antigens was 
highly significant (weighted regression/; <0.(XX)1) 

for the HLA-DR antigens. The influence of matching for the 
HLA-A and HLA-B antigens was smaller. However, considering 
the three loci together (A+B+DR) further improves the HLA 
matching effect, as shown in Figure 20. 

With respect to the previous Collaborative Transplant Study 
publication on HLA matching^ the results of the current analy
sis are interesting for two reasons: (a) the superior outcome of 
transplants with none, one, or two mismatches is sustained; 
(b) whereas transplants with three, four, five, or six mismatches 
had identical survival rates in the previous study, the current 

analysis performed on a larger number of transplants shows a sep)-
aration of graft survival as the number of HLA mismatches in
creases (weighted regression p<0.0001). The difference between 
the survival rates of none or one mismatch and six mismatch 
grafts is 15% at 5 years (75 ± 5% vs 60 ± 2%, p<0.003). 

An analysis of patients who, at the time of transplantation, 
were rated as 'good or medium risk' recipients (based on recipi
ent center criteria) shows an even more impressive correlation of 
matching with graft outcome. The none or one mismatch grafts 
now separate clearly from the two mismatch grafts (Figure 21). 
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Figure 21 Analysis of HLA matching in patients who were categorized at the time of transplantation as 'good or medium risk' recipients (left) and in patients 
categorized as 'poor-risk' recipients (right) 
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Figure 22 Effect of cold ischemic heart preservation time on transplant 
outcome. Ischemia times in hours are indicated, together with the numbers of 
patients studied 
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Figure 24 Influence of preformed lymphocytotoxic antibodies on survival of 
second heart transplants. Even low-level reactivity was associated with poor 
graft outcome 

The survival rate difference at 5 years between no or one mis
match and six mismatch transplants is 17% (79 ± 6% vs 62 ± 
2%, p=0.001). In contrast, and not surprisingly, HLA matching 
does not show an influence on the outcome of 'poor-risk recipi
ents' in whom the influence of other risk factors was obviously 
dominant (Figure 21). 

Preservation time 

Because prospective HLA matching would have to involve the 
transportation of hearts between transplant centers, the acceptable 
time limit of organ preservation is important. Figure 22 shows 
that hearts are optimally preserved with current preservation 
methods for up to 4 hours. The rate of function declines 
noticeably, but not dramatically, with longer preservation times. It 
will be interesting to follow the progress of research in the preser
vation field. Extended preservation limits would make organ 
sharing and HLA matching more practical. 

Preformed lymphocytotoxic antibodies 

The Collaborative Transplant Study data provide evidence that 
presensitization in the form of serum lymphocytotoxic antibodies 

is associated with decreased heart transplant survival. This is 
shown for first heart transplants in Figure 23. Unfortunately, the 
available data do not allow a separation of antibodies into those of 
the IgG or IgM class. From the kidney transplant experience it is 
known that IgG antibodies are deleterious, whereas IgM antibod
ies are not*. Because antibodies in recipients who have rejected a 
previous graft are more likely to be of the IgG class (second set 
response), the analysis of second transplants is particularly inter
esting in this respect. As shown in Figure 24, even low-level anti
body reactivity appeared to be associated with poor graft outcome 
in retransplants. 

Figure 25 shows that, among first heart transplants, patients 
with a positive lymphocytotoxic crossmatch had a 5% lower 
graft survival rate at 1 year than patients with a negative cross
match (82 ± 1% vs 77 ± 2%, />=0.04). The same argument as 
discussed above with respect to preformed IgG and IgM antibod
ies applies to the crossmatch results. Unfortunately, it was not 
possible in this analysis to differentiate whether the positive 
crossmatches were due to IgG or IgM reactivity. The results of 
second transplants in which a positive crossmatch clearly was as-
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Figure 23 Influence of preformed lymphocytotoxic antibodies in the 
patient's pretransplant serum. Percentage reactivity against the test panel and 
numbers of patients studied are indicated. The difference in graft survival 
between patients with 0-10% and >10% reactivity was statistically significant 
(log rank p<0.01) 
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Figure 25 Influence of a positive crossmatch test at the time of transplanta
tion on graft survival. The lower success rate in patients with a positive cross
match was statistically significant (log ranic p = 0.04) 
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Figure 26 Influence of a positive crossmatch result on outcome of second 
heart transplants. The result was statistically significant (log rank/) <0.0I) 

sociated with poor graft survival (p<0.01) (Figure 26) are also 
very interesting. 

Immunosuppression 

An analysis of immunosuppressive induction protocols shows that 
most heart transplant recipients received triple drug immunosup
pression (cyclosporin, azathioprine, steroids) and that this type of 
protocol, together with the cyclosporin and azathioprine protocol, 
resulted in the highest 5-year success rate. Patients who received 
cyclosporin monotherapy or a combination of cyclosporin and 
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Figure 27 Analysis of heart transplant survival according to the initial 
immunosuppressive protocol. CYA = cyclosporine; AZA = azathioprine; 
STE = steroids 

Steroids without azathioprine had an approximately 10% lower 5-
year success rate. Patients who did not receive cyclosporin, and 
were treated only with steroids and azathioprine, had an ex
tremely high early failure rate, most likely due to rapid immuno
logical rejection (Figure 27). 

Figure 28 demonstrates that induction therapy with prophylac
tic OKT3 monoclonal antibodies did not improve the results in 
cyclosporin-treated recipients. In patients not receiving 
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Figure 28 Effect of rejection prophylaxis with monoclonal OKT3 or polyclonal ATG on heart transplant survival. Patients receiving both types of antibodies 
were excluded from the analysis. +OKT3 = with OKT3 prophylaxis; -OKT3 = without OKT3 prophylaxis; +CYA = with cyclosporine treatment; -CYA = 
without cyclosporine treatment. Note that the main influence on the success rate was exerted by cyclosporine and not by antibody prophylaxis 
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figure 29 Influence of the immunosuppressive maintenance protocol on 
long-term graft outcome. All patients in this analysis had excellent graft func
tion at 1 year. Subsequent survival was best in patients who were maintained 
on a steroid-free cyclosporine protocol. CYA = cyclosporine; AZA = azathio-
prine; STE = steroids 

cyclosporin, 0KT3 prophylaxis appeared to confer a small but 
unsatisfactory benefit. 

The results of ATG induction therapy were very similar 
to those obtained with OKT3 induction. Neither among 
cyclosporin-treated patients nor in patients treated without 
cyclosporin was there a noticeable benefit (Figure 28). 

Figure 29 shows graft survival rates from 1 to 5 years depend
ing on the patients maintenance protocol of immunosuppression. 
Patients who were reported to have excellent function at 1 year 
were separated according to the immunosuppressive protocol they 
received at 1 year, and followed for another 4 years. It is evident 
that patients on steroid-free maintenance on cyclosporin (with or 
without azathioprine) had the best 5-year outcome. This result 
parallels the results recently obtained in a Collaborative 
Transplant Study analysis of cadaver kidney transplants'. 

CMV status of recipient and donor 

Cytomegalovirus infection is of considerable concern in trans
plant recipients, because of both the clinical significance of CMV 
disease and the CMV-induced enhancement of immunological re
jection mechanisms*'. As shown in Figure 30, there was no strik-
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Figure 31 Effect of CMV prophylaxis on graft outcome in heart transplants 
from CMV-positive donors into CMV-negative recipients. The difference 
between the two curves was not statistically significant 

ing effect of pretransplant CMV status on graft survival. Of 
course, these results must be considered in the context of CMV 
prophylaxis. An analysis comparing transplants of CMV-positive 
donor organs into CMV-negative recipients with or without CMV 
prophylaxis showed a small but statistically not significant advan
tage of CMV prophylaxis (Figure 31). This analysis did not take 
into account the type of agent used for CMV prophylaxis. 
Detailed information on prophylactic agents is currently being 
collected, and the results will be reported at some later time. 

Incidence of non-Hodgkin lymphomas 

Transplant recipients are at an increased risk of developing non-
Hodgkin lymphomas. Whereas the yearly incidence of NHL is 
approximately 10 per 100 000 in the general background popu
lation, the Collaborative Transplant Study data show a strikingly 
increased rate of lymphomas during the first post-transplant year 
in recipients of thoracic organ transplants. Whereas cadaver 
kidney recipients demonstrate a lymphoma rate which is ap
proximately 20 times higher than the background rate, the rate is 
approximately 100 times background in heart transplant recipi
ents, 300 times background in lung recipients, and 500 times 
background in heart-lung recipients (Figure 32). As reported 
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Figure 30 Influence of the cytomegalovirus status of recipient and donor on 
heart transplant survival. K+ = CMV-positive recipient; R- = CMV-negative 
recipient; D-f = CMV-positive donor; D- = CMV-negative donor 
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Figure 32 Incidence of non-Hodgkin lymphomas during the first post-
transplant year. Incidence per 100 000 patients is shown. Numbers of patients 
studied are indicated for each type of organ transplant 
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Figure 33 Incidence of non-Hodgkin lymphomas during the first post-
transplant year in heart transplant recipients transplanted in North America or 
Europe 

Figure 34 Influence of treatment with prophylactic antilymphocyte anti

bodies on incidence of non-Hodgkin lymphomas during the (irsl post-

transplant year. Patients treated with monoclonal or polyclonal antibodies 

were combined for this analysis. First heart transplants were analyzed. 

Numbers of patients studied are indicated 

previously'', the incidence of lymphomas was twice as high in 
patients transplanted in North America than in patients trans
planted in Europe (Figure 33). There is circumstancial evidence 
for a more aggressive use of immunosuppressive drugs in North 
America, and this may be related to the higher incidence of 
lymphomas-'. 

That more potent immunosuppression leads to a higher rate of 
lymphomas is demonstrated by the results shown in Figure 34. 
Patients who received prophylactic treatment with monoclonal or 
polyclonal antilymphocyte antibodies had a significantly higher 
incidence of lymphomas than patients without antibody prophy
laxis. However, the increased incidence observed in North 
America could not be attributed to a more frequent administra
tion of antilymphocyte antibodies. Even among patients who re
ceived antibody prophylaxis, North American patients had a 
higher lymphoma incidence during the first year (1.895 per 
100 000) than European patients (1.068 per 100 000). The data 
were not sufficient to allow a judgement as to whether treatment 
with monoclonal antibodies was associated with a higher lym
phoma rate than treatment with polyclonal antibodies. 
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Lung Transplantation - Experimental Background and 
Early Clinical Experience 
J.D. HARDY 

INTRODUCTION 

Early developmental studies of lung transplantation will be re
viewed briefly, as well as the first lung allotransplant in a human. 
In addition, the first 22 clinical lung allctransplants are tabulated 
(Table 1). 

Genesis 

Experimental lung transplantation was begun at least in the 
1940s' and perhaps even before then. Many investigators entered 
the field, but .space limits acknowledgment to only a few- ". In 
our laboratories at the University of Mississippi, Webb and asso
ciates'- began canine heart-lung transplantations in the later 
1950s, which led ultimately to the first heart transplantation in a 

Table 1 Early experience with clinical lung transplantation 

human in 1964'1 In parallel studies my group transplanted the 
single lung'"" and, later, both lungs at the same operation, primar
ily in dogs and monkeys. 

Meanwhile, two clinical cases brought special focus and im
mediacy to our laboratory lung transplantation program. These 
patients had each represented a circumstance in which, if a single 
lung could be transplanted into a patient who was in potentially 
temporary, but .surely otherwise fatal, hypoxia, then the patient 
might later survive on his contralateral lung even if the allograft 
had to be removed. The first patient (1960) was a man with small-
bowel obstruction who vomited as anesthesia was being induced, 
with resulting massive bilateral pulmonary aspiration; he died of 
hypoxia several days later. If it had been possible to transplant a 
single functioning lung, to provide time for the patient's own re
maining lung to clear, the transplant could have been removed 

Investigator (year) 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 

m (10) 

(11) 
(12) 
(13) 
(14) 

(15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 
(22) 

Hardy £'/«/. (1963) 
Magovem and Yates (1963) 
Shinoi ('/(//. (1965) 
Neville (1965) 
W h i t e r a/. (1965) 
T.suji(1966) 
Morris and Gago (1967) 
Burcherl(1967) 
Burcherl( l967) 
Hayata(1967) 
Matthews tT a/. (1968) 
Haglin(1968) 
Beal l ( l968) 
Hal lman( l968) 
Denm etal. (1968) 
Hardy (1969) 
Vcith(1969) 
Ross (1969) 
Beall etal. (1969) 
Vanderhoeft(1969) 
Kahn( l969) 
Haglin (1970) 

*One lobe only transplanted: t both lungs transplanted; 

Indications for transp}anlatiim 

Carcinoma/emphysema 
Emphysema/cor pulmonale 
Bronchiectasis' 
Carcinoma 
Silicosis 
Unknown' 
Pulmonary hypertension' 
Acute exposure hydrochloric acid 
Trauma 
Bronchiectasis' 
Paraquat poisoning 
CarcinoiTia 
Emphysema 
Emphysema 
Silicosis 
Emphysema 
Carcinoma/emphysema 
Emphysema 
Emphysema 
COPD 
COPD 
COPDt 

COPD = chronic obstructive airways disease 

Length of survival ida\s} 

18 
7 

18 (lobe removed) 
< 1 

7 
Unknown 

< 1 
< 1 

2 
Status of lobe unknown 

13 
< 1 
26 

4 
10 months 

28 
8 

10 
10 
11 
4 

11 

Cause of death 

Renal failure 
Pneumonia 
Patient survived 
Pulmonary edema 
Pneumonia 
Unknown 
Hemonhagic congestion 
Cardiac arrest 
Unknown 
Patient survived 
Paraquat poisoning 
Bleeding diathesis 
Viral pneumonia 
Atelectasis 
Patient survived 
Pneumonia 
Pneumonia 
Pneumonia 
Pneumonia with abscess 
Uncertain 
Unknown 
Infection? rejection 
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later if rejected. Azathioprine and steroids for immunosuppres
sion were already in use in our kidney transplant patients. 

The second patient (1962) was a 73-year-old man with exten
sive bilateral alveolar carcinoma of the lungs. Already severely 
dyspneic, he sustained a spontaneous left pneumothorax that soon 
proved fatal. Here again, a situation presented in which a lung 
transplant might have prolonged life. 

The younger first patient - with a benign condition - might 
have been considered as having been 'morally assaulted' by a 
lung transplant (since conceivably he might have survived 
without the risk of a lung transplant). In the instance of the second 
patient, with imminently fatal hypoxia and no other effective 
treatment available for the extensive bilateral malignant pul
monary infiltration, the only major ethical objections to lung 
transplantation might have been that (a) there was no precedent, 
(b) there was no guarantee that a lung allograft would function in 
the new human host and prolong comfortable life, and (c) in any 
event such an 'experiment' was not justified because of his dismal 
cancer prognosis. 

However, by this time we had transplanted lungs in several 
hundred animals, and good early function of a transplanted 
lung(s) had been well established; this finding had also been 
demonstrated by research groups elsewhere. I was now satisfied 
in my own mind that either of these two clinical circumstances -
massive bilateral pulmonary aspiration or extensive pulmonary 
cancer with hypoxia - would likely present again, as would termi
nal respiratory insufficiency due to emphysema or pulmonary 
fibrosis. Therefore, we believed we should press on with our la
boratory work so as to be prepared if and when such a clinical 
need arose again. Webb and I cleared the prospect of a clinical 
lung transplant with the officials of the University of Mississippi 
Medical Center. 

EXPERIMENTAL STUDIES 

Lung reimplantation 

Operative technique 

A wide variety of questions confronted lung transplant groups in 
the late 1950s and early 1960s. To begin with, a consistently de
pendable autotransplant (reimplant) operative technique had to be 
developed and mastered by the lung transplant team in each la
boratory, This achievement of consistently successful reimplanta
tion was important, because it was desirable to establish first the 
functional characteristics of the autotransplanted lung, before 
moving on to the allotransplanted lung, the function of which 
was certain to be influenced adversely by the allograft 
immunological rejection process. Appropriate transoperative and 
postoperative management of the animal was also important, in 
order to achieve statistically valid results. 

Our own experimental investigations'' '- ' will be briefly 
reviewed. 

Initially the pulmonary veins were anastomosed individually, 
but soon a left atrial cuff containing all four ostia of the pul
monary veins was anastomosed to the atrium of the recipient, thus 
reducing the incidence of stenosis and thrombosis of the pul
monary veins. The pulmonary artery caused few problems, but it 
was anticipated that stricture of the bronchial anastomosis would 
commonly occur. This did occur occasionally, and some animals 

did exhibit bronchial necrosis and fistula. On the whole, however, 
bronchial problems were less frequent than expected, even though 
no effort was made to anastomose the bronchial arteries. In subse
quent experimental and human lung allotransplants, healing of 
bronchial (or tracheal) anastomoses was found to be problematic 
when corticosteroids were included in the early post-transplant 
immunosuppressive regimen. 

Function of the reimpianted lung 

The successfully reimpianted lung was studied variously by aus
cultation, chest radiography, arterial blood gases, bronchoscopy 
and bronchography, bronchospirometry, isotope scans, pulmonary 
arteriography (angiocardiography), and immediate or subsequent 
ligation of the pulmonary artery to the opposite (unoperated) 
lung'''""'. Extensive gross anatomical and microscopic studies 
were also performed. Ligation of the pulmonary artery to the con
tralateral lung (instead of performing contralateral pneumonec
tomy) preserved more nearly the normal pulmonary respiratory 
reflexes, which afforded much more effective pulmonary ventila
tory mechanics than those observed later when both lungs were 
reimpianted at the same operation. 

When, in later experiments, neural connections were severed 
completely by bilateral lung reimplantation, the animal usually 
exhibited a slow and deep pattern of respiration and, although 
commonly able to survive the operation, overall respiratory 
efficiency was much impaired. Microscopic studies demonstrated 
vagal nerve degeneration, and the Hering-Breuer reflex was abol
ished in the reimpianted lung. However, within weeks, early 
nerve regeneration was demonstrated microscopically, and in 
chronic dogs studied months or years later, the Hering-Breuer 
reflex was commonly found to have returned. 

The respiratory efficiency of the single reimpianted lung, where 
respiratory reflexes were essentially normal because of the 
'normal' contralateral lung, was good initially, but then declined 
over the following 7-10 days to about one-half the normal level; 
thereafter, it gradually improved to regain a low normal level of 
respiratory efficiency at approximately 2 weeks. Large numbers 
of animals were studied in the investigation of this decline-
recovery pattern. Structures of the pulmonary hilum - pulmonary 
artery, bronchial arteries, nerves, bronchus, pulmonary veins, 
lymphatics - were divided individually in various series of 
animals, to determine the effect on pulmonary function. Suffice it 
to say that definitive conclusions were hard to come by, but a pos
itive temporal correlation was demonstrated between impaired 
function and the time required for regeneration of the lymphat
ics'''. Regeneration of pulmonary lymphatics following lung 
reimplantation (and allotransplantation, if the animal were ad
equately immunosuppressed) could be demonstrated across the 
bronchial anastomosis by 7-12 days. The ischemia and hypoxia 
to which the lung was subjected during reimplantation was 
another potentially significant factor. 

In puppies it was found that the reimpianted lung grew in both 
size and function^". 

Many studies were directed toward short-term cold storage and 
also longer cold and hyperbaric oxygen storage of the lung, with 
either delayed reimplantation (occasionally) or, later, allotrans
plantation of the preserved lung. However, these efforts resulted 
in only limited extension of the safe storage time. 
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EXPERIMENTAL BACKGROUND TO LUNG TRANSPLANTATION 

Lung allotransplantation 

The large number of lung reimplantation experiments paved the 
way for similar anatomical and functional studies of lung allo-
transplants''•"*. In brief, it was found in a substantial series that in 
the untreated dog the allotransplant was rejected in an average of 
approximately 7 days. In contrast, immunosuppressive therapy, 
consisting of various regimens involving azathioprine, pred
nisone, and mediastinal radiation, produced an average allograft 
survival of approximately 35 days. In some instances, animals 
that had undergone unilateral or single-operation bilateral lung al
lotransplantation lived many months. In the process of rejection, 
the normal lung anatomical structure was replaced by disordered 
architecture and necrosis. In the occasional animal the rejected 
and necrotic lung became encased in protective fibrin and fibrous 
tissue, permitting long survival of the host. 

THE FIRST LUNG TRANSPLANT IN A HUMAN 

Following approximately 7 years of lung transplant research in
volving hundreds of animals, Webb and I obtained permission 
from the University of Mississippi Medical Center administration 
to perform a lung transplant in a human patient should the need 
and the appropriate set of ethical circumstances arise, as noted 
above. The principal criteria set for selecting a recipient were as 
follows: 

(1) The patient must have a probably fatal disease, so that in the 
event that untoward results were encountered, his or her life 
would not have been materially shortened. 

(2) There must be a reasonable possibility that the patient would 
benefit from the lung transplant. 

(3) The removal of the patient's own lung must not result in the 
sacrifice of any of his or her own functioning lung tissue. 

(4) Transplantation of the left lung had been found to be some
what simpler technically than transplantation of the right, and 
thus it was elected to initiate the clinical phase of the work by 
transplanting a left lung. 

The donor 

At approximately 7.30 p.m. on 11 June 1963, a patient entered 
the emergency room of University Hospital in shock and pul
monary edema secondary to massive myocardial infarction. All 
resuscitative efforts failed, and the family members permitted 
autopsy and donation of the left lung for transplantation. 

The operation 

The organ was transplanted into the left hemithorax of the recipi
ent with only moderate difficulty, caused by the prior and persist
ing infection and the fact that the hilar carcinoma had invaded 
surrounding tissues more extensively than had been detected pre-
operatively-'. Blood samples taken from the transplant pulmonary 
artery and vein demonstrated immediate excellent respiratory 
function of the transplant, as reflected in the pulmonary venous 
versus pulmonary arterial blood gases. This effective function 
continued during the 18 days he lived. 

Postoperative course 

Immunosuppression was with azathioprine, prednisone, and me
diastinal radiation. Unfortunately his renal function declined 
steadily postoperatively, and this major problem, plus infection 
and the preoperative state of general debility due to the extensive 
cancer, caused his death. 

Postmortem studies 

Gross examination of the transplanted lung revealed a well-
ventilated organ, with patent anastomoses. A small defect in the 
membranous portion of the transplant bronchus had been noted at 
bronchoscopy postoperatively, but this defect was found to have 
been sealed off by the inflammatory reaction in surrounding 
tissues. Arteriograms demonstrated excellent patency of the pul
monary vasculature. Microscopy disclosed virtually no evidence 
of allograft rejection''. 

The recipient 

On 15 April 1963 a 58-year-old man with carcinoma of the left 
lung and dyspnea at rest from emphysema was admitted to the 
University of Mississippi Hospital. He had borderline renal 
failure, secondary to long-standing chronic glomerulonephritis. 
Details of diagnosis, general evaluation, ethical considerations, 
and other matters were published at the time-'. Suffice it to say 
here that the four pre-set criteria for a potential lung transplant 
recipient were essentially fulfilled. 

There followed a period during which antibiotics were admin
istered in an attempt to clear the pneumonitis distal to the ob
structing carcinoma of the left main bronchus. This was only 
partially successful. The indications for left pneumonectomy were 
the apparently localized carcinoma of the left main stem bronchus 
and the persistent sepsis distal to this obstructing lesion. The indi
cation for lung transplantation was that, already dyspneic on even 
mild exertion, it was considered vital to replace even the very 
limited function being provided by the left upper lobe. 

COMMENT 

This first case had demonstrated the technical feasibility of clini
cal lung transplantation. The transplant had functioned 
immediately and for the duration of the patient's life. There had 
been little or no rejection of the allograft under the immuno
suppressive regimen administered - plus perhaps some degree of 
immunosuppression attributable to the gradual renal decompensa
tion. It was concluded that clinical lung transplantation would 
eventually offer an effective form of management for otherwise 
terminal respiratory insufficiency. 

SUBSEQUENT EARLY CLINICAL EXPERIENCE 

By 1970, 22 known human lung allotransplants had been per
formed (Table 1)-^, and two more as units of heart-lung trans
plants (Chapter 66)-'. The early results were disappointing but, 
with the advent of cyclosporin for improved immunosuppression. 
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Toronto, the first such operatioD being pefformed on 7 November 
1983. With this source of encouragement the clinical traasplanta-
tion of one or both lungs is now poised for widespread and suc
cessful application''. 
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Indications, Selection and Pretransplant Management 
of the Potential Recipient 
J.R. MAURER 

INTRODUCTION 

Since the first edition of this textbook, technical advances in sur
gical approach and intraoperative management, combined with 
increasing experience in medical care of transplant recipients, 
have led to much-improved outcomes for lung transplant recipi
ents. This increased experience in the care of the recipients has 
led both to changes in indications for specific surgeries and to im
proved criteria for choosing appropriate transplant candidates. 

INDICATIONS 

Single lung transplantation 

Single lung transplantation quickly became the most common 
type of lung transplant performed in the world. In the April 1995 
report of the St Louis International Lung Transplant Registry this 
procedure accounted for more than 2300 of the 3836 total re
ported lung transplants'. Bilateral sequential single and en-bloc 
double lung transplants accounted for approximately 1500 of the 
procedures. In the Registry report, single lung transplant recipi
ents enjoyed nearly the same survival as bilateral lung recipients 
(71% vs 73% at 1 year and 62% vs 57% at 3 years). 

In the late 1980s and early 1990s, indications for single lung 
transplant were rapidly extended to include a number of end-stage 
pulmonary and pulmonary vascular processes as transplant physi
cians learned that acceptable outcomes could be achieved with uni
lateral transplant. By far the largest number of single lung 
transplants - over 1200 - have been done in patients with end-stage 
emphysema/chronic obstructive pulmonary disease (COPD). 
Within this group, approximately 25% were performed in a|-antit-
rypsin-deficient patients. The next largest number - more than 550 
- have been performed in patients with pulmonary fibrosis, and the 
third-ranking indication has been primary or secondary pulmonary 
hypertension. There is a rather large group - more than 340 - of 
single-lung recipients with 'other' diagnoses, which include such 
entities as lymphangiomyomatosis, sarcoidosis, eosinophilic granu
lomatosis, retransplantation, bronchiolitis obliterans, etc. 
Occasionally, single lung procedures have been done in circum

stances that would normally be contraindications, e.g. in patients 
with bilateral bronchiectasis-'. In these reported cases a contralat
eral pneumonectomy of the remaining native lung has been per
formed to prevent spread of infection. These unusual indications 
for single lung transplant have been undertaken only in exceptional 
situations, and this type of patient should not generally be consid
ered appropriate for unilateral lung replacement. There has also 
been reported unilateral lung transplant in combination with heart 
transplant"*. This approach has rarely been used when both heart 
and lung replacement are necessary, to avoid excessive bleeding in 
the event of scarring of one pleural space (which would be left 
intact) and to make available more organs (the contralateral donor 
lung could be used in another donor) for transplant. 

While virtually every potential pulmonary or pulmonary vascu
lar diagnosis has been considered for unilateral lung transplant, 
the morbidity and survival data are better in some types of dis
eases. The best early survival results appyear to be in obstructive 
lung disease patients. In this group the International Registry 
records a 1-year survival of 78%, almost the same as that of bilat
eral lung transplants; however, in pulmonary hypertension unilat
eral lung recipients the 1-year survival is 59% and in pulmonary 
fibrosis approximately 65%. It should be noted, however, that bi
lateral transplant survival in these groups is also slightly less than 
that achieved in emphysema patients. Longer-term survivals in 
each of these groups of patients are difficult to compare because 
of the small numbers of patients available for evaluation. 

Issues in selection of patients for single lung transplant 

While the overall success of single lung transplantation has been 
encouraging, care must be taken in selecting appropriate patients 
for a unilateral procedure, as some characteristics of the remain
ing native lung have been identified as having a potential negative 
impact on survival. In most patients undergoing unilateral trans
plant the native lung is structurally abnormal. In one report, 
pathology in the native lung caused morbidity in more than one-
quarter of single lung transplants and was a factor in half of the 
deaths'. The presence of bullous changes (as in emphysema) or 
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cystic changes (as in sarcoid or pulmonary fibrosis) can 
predispose to colonization of the native lung with organisms 
which can result in fatal infections'^'. In pulmonary hypertensive 
patients, low blood flow to the remaining native lung may predis
pose to infection^. End-stage pulmonary fibrosis is often compli
cated by traction bronchiectasis, and areas of unsuspected 
bronchiectasis are not uncommon in patients with emphysema. 
While little can be done to predict which pulmonary hypertensive 
patients will have relatively ischemic remaining native lung and 
be at risk, areas of bronchiectasis are usually easily visualized on 
high resolution CT scan. Patients presenting for transplant with 
chronic sputum production may have colonized susceptible areas 
of native lung, and should be carefully evaluated before being ap
proved for unilateral transplant. 

Early in the era of successful lung transplantation there was 
concern about the possibility of overventilation of the highly 
compliant remaining native lung in emphysema patients in the in
stance of single lung transplantation. While overinflation of the 
remaining native lung with some mediastinal shift is not uncom
mon", it rarely compresses the transplanted lung to the extent that 
function is compromised. In some cases in which functional com
promise has occurred, resection of part or all of the native lung 
has been tried''. It has been suggested that selecting patients 
without obvious large bullae in what will be the remaining lung 
may help prevent overinflation problems, but this has not been 
formally evaluated'". 

Another problem that has been identified involving the remain
ing native emphysematous lung - and could be a problem in pul
monary fibrosis, lymphangiomyomatosis, or any other structurally 
abnormal lung - is the development of persistent pneumotho-
races. In one case this complication eventually required pneu
monectomy of the native lung". 

Bilateral lung transplantation 

Of the approximately 1500 reported bilateral lung transplants, more 
than 1200 have been done via the bilateral sequential single surgical 
technique with the bulk of the remainder done as en-bloc double 
lung procedures'. Of the bilateral sequential tran.splants, 40% have 
been done in patients with cystic fibrosis, 26% in patients with 
COPD/emphysema, 11 % in patients with pulmonary hypertension 
and the remainder in patients with a variety of diagnoses. 

Patients with cystic fibrosis and other forms of end-stage 
disease with chronic colonization or infection (usually bronchiec
tasis) are the ideal candidates for this type of lung replacement 
surgery. It is generally felt that removing both lungs in this type 
of patient will greatly reduce the chances of disseminated infec
tion post-transplant. The overall success rate with bilateral lung 
transplant has been slightly better than that with single lung trans
plant; 1-year survivals are 73% compared with 71%, and 2-year 
survivals are 68% compared with 62%. En-bloc double lung 
transplant survival rates are lower than both the bilateral sequen
tial and single lung transplant with 1- and 2-year survivals re
ported at 65% and 58%, respectively. 

Other indications for bilateral lung transplant are more contro
versial. In a general sense it seems reasonable that a person re
ceiving two lungs rather than one lung might have better exercise 
capacity, but clearly the function gained with one lung is adequate 
for normal activities of daily life*'-". It has also been argued that 

the long-term outcome is likely to be better if a person receives 
two lungs rather than one, but there are no long-term studies to 
validate this'"*. The argument, however, has been used to support 
use of bilateral lung grafts in younger patients with emphysema, 
even though reported functional results, morbidity and mortality 
are comparable with single lung grafts. 

The question of the 'best' type of transplant has been most dis
cussed in the literature for patients with pulmonary hypertension. 
A number of reports have documented good results with single 
lung transplantation, or single lung transplantation with simulta
neous cardiac repair, in patients with primary and secondary pul
monary hypertension'''"'. At least two series, however, suggest 
that long-term outcomes might be less favorable in single-lung 
recipients. Bando et al. reported that in 57 consecutive pulmonary 
hypertensive and Eisenmenger's patients transplanted in the 
Pittsburgh program, bilateral lung recipients had a larger fall in 
pulmonary pressures, a greater functional recovery and lower 
graft-related mortality when compared to single-lung recipients'''. 
Lupinetti et al. from Michigan reported a small series of 
Eisenmenger's patients who underwent cardiac repair and single 
lung replacement. In this group of five patients, only one lived 
for more than 18 months after transplant-". King et al. reported 
significantly longer ICU stays in pulmonary hypertensive pa
tients, but 1- and 3-year survivals comparable to those of patients 
with obstructive lung diseases-'. Others also---' report results 
comparable to those in patients with other diagnoses. The 
International Registry lists a 1-year survival for pulmonary hy
pertensives with bilateral transplants at 66% (n=54) and a 2-year 
survival at 61% (/j=20); the survivals for single-transplant recipi
ents are only slightly less at 59% (/i=105) and 53% (/i=80)'. 
Among the arguments that have been used to support the choice 
of bilateral lung transplant over single lung transplant are that 
ventilation of a bilateral transplant may be easier during the noto
riously difficult postoperative course with the development of 
pulmonary edema in many of these patients thus enhancing early 
outcomes, and that long-term outcome and exercise tolerance 
might be enhanced, since this is usually a very young group of pa-
tients'"*'''. These claims, however, have not been formally 
evaluated. 

At present there are inadequate data to suggest that either 
unilateral or bilateral lung transplant is the preferred graft 
choice in pulmonary hypertensive and Eisenmenger's patients. 
Longer-term follow-up of larger numbers of patients is neces
sary to resolve this question. Another issue which has been 
considered in selecting transplant type for pulmonary hyperten
sives is the degree of impairment of right heart function. Many 
institutions preoperatively evaluate right ventricular function, 
presumably to detect a 'maximum' degree of dysfunction that 
would mandate heart-lung transplant. However, the maximal 
degree of right heart dysfunction beyond which recovery in im
possible is not known, since significant improvement from rela
tively low ejection fractions has been recorded in both 
transplant and pulmonary thromboendarterectomy pa
tients'' '-^-'. Generally, lower limits of function are based on ar
bitrary values of right ventricular ejection fraction, e.g., 15% 
or 20%, but some institutions do not set a lower limit'''. At 
present it is not known if severely reduced right ventricular 
function implies non-recoverability which would mandate 
heart-lung transplant. 
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Cadaver and living-related lobar transplantation 

The ongoing worldwide donor shortage has led to creative at
tempts to increase the donor pool. Recently success has been re
ported in the use of single lobe transplant from adults or older 
children to pediatric recipients-* and bilateral lobe transplant to 
older children or adult recipients, most often with one lobe each 
donated from two living-related donors^^. Outcomes reported 
from this group are mostly short term, but are comparable to 
those achieved in the overall lung transplant population. Most of 
the recipients of lobar transplants to date have been cystic 
fibrosis patients, but if this approach is successful in other 
centers, other end-stage patients will undoubtedly soon be in
cluded in the recipient pool, as will the inclusion of older pa
tients who have willing related donors. Concerns have been 
raised about ethical and moral implications of this surgery and 
risk to donors, but this is probably no higher than that to living-
related donors of other solid organs, as long as care is taken to 
choose healthy, low-risk donors^''^''. Stringent criteria for donor 
physical and mental health should be outlined, and adhered to, in 
order to ensure minimal donor morbidity-^''. The ethical consider
ations of living-related lung donation were explored by Shaw et 
al., who stress the importance of detailed informed consent and 
that the essential elements of the informed consent include dis
closure, mental competence and voluntariness-"'. To ensure this 
they recommend informed consent be obtained at least twice, a 
consent-advocate be appointed to protect the potential donor's 
interests, and a 2-week waiting period be left between final 
consent and the actual surgery, to allow the donor time to reflect 
on his/her decision. 

PATIENT SELECTION 

Selection of appropriate candidates for lung transplantation is 
based on general criteria for the potential transplant group as a 
whole - as well as specific criteria for each disease entity - which 
seeks to identify patients who have exhausted available medical 
care, yet have progressive disease and a very limited projected 
lifespan and/or dismal quality of life. 

We will first discuss general criteria. 

Age 

Initially several programs included strict age criteria for potential 
transplant candidates. Though these criteria were totally arbitrary, 
they did limit the number of candidates for a very scarce resource. 
In the past few years the age limits have gradually crept upward, 
so that in its most recent report the International Registry lists 208 
transplant recipients between the ages of 61 and 70'. Snell et al. 
reported similar survivals in patients between the ages of 50 and 
60 when compared to patients younger than 50". 

The Registry data compare 1 - and 2-year survival of patients 
over the age of 60 with those under 60. At 1 year the survivals are 
71% and 61%, and at 2 years they are 64% and 50%, respectively. 
These early data suggest there may be a real difference in out
comes of patients over the age of 60; thus, if survival is lower in 
the setting of a very limited organ supply, imposing age restric
tions on transplant recipients may well be reasonable. 

Complicating medical illness/end-organ damage 

Patients with multiple medical problems continue to be poor can
didates for lung transplantation. However, motivated patients with 
chronic controlled medical problems such as hypertension or dia
betes can generally undergo transplant successfully. These pa
tients should undergo a thorough search for occult end-organ 
damage, e.g. coronary artery disease or renal and hepatic 
insufficiency, which may adversely affect outcomes before their 
being offered transplant (see evaluation section below). 

Osteoporosis is a particularly common problem in many pa
tients with end-stage disease, both as a component of the disease 
and as a complication of steroid therapy and immobility'-. The 
incidence of fractures post-transplant and attendant morbidity is 
very high". Low bone mineral density, especially with accompa
nying vertebral compression fractures, should be considered at 
least a relative contraindication to transplantation. 

Systemic illness such as collagen vascular disease had initially 
been deemed a contraindication to lung transplant because of the 
presumed involvement of multiple organ systems and the potential 
for the underlying disease to progress. However, in many cases, pa
tients with systemic diseases either have manifestations primarily 
or entirely in the lung or have 'burned-out' disease with end-stage 
lung pathology. Thus successful transplantation in patients in these 
disease categories has been reported^''. It must be emphasized that a 
careful search for occult pathology in other vital organs is neces
sary in the evaluation of these potential candidates. 

Extrapulmonary infection is considered by most programs to 
contraindicate transplant, because of the potential for dissemina
tion in the face of intense immunosuppression'''. The more trou
blesome question is how to assess patients who may be colonized 
with resistant mycobacterial or other organisms. There is increas
ing evidence of the negative impact on outcomes with single lung 
transplant in this circumstance, but it is not yet clear whether 
these organisms should contraindicate bilateral lung or heart-lung 
transplant. The issue has been more difficult in cystic fibrosis pa
tients who frequently colonize multi-resistant organisms. In the 
Toronto group's experience, resistant B. cepacia has had 
significant impact on outcomes, though they still transplant these 
patients"'. Another group transplanting large numbers of cystic 
fibrosis patients, however, does not accept patients with panresis-
tant organisms". This issue requires further clarification, but 
available data suggest that preoperative resistant organisms are 
likely to reappear postoperatively, and often produce serious or 
fatal infections. 

Potential candidates with a past history of malignancy should 
be very carefully assessed before acceptance into a transplant 
program. Increasing data suggest that post-transplant patients are 
particularly prone to developing a variety of malignancies, and 
patients who have already demonstrated this tendency may be es
pecially susceptible. Nevertheless, occasional patients with a pre
sumed 'cure', e.g. adult survivor of childhood leukemia with 
chemotherapy-induced lung disease, may be acceptable candi
dates. Lung cancer is a contraindication to lung transplant. 

Steroid use 

The inifial concerns about steroid use as an unacceptable impedi
ment to adequate bronchial anastomotic healing have been shown 
to be largely unfounded'", and patients are now routinely ac-
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cepted for transplant who are taking small to moderate doses 
(generally up to 15 mg daily) of prednisone or the equivalent. 
Probably of more importance than healing concerns in these pa
tients is bone mineral loss, and appropriate investigation for os
teoporosis and its consequences should be undertaken (see 
above). 

Previous thoracic surgery/significant pleural disease 

Postoperative bleeding was a major cause of morbidity and mor
tality in the early reports of lung and heart-lung transplant out
comes. Major technical improvements, including the 'clamshell 
incision' and improved intraoperative management of bleeding, 
have greatly reduced this cause of early mortality. However, it 
has been difficult to decide when previous thoracic surgery or 
obvious pleural scarring should be considered an impediment to 
transplant. Dusmet et al. compared the outcomes of 18 patients 
with previous intrapleural interventions with 18 matched controls 
and found no significant difference in blood loss, chest tube 
drainage or overall hospital stay'**. While pleural scarring may 
weigh in the decision about type of transplant, this should not be 
considered a contraindication when the newer surgical approaches 
are used. 

Ambulatory status 

Many programs require that candidates maintain a minimal ambu
latory status' ' '", on the presumption that this predicts earlier and 
better postoperative mobility and may also be an indicator of 
patient motivation. While a comparison of ambulatory vs non
ambulatory candidate outcomes has not been formally looked at 
prospectively, data have been published on patients who were 
transplanted while on mechanical ventilation. Some scattered case 
reports""'^' have suggested good outcomes for ventilator-
dependent patients, but a close appraisal of two other series'*'^'", 
which together included 16 patients, is less optimistic. Nine of 
the 16 patients died and four of those were early deaths. Of the 
seven survivors, two developed bronchiolitis and five were re
ported well. Significant neurologic complications and renal 
failure were common. These results are significantly worse than 
the overall group of patients undergoing transplant; in the face of 
donor shortages it is difficult to justify transplant in this 
population. 

Nutritional status 

Normal nutritional status is optimum in patients presenting for 
transplant, but typically patients with certain kinds of lung disease 
have low body mass indices at end-stage. Emphysema and cystic 
fibrosis candidates have been reported as a group to have reduced 
body mass indices, which improve without supplemental feeding 
post-transplant, whereas pulmonary hypertensive and pulmonary 
fibrosis patients as a group come to transplant with normal body 
mass indices**. It is not known whether outcomes are worse for 
more cachectic emphysema patients, but there is some evidence 
that this is a risk factor in cystic fibrosis patient outcomes'". For 
this reason it is advisable to hyperaliment those cystic patients 
that are significantly below normal body mass index. Similarly, 

obese candidates have all the risks of any obese patients coming 
to surgery, compounded with the addition of post-operative im
munosuppression risks. Thus, obese patients are likely to mobi
lize more slowly, and are at significant risk of post-operative 
complications. 

Psychosocial issues 

Craven et al. studied in detail the rate of psychopathology in pa
tients presenting for transplant, and found that approximately half 
of the patients had a past or present psychiatric disorder. Organic 
brain syndromes, depressive disorders, alcohol abuse and anxiety 
were the most common diagnoses, and most often had their onset 
after the onset of the pulmonary disease"**. Anxiety disorders and 
panic anxiety were particularly common, and are important to 
recognize in these patients because they are often amenable to 
counselling, stress management techniques or even pharmaco
logic interventions. Occasionally, patients with frank psychoses, 
active or recent drug abuse, dysfunctional and potentially destruc
tive family/support relationships, or active smoking are found. 
These are contraindications to transplant unless assurance of com
pliance with postoperative medication regimens and close 
medical follow-up can be assured. Patients must be able to refrain 
from smoking for a minimum of 6 months before transplant in 
most programs. In Craven e! al.'s experience approximately 10% 
of patients presenting for transplant were ultimately refused for 
one of these reasons. 

TRANSPLANT WINDOW FOR SPECIFIC DIAGNOSES 

Early in the experience with lung transplantation it was often 
difficult to decide when a patient's disease was sufficiently ad
vanced to consider transplant, and yet not so advanced that he or 
she was likely to die on the waiting list or in the perioperative 
period. In the past 10 years, however, experience in transplant 
centers, as well as increasing information from practitioners who 
regularly follow patients with diseases likely to progress to end-
stage, have allowed the formulation of some guidelines in select
ing potential transplant recipients. 

Cystic fibrosis 

Cystic fibrosis is one of the more difficult diagnoses to predict 
length of survival, probably because of the ever-present threat of 
lethal infectious exacerbations even in patients who have been 
functioning relatively well. One of the most helpful pieces of in
formation in helping to decide when to choose cystic fibrosis pa
tients for transplant was an epidemiological article by Kerem 
etal. published in 1992. In this longitudinal study of 673 cystic 
fibrosis patients followed between 1977 and 1989, the authors 
found that FE'V, «30% predicted; Pa02 ^ 55 mmHg or PacOj & 
50 mmHg implied 2-year mortality rates in excess of 50%. 
Additional risk factors were developing these parameters at a 
younger age, or if the patient were female"*'. The usefulness of 
these criteria has been supported by data from transplant centers 
comparing parameters of patients dying while waiting, with those 
who survived to transplant"*". The 'wild card' of infectious exacer
bations, and multiple reports of high death rates in cystic fibrosis 
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patients awaiting transplant''^-", support the policy of earlier 
rather than later referral. Another parameter which should trigger 
early referral is sudden worsening of previous stable disease 
and/or increasing numbers of hospitalizations'^. 

Emphysema/COPD 

This category accounts for the largest group of patients referred 
for lung transplantation'' because obstructive lung is the most 
common lung disease which progresses to end-stage. In the 
United States it is the fourth leading cause of death'''. It is 
difficult to predict survival in this group of patients, but from a 
different perspective than in cystic fibrosis patients. Patients with 
this group of diseases become very disabled from their disease, 
but tend to survive for relatively long periods of time, albeit 
often with an extremely poor quality of life. Data from various 
supplemental oxygen trials document that in patients with FEV, 
values ^ 3 0 % under the age of 65 the 3-year survival can range 
from about 50% to more than 70%". Enhanced medical atten
tion, including appropriate oxygen supplementation and rehabili
tation, as is carried out in many transplant programs, may further 
improve these percentages'*. Thus, it is often difficult to predict 
survival in emphysema/COPD patients, and consideration of the 
degree of impairment of quality of life may be included in the 
decision-making process. Significant impairment of quality of 
life might include inability to independently complete normal 
toilet or basic activities of daily living, or the sensation of im
pending involuntary micturition or bowel evacuation whenever 
suddenly stressed or short of breath. This impairment usually 
occurs at FEV, values of ^ 2 0 % . Patients usually, but not 
always, require supplemental oxygen, and may or may not be hy-
percapnic. Six-minute walk values in this group are usually in 
the range of 200-350 meters. 

Pulmonary fibrosis/restrictive lung disease 

Unlike obstructive lung disease, the progression of this category 
of end-stage disease is relentlessly progressive, particularly in the 
case of idiopathic pulmonary fibrosis. Because of this characteris
tic many, if not most, of these patients die on the transplant 
waiting l i s t "" . Natural history studies document a median sur
vival of under 5 years in these patients"*, which is only slightly 
higher if medical treatment is instituted"*". Patients with total 
lung capacities of ^ 6 0 % are nearly all dead within 2 years". 
Probably of equal importance in predicting outcome is the diffus
ing capacity. In the Toronto experience of selecting patients for 
lung transplant, a subgroup of patients (approximately 10%) re
ferred with pulmonary fibrosis have normal or near-normal lung 
volumes, but diffusing capacities of under 50%. The prognosis in 
this group has been no better than that of patients with total lung 
capacities of « 60%. These patients invariably require supple
mental oxygen, with particularly high requirements on exercise 
because of marked desaturation. Patients tend to remain relatively 
asymptomatic during the first half of the course of the disease 
(measured in time from diagnosis), but when they become symp
tomatic they deteriorate rapidly and relentlessly. They should be 
referred for evaluation for transplant as soon as the symptomatic 
deterioration begins, since the wait for donor organs may be many 

months. Intercurrent respiratory tract infections in this group of 
patients often appear to accelerate the course of the disease. 

A major problem in patients with pulmonary fibrosis has been 
difficulty in tapering the large doses of prednisone used to treat 
the disease. Patients are often unable to be tapered off steroids 
because of an exacerbation of symptoms, but are able to tolerate 
doses of 15-20 mg of prednisone and can usually be transplanted 
at this level. Recently, Venuta et al. suggested concurrent use of 
cyclosporin in an attempt to reduce steroid dosage, and others 
have suggested concurrent use of azathioprine or cyclophos
phamide*'. 

Primary pulmonary hypertension/Eisenmenger's 
syndrome 

Patients with primary and secondary pulmonary hypertension 
with similar degrees of elevated pressures have very different 
projected survivals. 

Data from the National Prospective Registry of Primary 
Pulmonary Hypertension have been very helpful in establishing 
prognostic criteria for this group of patients. D'Alonzo et al. re
ported on survivals of 194 patients from 32 centers. All patients 
had right heart catheterization to establish hemodynamic parame
ters, and survivals were calculated from the time of this diagnos
tic evaluation*-. Median survival of all patients was 2.8 years, and 
1-year survival was approximately 68%. Specific hemodynamic 
parameters were useful in predicting outcome. A mean pulmonary 
pressure of 55 mmHg or less implied an approximate 4-year sur
vival; a mean of 85 mmHg or more correlated with under 1-year 
survival. Other predictors of poor survival were mean right atrial 
pressure of more than 10 mmHg and mean cardiac index of less 
than 4 I min ' m -. Hyperbilirubinemia may also be a sign of end-
stage disease, and bilirubin levels of more than 1 mg/dl, and par
ticularly higher than 2 mg/dl, have been associated with high 
post-transplant death rates*l A recent paper, noting that there is 
some evidence of improved survival in patients responding to va
sodilator agents (calcium-channel blockers or prostacyclin), sug
gests that all patients with primary pulmonary hypertension 
undergo vasodilator trials with hemodynamic monitoring*^. Soon 
inhaled nitric oxide might also be a possible treatment option*'. In 
the event of a good response, referral for transplant might be 
delayed until patients meet the criteria noted above. However, 
only about 20% of patients have been reported to have this good 
response to vasodilators, and the death rate of pulmonary hyper
tensives while awaiting transplant has been high; in one paper the 
6-month actuarial .survival of primary pulmonary hypertensives 
on a waiting list was 60%". Thus, we feel that it is prudent to 
refer for assessment primary pulmonary hypertensives who fit any 
of the criteria consistent with survival of under 4 years. Patients 
felt to be too early in the disease to transplant can be followed 
closely by the transplant center, as deterioration can occur rapidly 
and unexpectedly. 

Survivals of Eisenmenger's patients with secondary pulmonary 
hypertension are much more difficult to predict. The 6-month ac
tuarial survival of this group at 89% was the best of any diag
noses in Hayden etal.'s paper". Even when pulmonary pressures 
are suprasystemic, and patients desaturate markedly on exercise, 
prolonged survivals are not uncommon. However, sudden death is 
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unpredictable and may occur in an otherwise stable patient. Thus, 
adequate criteria to predict survival are not yet available to make 
accurate predictions in this group of patients. Probably the best 
indicator at present for selection of candidates is progressive 
decline in exercise capacity to the point of difficulty in complet
ing activities of daily living. 

In any pulmonary hypertensive patient it is very important to 
assess for a secondary cause of the disease, to ensure that no 
medical or alternative surgical treatments are overlooked, to give 
the surgical team full information and to make as accurate as pos
sible predictions about survival. Thus a thorough search for 
thromboembolic disease, as well as undetected congenital cardiac 
or vascular anomalies, should be undertaken. Gorcsan et al. re
ported that transesophageal echocardiography in 48 consecutive 
patients - all of whom had undergone cardiac catheterization and 
transthoracic echocardiography - revealed important data in 25% 
of patients. This included detection of proximal pulmonary artery 
thrombi, atrial septal defects and ventricular septal defects, 
among other things"*. 

EVALUATION OF POTENTIAL TRANSPLANT 
CANDIDATES 

Each patient presenting for transplant consideration should 
undergo complete pulmonary function testing to assess his/her 
status with respect to the 'transplant window' of his/her particular 
illness. It is also helpful to assess exercise tolerance in some way, 
to gain baseline information and to assist in designing a preopera
tive rehabilitation program. The most commonly used exercise 
tests are the 6-minute and 12-minute walk tests, which are ad
equate in testing patients who are very end-stage. However, for 
cystic fibrosis patients and patients who are less exercise-limited 
at end-stage, a graded exercise study such as the modified Bruce 
Protocol is more discriminating. 

Other studies that are useful in the pulmonary evaluation are 
perfusion scans, especially when single lung transplant is antici
pated, as such scans may dictate which side is transplanted. Chest 
CT scan is also a very valuable tool to assess degree of bullous 
disease in COPD patients, areas of occult bronchiectasis in a 
variety of diseases, unappreciated lung cancers in pulmonary 
fibrosis and COPD patients, mediastinal and hilar abnormalities 
and the extent of pleural disease. 

The extent of cardiac work-up necessary pretransplant depends 
upon the candidate's diagnosis and the risk factors for cardiac 
disease. Pulmonary hypertensive patients, as noted above, require 
an extensive work-up to assess left- and right-sided cardiac func
tion and pulmonary pressures and a search for secondary causes 
of the disease. The work-up for patients with other diagnoses is 
less clear-cut. All patients require minimal assessment of cardiac 
function - either echocardiogram or radionuclide study (or 
equivalent) or both. A mild degree of left ventricular dysfunction 
is usually tolerated by transplant recipients, but more serious left 
ventricular impairment is problematic. As noted previously, much 
greater degrees of right ventricular dysfunction are generally ac
ceptable. More debate has centered around how aggressively the 
possibility of coronary artery disease should be pursued. A 
number of institutions have routinely performed coronary angiog
raphy on patients presenting for transplant who have specific risk 

factors such as significant smoking history, male sex and appro
priate age for coronary disease. Leibowitz et al. recently reviewed 
data from 77 patients who underwent angiography during 
consideration for transplant^'. This group found that eight of the 
nine patients who were found to have coronary artery disease had 
at least one risk factor other than smoking. This study suggests 
that a careful history can eliminate many expensive and 
superfluous angiography procedures. 

In all patients a careful assessment of organ systems at risk of 
toxicity from immunosuppressive agents should be undertaken. 
Liver function studies are adequate hepatic assessment in most 
patients, but in those with a history of alcohol use or other hepatic 
disease an ultrasound, and possibly liver biopsy, may be neces
sary. Kidney function is the most critical of the vital organs to 
assess carefully pretransplant, because virtually every patient 
placed on cyslosporine will experience some nephrotoxicity; a 
small percentage will develop renal failure. Minimal preoperative 
assessment is a measurement of creatinine, but a creatinine clear
ance determination is far more useful and highly recommended. 
Patients having preoperative creatinine clearances less than 75% 
of normal in this population may have intrinsic renal disease and 
a high risk of postoperative renal insufficiency. 

A psychosocial evaluation is indispensable in the evaluation of 
the pretransplant patient. The reliability of identified support 
systems can be verified, coping mechanisms evaluated, and 
anxiety, panic or other illness-related dysfunction can be assessed 
so that appropriate intervention is made. Occasionally psychiatric 
diagnoses, motivational problems or substance abuse is uncov
ered, factors that would make the patient a poor transplant candi
date. Useful scales to use in evaluation of these patients are found 
in Kelly et al*^. 

Nutritional assessment - including calculation of body mass 
index, calorie counts and review of serum iron indices, protein 
and albumin - can assist the dietitian in making recommendations 
to correct nutritional problems as much as possible pretransplant. 

As with all transplant candidates, serology to determine previ
ous exposure to cytomegalovirus, Epstein - Barr virus, HIV, tox
oplasmosis, hepatitis B and hepatitis C is routinely obtained. 

Specific pretransplant diagnoses may require more extensive 
evaluation; for example, patients with scleroderma should have 
an evaluation of esophageal motility, as significant loss of motil
ity may predispose to aspiration and put the transplant at risk. In 
this group of patients a preoperative kidney biopsy may be indi
cated if there is a decrement in creatinine clearance. If the patient 
has significant Raynaud's phenomenon a preoperative trial of cy
closporin (which can cause vasospasm) might be tried, to ensure 
that it will not worsen the problem postoperatively. In each case 
the selection of specific assessments should be guided by the po
tential end-organ damage of the candidate's underlying diagnosis. 

PRETRANSPLANT MANAGEMENT 

The period of time from acceptance for transplant until the surgery 
can vary from a few days to many months. This is a very stressful 
time, not only for the patient, but also for his or her entire support 
network. Life is essentially on hold, for at any time the patient 
might receive a call to report to the transplant center. At the same 
time the disease is progressing, debility is increasing and the patient 
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is acutely aware that survival is a race against time. How best can 
the family and the patient cope and, at the same time, how can the 
patient remain a good transplant candidate? 

It is very helpful for the transplant candidate if the transplant 
center has some type of organized or structured program in which 
he or she can participate. This type of program reminds the 
patient that he or she has not been forgotten, gives the patient and 
the family activities in which to focus their energies, and allows 
the center to keep abreast of changes in the patient's physical and 
emotional status. A good program can also help the patient 
become a better transplant candidate, or maintain his or her status. 

The first and most common component of a transplant center 
program is a rehabilitation program for the patient. Outpatient 
programs in which the candidate participates two or three times a 
week have been shown to improve exercise tolerance and 
improve the patient's sense of well-being**-*^. Endurance and 
strength exercises should be included in such a program, which is 
easily set up in a facility near the patient's home. Types of exer
cises might be treadmill walking, bicycling, lifting small weights 
and light aerobics. 

A second useful component of the preoperative phase is a 
support group. This is useful for both the patient and the family. 
Such groups can meet monthly or weekly, or at other intervals, 
but should have set meeting times so that interested candidates 
can participate. It is sometimes useful to have support meetings 
for the families alone as the stress of waiting for transplant and 
living with a dying person can be overwhelming. Psychosocial 
personnel are ideal leaders for this type of group meeting. These 
meetings can also serve as a forum at which the transplant physi
cians or other team members can address issues which have been 
identified and are of concern to the transplant candidates. 

A third essential component of the pretransplant program is an 
outpatient clinic. Pretransplant patients should be seen regularly 
in the clinic to assess progression of their disease, adjust medica
tions and supplemental oxygen, and help identify any new prob
lems which arise. Some patients who wait long periods of time 
may require interval evaluation of cardiac or other organ function 
and may progress beyond the transplant window. Each patient 
should discuss with the primary physician his or her wishes for 
end-of-life care and appropriate documentation, e.g. living will, 
should be made. Particular policies of the transplant program re
garding management of acute problems, mechanical ventilation, 
or other end-of-life issues should be discussed with the patient 
early in his or her entry into the program. 

RETRANSPLANTATION 

Unfortunately a significant proportion of patients undergoing lung 
transplant will experience complications that greatly impair 
quality of life, and may request retransplantation. Because of the 
donor organ shortage a number of centers do not offer retrans
plantation. The results of retransplantation worldwide have been 
carefully looked at by Novick et alP^, who found that the 12-
month survival in patients undergoing retransplant for oblitera-
tive bronchiolitis was 41%, significantly lower than that of initial 
transplants. Patients who underwent unilateral retransplant with 
retention of an old contralateral graft had poorer survivals. Earlier 
data from Novick et a/." documented that results of retransplant 

after early graft failure are dismal. Patients presenting for retrans
plant should meet the same criteria as those presenting for initial 
transplant, since they are competing for the same small donor 
organ pool. This will essentially limit retransplant to relatively 
well-functioning intermediate- to long-term survivors of the 
initial transplant. 

PEDIATRIC LUNG TRANSPLANT CANDIDATES 

Increasing numbers of pediatric transplants are being reported in 
the literature. The most common illnesses for which transplanta
tion has been indicated are cystic fibrosis, primary pulmonary hy
pertension and congenital heart disease. One-year survival in 
these patients has been reported as around 70%, approaching that 
of the adult population"^'. Death rates seem to be slightly higher 
in the cystic fibrosis group'''. Most of the transplants in the pedi
atric population have been either heart-lung or bilateral lung and, 
more recently, bilateral lobar (see above). In general, criteria for 
selection of pediatric lung transplant patients should be similar to 
those of the adult population, e.g. absence of multisystem organ 
failure, good family support, etc. Support systems and ability/ 
willingness to comply with post-transplant regimens are particu
larly important in this group of patients as the rate of bronchiolitis 
obliterans, infection and post-transplant lymphoproliferative dis
orders has been reported to be high'-. Determining when a child 
is ill enough for transplantation may be more difficult than in 
adults. Steinberger et al. reviewed referrals for pediatric lung and 
heart transplant, and found that of 31 patients referred, nine im
proved with improvements in medical therapy that either obvi
ated or delayed transplant surgery'''. While minimal criteria have 
been published'" denoting when a child should be considered for 
transplant, definitive guidelines have not yet been published. 

RECURRENCE OF UNDERLYING DISEASE 

A number of the diseases for which lung transplantation is done 
are either congenital or part of a systemic illness, and have the po
tential to recur. a|-Antitrypsin emphysema, for example, would 
probably recur in recipients who live long enough as the enzyme 
deficiency is not primarily corrected by transplant. Recurrence in 
the survivals reported to date has not been reported as a problem. 
Interestingly, however, recurrence of underlying disease has been 
reported, most notably in patients with lymphangiomyomatosis"' 
and sarcoidosis"". Sarcoidosis appears to recur regularly post-
transplant, but has rarely been reported as clinically impairing the 
outcome of the recipient. To date, recurrence of these underlying 
diseases has not been considered a reason to refuse transplant. 
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47 
A Comment on Pretransplant Management of the 
Potential Lung Recipient 
N.K. IMES 

INTRODUCTION 

The general principles of management of a patient with severe 
pulmonary disease apply equally to those patients who are being 
evaluated, or who are currently on the waiting list for lung trans
plantation (LTx). These principles are well known to the pulmo-
nologist and will not be repeated here. In addition, a major 
objective of medical management of LTx candidates is to keep 
the patient in an optimal nutritional and physiologic condition 
prior to transplantation. Medications should be avoided which 
might have adverse effects on the patient at the time of surgery, or 
cause problems with toxicity and end-organ damage. Examples 
include corticosteroids and drugs which result in nephrotoxicity 
or fluid retention. The principles of good nutrition and mainte
nance of near-normal ideal body weight apply to these patients, 
since either excessive or inadequate body weight may adversely 
affect their ability to undergo the transplant with an acceptable 
risk. Physical rehabilitation in an exercise program several times 
a week is mandatory for all LTx candidates to optimize their mus
cular strength and endurance. 

SPECIFIC THERAPY FOR THE UNDERLYING 
PULMONARY DISEASE 

Specific therapy depends upon the underlying disorder for which 
the patient is to undergo LTx. In the case of patients with end-
stage emphysematous lung disease, bronchodilator administration 
with albuterol and ipratropium is indicated and helpful. Inhaled 
corticosteroids may be beneficial in decreasing airway inflamma
tion, and at the same time may reduce the need for oral 
corticosteroids. 

Antibiotic use is frequently indicated in patients with emphy
sema and chronic bronchitis. When the patient develops respira
tory infection, causing exacerbation of the lung disease, the use of 
broad-spectrum antibiotics is likely to be necessary and even life-
saving. This antibiotic coverage, however, should not be contin
ued for long periods of time, in view of the danger of encouraging 
the growth of resistant microbial organisms. Avoidance of fre
quent antibiotics may not be possible in the patient with end-stage 

bronchiectasis where infection control may be the only means to 
control respiratory failure and maintain nutrition. 

Oral corticosteroid therapy is not a contraindication to LTx 
per se, but heavy use of oral or parenteral corticosteroids will 
result in adverse physiologic effects. These complications include 
diabetes mellitus, osteoporosis, skin changes, truncal obesity, and 
muscle wasting, all of which may have detrimental effects post-
transplant. Therefore, it is recommended that the dosage of oral 
corticosteroids be maintained within the range of 5-15 mg pred-
nisone/day (or equivalent do.se). Patients with pulmonary fibrosis 
may have been subjected to particularly high-dose long-term cor
ticosteroids prior to the time they are considered for LTx. The 
obvious problems caused by high-dose corticosteroids may there
fore be encountered. These drug side-effects need to be addressed 
and the corticosteroid dosage lowered to the smallest that can be 
tolerated by the patient. 

Other drug therapies may also have been in.stituted before these 
patients were evaluated, such as the adjunct use of azathioprine or 
cyclophosphamide. Because of the immunosuppressive effects of 
these drug combinations, these patients are at high risk of devel
oping infections similar to those seen in the post-transplant 
patient. Therefore, they must be carefully monitored and aggres
sively treated whenever a suspected infection is present. The po
tential toxicity of these drugs to the bone marrow must also be 
monitored closely, with periodic complete blood counts. 

The patient who has primary pulmonary hypertension is likely 
to be chronically maintained on anticoagulants and possibly on 
agents to decrease the pulmonary artery pressure, such as 
calcium-channel blockers. Diuretic therapy and sodium restriction 
will be essential to control the patient's right ventricular failure 
secondary to pulmonary hypertension and prevent excessive 
ascites, liver congestion and edema. 

REHABILITATION AND NUTRITION 

All LTx candidates must participate in rehabilitation to maximize 
endurance and respiratory muscle strength. This is important not 
only to optimize the patient's ability to utilize limited lung 
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function pretransplantation, but also to enhance the chance of sur
viving the rigors of the surgical procedure and the postoperative 
period. 

Nutrition must be carefully assessed (Chapter 16) and monitored 
since either deficient or excessive body weight may be detrimental 
to the success of the transplant. Patients who are malnourished or 
underweight must be placed on a regimen of vitamins and food 
supplements in order to improve their body weight to within 
10-15% of their ideal. Patients who are overweight, on the other 
hand, must be placed on caloric restriction (but not to the point of 
starvation) to allow their body weight to decrease gradually. These 
patients should ideally decrease their body weight to within approx
imately 10-15% of ideal by the time of transplantation. 

Appropriate use of sodium restriction is needed in most LTx 
candidates because of the presence of cor pulmonale. Diuretics 
may also be helpful in decreasing the amount of fluid retention 
caused by cor pulmonale, or by medications, such as calcium-
channel blockers, that may be needed for treatment of systemic or 
pulmonary hypertension. Hepatic injury may result from poor 
control of cor pulmonale. Consequences of diuretic and fluid 
management require periodic monitoring of the patient's sodium, 
potassium and magnesium. 

COMMENT 

In summary, the specific management of LTx candidates preoper-
atively differs little from their usual care and treatment. However, 
since the exact date of their transplant remains unknown, every 
effort must be made to keep these patients in optimal physiologic 
condition at all times. Patients must continually participate in 
physical rehabilitation, maintain proper fluid balance, and make 
an effort to achieve ideal body weight and nutritional state. It is 
also important for the physician to encourage the patient to main
tain morale and a positive outlook, during what is frequently a 
long delay until a suitable donor becomes available. 

The physician must use medications judiciously to avoid func
tional impairment of the patient's organ systems and/or drug side-
effects which may complicate the transplant or have long-term 
deleterious effects. Our policy has been to examine the patient 
and perform selective evaluations on potential recipients at least 
every 6 weeks before transplantation, and more frequently if indi
cated by the severity of the disease. This allows potential prob
lems to be identified early and resolved quickly, and ensures that 
the LTx candidate is always in optimal condition when the time 
for transplantation occurs. 
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Excision and Storage of the Donor Lungs 
S. KESHAVJEE AND T.R. TODD 

INTRODUCTION 

The expansion of organ transplantation over the past 10 years has 
led to further stresses on an already limited donor pool and to an 
increasing shortage of suitable organs'. In an effort to meet this 
need, centralized registries of potential recipients were developed 
to prioritize recipients and to ensure access to donors at distant 
sites. These programs were able to expand as improved means of 
donor organ preservation were developed. However, the demand 
for organ donors has exceeded the supply despite an intense edu
cational campaign aimed at both the public and the profession. 
As a result the maximum number of transplantable organs must 
be retrieved from every available donor. In order to achieve this 
maximum number, the following points deserve consideration: (a) 
assessment and selection of the donor lungs, (b) maintenance of 
selected donors, and (c) excision and preservation of the donor 
lung(s). 

ASSESSMENT AND SELECTION OF THE DONOR 
LUNGS 

There are several reasons why the lungs of brain-dead donors 
might not be suitable for transplantation. 

The precipitating cause of brain death may have led to 
significant direct pulmonary parenchymal or bronchial damage. 
Trauma is the commonest cause of brain death in an otherwise 
healthy young person; thus the presence of pulmonary contusion 
or bronchial trauma must be considered. In addition, the aspira
tion of gastric contents is a frequent accompaniment of a de
pressed level of consciousness. As intracranial pressure rises, 
neurogenic pulmonary edema may also be seen. These changes 
traditionally have resulted in the exclusion of pulmonary dona
tion. However, the donor shortage dictates that assessment should 
be thorough, and interventions should be undertaken in an attempt 
to ensure maximum usage of both lungs (or at least a single lung) 
from every potential donor. 

Moreover, these patients have all undergone tracheal intubation 
for the purpose of mechanical ventilatory support. They have 
been cared for in intensive-care units where the presence of 

highly resistant bacteria leads to colonization of the respiratory 
tract as early as 3 days-. As a result the early onset of pneumonia 
is a well-recognized feature in brain-dead subjects. In our experi
ence this pulmonary infection can on occasion be rapidly 
progressive. 

Radiographic appearances 

These factors underscore the importance of careful assessment of 
potential lung donors. The portable chest radiograph supplies 
useful information provided that the technique employed yields a 
film of good quality. If a portable film taken in the intensive-care 
unit is inadequately exposed, subtle pulmonary infiltrates may not 
be visualized clearly. Radiographs of questionable quality should 
be repeated. A localized infiltrate should be of particular concern 
as this most likely represents pneumonitis rather than pulmonary 
edema (unless it is directly related to an area of chest trauma, in 
which case it may represent a pulmonary contusion). In our ex
perience, if it is a pneumonia, the area of involvement will often 
progressively increase in size, and this will usually preclude do
nation of the lungs. On occasion, infiltrates will disappear or sta
bilize, emphasizing the importance of repeated radiographic 
assessment. When the infiltrate involves only one lung, the con
tralateral lung may be used for transplantation, provided that gas 
exchange is satisfactory^ (In such a case, if oxygenation is subop-
timal, a test clamping of the pulmonary artery to the poor lung 
can be performed in the operating room at the time of harvest to 
confirm that the contralateral lung is indeed functioning well.) 
The presence of pulmonary edema demands a trial of diuresis. If 
the clinical diagnosis of edema is correct, the radiographic ap
pearance and gas exchange may improve sufficiently to allow for 
lung donation. 

Arterial blood gases 

Arterial blood gases are measured with the donor receiving an 
FjOj of 1.0 and a positive end-expiratory pressure (PEEP) of 
5 cmH20. Under these circumstances the po, has traditionally 
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been maintained above 300 mmHg. Blood gases are repeated 
every 2 hours while awaiting donor organ extraction, to ensure 
continued suitability. If the arterial blood gases are not satisfac
tory, before excluding the donor for lung donation it should be 
ensured that the donor is being adequately ventilated. The endo
tracheal tube should be seen to be properly positioned, and it 
should be ensured that the tidal volume is appropriate for the 
donor size and that the PEEP and FiOa are indeed 5 cmH20 and 
1.0, respectively. Suctioning bronchoscopically should also be 
performed prior to this assessment to rule out major airway ob
struction by secretions. Only after the ventilation and fluid status 
of the donor have been optimized should the donor be turned 
down for donation due to inadequate gas exchange. 

Bronchoscopy 

Bronchoscopy is undertaken routinely. Aspirates are processed 
bacteriologically, and both donor and recipient receive antimicro
bial agents based on the initial Gram stain. Few bronchoscopic 
findings will preclude the use of donor lungs. On occasion one 
may see severe tracheo-bronchitis, indicating aspiration of acid 
gastric content, which will preclude the use of the organs. Of 
course, the presence of food or vegetative matter will also pre
clude the use of the lungs. Frank pus is also an indication to 
exclude the use of the donor, especially if pus continues to well 
up out of segmental orifices after being suctioned out, indicating a 
pneumonia. Small amounts of mucopurulent material are com
monly seen and do not preclude use of the lungs. Confirmatory 
evidence is received from the Gram stain assessment. 

Assessment of lung size 

The lungs are the only organs that are transplanted into a rela
tively rigid cavity. 'Relatively rigid' is indeed the correct descrip
tion, as the primary disease process will have altered the volume 
and shape of the thoracic cage. In pulmonary fibrosis, lung 
volumes will be smaller than those predicted for the patient's age, 
height and weight. The diaphragms are high and the rib spaces 
compressed. In emphysematous conditions (idiopathic emphy
sema, Qti-antitrypsin deficiency) and in bronchiectatic conditions 
(bronchiectasis, cystic fibrosis) lung volumes are increased, re
sulting in low diaphragms and widened intercostal spaces. These 
factors must be considered in the selection of the appropriate 
donor. It is thus imperative to assess the thoracic volume accu
rately in both recipient and donor. 

We currently use the following formulae to match the recipi
ent's predicted (not actual) lung volume to the donor's predicted 
lung volume based on height, weight, sex and age. We have 
found the use of these formulae to be simpler and more accurate 
then our previous practice of measuring lung dimensions on the 
donor chest radiograph. 

PREDICTED TOTAL LUNG CAPACITY (L) 
Male = (0.094 X height in cm) - (0.015 X age in years) - 9.167 
Female = (0.079 X height in cm) - (0.008 X age in years) - 7.49 

The predicted lung volumes using the above formulae provide a 
guideline to be used in matching the donor lung to the recipient 
and, in general, have been found to be quite reliable. Some 

modification may be necessary at times. For example, in cases of 
pulmonary fibrosis, with a contracted lung volume, we may use a 
lung that is slightly smaller than the predicted volume, although 
larger than the recipient actual volume. Similarly, when the re
cipient has expanded lung volumes, we may use a lung that is 
slightly larger than the calculated size using the formula, knowing 
that we will not have a space problem in the chest. When a larger 
lung is used, if a significant space problem is encountered, the 
donor lung can be 'down-sized' or 'volume-reduced' using a 
linear stapler to excise lung tissue. 

The diaphragm and chest wall readily conform to the size of 
the new donor lung(s). This change usually occurs over the first 2 
postoperative weeks. A decrease in lung volume in an emphyse
matous lung recipient is accompanied by a more normal diaphrag
matic contour and a reduction in the size of the intercostal spaces. 
On the other hand, a significant increase in thoracic volume will 
be noted on the chest radiograph after lung transplantation for 
pulmonary fibrosis. In fact, it was this experience following lung 
transplantation, where changes in the chest wall contour and me
chanics were noted to improve postoperatively, that lead Joel 
Cooper^ to re-explore the concept of chest wall and diaphragmatic 
dysfunction as a contribution to overall respiratory dysfunction in 
end-stage emphysema, leading to the development and ongoing 
study of lung volume reduction surgery"*. 

MAINTENANCE OF THE DONOR 

There are a few features of donor maintenance that are important 
when lung donation is considered. As noted above, frequent chest 
radiographic and blood gas assessments are important. In general, 
a euvolemic status is the aim of donor management in an effort to 
obtain hemodynamic stability and avoid pulmonary edema. Fluid 
restriction is maintained as long as urine output is adequate 
(greater than 30 ml/h). Diabetes insipidus is usually controlled 
with desmopressin (DDAVP)'', If fluid status monitoring is 
difficult, a central venous pressure line should also be inserted. 

A dopamine infusion may help support blood pressure and 
renal perfusion, thus reducing the need for fluid administration. 
Following brain death, hemodynamic instability is common, par
ticularly when the interval between declaration of brain death and 
organ extraction is prolonged. As a result, peripheral vascular re
sistance may be low and these patients may receive large quanti
ties of intravenous fluid as preload. When a predisposition to 
capillary leak occurs, the accumulation of extravascular lung 
water is directly proportional to preload. In addition, an impair
ment in cardiac contractility has been described in experimental 
models of brain death and, in our own experience, has been seen 
in about 20% of declared organ donors. The administration of an 
inotrope is therefore of potential importance. The donor should 
be maintained at 37°C and a warming blanket should be used if 
required. 

EXCISION AND PRESERVATION OF THE DONOR 
LUNGS 

The preservation and excision of the donor organs are critical 
components on which the final outcome of the entire transplant 
operation rests. To quote John Wallwork, 'You can't make a 
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chicken out of a fried egg.' As much attention must be paid to the 
doDOr harvesting procedure as to the implantation procedure^ 

The technique of excision of the lungs is influenced by the need 
to preserve and excise the heart for transplantation, into another 
recipient. A median sternotomy is performed and the pericardium 
is opened widely. Superiorly, the pericardium is incised to the 
origin of the innominate artery. The superior vena cava (SVC) is 
mobilized immediately caudal to the azygos vein and encircled 
with two 0-silk ties. The inferior vena cava (IVC) is dissected. 
The ascending aorta is freed circuinl«rentially and dissected free 
of the pulmonary artery. This permits adequate identification of 
the pulmonary artery bifurcation and ensures that the right pul
monary artery is not injured during cardiac excision. 

With the aorta retracted to the left and the SVC to the right, the 
posterior pericardium overlying the distal trachea is incised. If 
time permits, the trachea is mobilized well above the carina, 
usually at the level of the innominate artery, and a tape is placed 
around it. If the donor is unstable, or time is short, the isolation of 
the trachea can be performed after the pulmonary flush is com
pleted. Both pleural spaces are widely opened so that the surgeon 
can examine the pleural spaces for adhesions and also inspect the 
lungs carefully. The lungs are inspected and palpated, primarily to 
rule out an area of consolidation and confirm complete expansion. 
If any atelectasis is noted, the anesthetist should reioflate the 
lungs by hand inflation. 

A 4/0 prolene purse-string suture is placed in the ascending 
aorta for the insertion of a cardioplegia catheter (if the heart is to 
be extracted). A second 4/0 prolene purse-string suture, approxi
mately 1 cm in diameter, is placed on the anterior surface of the 
pulmonary artery approximately half-way between the pulmonary 
valve and the bifurcation of the main pulmonary artery. At this 
point the procedure is frequently interrupted to allow the liver 
and/or kidney surgical teams to complete the preparation of the 
abdominal organs. 

After the abdominal teams have completed their dissection and 
have their flush cannulae in place, the thoracic team returns to the 
field. The patient is heparinized (300 IJ/kg) and a cardioplegic 
needle or cannula is placed in the ascending aorta. The cardiople
gia tubing is primed, de-aired and hung. A large-bore catheter 
(5 mm diameter) is then inserted into the main pulmonary artery 
within the previously placed purse-string .suture, and secured in 
place with a tourniquet. The pulmonary flush lines are primed and 
de-aired. The flush solution is hung at a maximum height of 
30 cm above the patient. Note that with the use of large-bore 
tubing (5 mm diameter) and a large-bore flush cannula (5 mm di
ameter) one can achieve high flow with a maximum pressure of 
30 cmH20 and the use of a roller pump or pressure bag to infuse 
the flush solution is not indicated. We use approximately 
50 rnl/kg of flush solution (3-3.5 liters for the average adult). 

During insertion of these cannulae it may be helpful for the 
anesthetist to gently hand-ventilate the donor lungs. Once the 
flush lines are ready, however, the anesthetist rc-inflates the lungs 
to remove any atelectasis and then places the donor back on the 
ventilator. Ventilation is to continue until the anesthetist is asked 
to discontinue it. When all teams are ready, 1 mg of prostaglandin 
E| (PGE|) is injected directly into the main pulmonary artery. 
After a drop in systemic blood pressure is noted, implying a PGEj 
effect, the SVC is ligated, the IVC divided just above the di
aphragm (to vent the right side of the heart) and the left atrial 

appendage truncated (to vent the left side). The hole in the left 
atrial appendage should be at least 2 cm wide to ensure that there 
is no obstruction to pulmonary venous outflow. The aorta is then 
cross-clamped and cardioplegia is initiated. 

The pulnionaiy flush is then started. The surgeon controls the 
flow into the pulmonary artery with a clamp on the line and aims to 
have the entire 3 liters flushed within 3-5 minutes. During the flush 
period one must observe: (a) the heart - to ensure that there is no 
left ventricular distension; (b) the left atrial appendage - to ensure 
good outflow of the pulmonary flush; (c) the lungs - to ensure that 
uniform blanching is occurring in both lungs (occasionally if the 
pulmonary artery catheter is in too far, the flush may be directed to 
one lung only and the catheter will need to be pulled back to correct 
the situation); and (d) that the left atrial effluent is allowed to spill 
into both chest cavities to provide further topical cooling of the 
lungs. If the lung flush is completed before the cardioplegia infu
sion is completed, ventilation should be continued (FJOT 0.5 to 1.0) 
and the lungs left in situ in the cold flush solution in the chest. 

After the pulmonary flush and cardioplegia infusions are com
pleted, the cannulae are removed, and excision of the thoracic 
organs is performed. The heart is extracted first. The SVC is 
divided between the previously placed silk ties (taking care to 
avoid the sinoatrial node and to leave a generous of length of 
SVC for cava! anastomosis if desired). The IVC division is com
pleted, if not already done, once again taking care to leave .some 
length of IVC for a caval anastomosis if desired (without compro
mising the suprahepatic cava for the liver team), The aorta is tran
sected just below the aortic cross-clamp. Since we have switched 
to bilateral sequential lung implaatation, the reaiaining length of 
the main pulmonary artery is no longer an issue. The main pub 
monary artery is usually transected close to its bifurcation. 

To initiate the left atrial division, an incision is made in the left 
atrium between the confluence of the left pulmonary veins and the 
coronary sinus (Figure 1). With traction on the heart, the incision 

LA appendage 
iPartialli,' amputated lo 

vent left hearfl 

Cavity of 
left atrium 

Figure 1 Tlie left atrial incision is slarled lialf-way between tlie coronary 
.sinus and the origin of the left inferior pulmonary vein. Tlie dissection is con
tinued circumferentially, viewing the atrium and veins from the inside and the 
outside to guide ttie direction of the incision 

447 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

Right 
pulmonary 

¥6 ins 
Cavity of 

left atrium 

Figure 2 After excision i.f liir licait. na kit .ilrial cuffimtl pulmonarj' arter
ial bifurcation aie clearly M îhle 

is continued superiorly anil interiorly and then to tlic right, pre
serving a cuff of left atrium around the orifices of hoth the right 
and left pulmonary veins (Ingiire 1). The last cut in the atrium is 
guided by first incising the endocardium anterior to the right pul
monary veins. A single cut extending from the SVC to the IVC 
then completes the extraction. In this manner ihe right atrium 
remains intact, and yet a satisfactory cuff of left atrium is retained 
around the orifices of the right pulmonary veins. At this point, with 
the heart excised, the surgeon should be able to visualize the open 
main puhnonary artery at its bifurcation and a generous cuff of left 
atrium joining and surrounding both sets of pulmonary veins 
(Figure 2). Removal of the lung block then proceeds. 

The inferior pericardial atiachments to the diaphragm are 
divided down to the esophagus. Dissection in the pre-esophageal 
plane is then initiated, extending superiorly as far as possible 
(usually one can go well above the carina with this dissection), 

Figure 3 Ttie lung block after removal from the chest. The trachea remains 
stapled and the lungs remain inflated 

The mediastinal pleura superiorly is then divided. On the right 
side, this is initiated inferior to the azygos vein .ind on tlie left it is 
initiated over the aortic arch. The trachea is then clamped and 
stapled with a TA-30 bronchial stapling device. The clamping of 
the trachea is timed to occur after end-inspiration to ensure that 
the lungs are maintained in the inflated state. The anesthetist may 
discontinue ventilation only after the clamp is applied. The sta
pling device may be left on the distal trachea and used as a 
'handle' for traction on the trachea during the extraction. After 
the trachea is divided, it is retracted forward and the tracheo
esophageal plane is developed and extended inferiorly as far as 
possible, using a combination of blunt and sharp dissection. 

To complete the dissection in the mid-mediastinum, the right 
lung is rolled medially out of its pleural cavity to expose the po.s-
terior mediastinum and the dissection is carried out, once again in 
the pre-esophageal.plain. If the liganientum arteriosum was not 
divided initially, a 'button' of aorta can be taken with the lung 
block at this point to avoid damaging the now-flaccid pulmonary 
artery (Figure 3). 

Once the lung block is completely excised, it is placed in a 
plastic bag with 2-3 liters of cold flusfi solution. This bag is, in 
turn, double-bagged for security and to maintain sterility. The 
bagged organs are then placed on ice in an insulated container 
(cooler) for transportation. Care is taken to remove as much of 
the air as possible when tying each of the plastic bags, to make 
sure that the entire graft is covered with the cold solution during 
storage and that the air does not insulate the organ from the ice in 
the cooler. 

COMMENT 

Widi lespcii i'» pii-M-i\iiiuii) ol the lung I.M tr3n^pLi^lfullon. the 
iollowing fjitois aiL- •.•uiicnth, c-in-.tdcred to be impoiljnc (a) 
flu^h Loohng; (hi coltl '-roi.-igt. .lud U ) ̂ tjiagc m the mfldled stat^ 
\ridi ii\-, Hen Fhete .ire nam* other drug "nicr\enLMmi and mcra-
boli- ^llb^trate additions turiently being ei-alualed diat will likely 
prc"'c to I'C iinpi'itant u '̂Ct tnnc. 

In the initial expenence in lung transplantarion m loionio, 
lung^ weic pie^er\ed simply by , old atelecf iti^ iiiHneisiuii ()\ei 
the yeais wc ha\c rhanped our leLhiintue i uusidenhl} The 
cuiixni technique c,f preset >'itioii unolvcs a vtild pulinonaty â%-
Liil.ii hush piiui 10 rxitiiOou ihe ni.isi intnininii} used lech 
riique mxdhei. the u,-.c ul PGLl (1 ni!;i injetted into the 
pnlmtmary jTlery. followed bi A Hush of EUTO-CI>I1IUN suiuti-m 
I ippiuxniiately 50 nil/l-g) which also i-oniains 1 m>] «-F PdF.l The 
ttujl. 15 cairied out uiidci loii pic^-ine. This i> etjiiircl by nsuig a 
gta'-iiy sysleiti viheie the hjig ul iliirh "-I»IUIIOTI I,-< hun|' 3i) cm 
,iho\e ihe di»niii: I'le in;i\ininin pressure genenited. t\cri m the 
e\cm ot an oiittldw obsttuctioii pmblcm. is .̂ 0 :mH^O 

VVilh respect t.i the flush n4uiion, iiian) \aiieiic'. luve been 
iisrd v.iih siic.,ess. t\iden«.e m the reier.l literature, howexer, 
••uggests ihat low piitas'>iuiii exlricellular suliilifnis arc supeiioi 
1,1 jfumal studies' ''. fh's remains Î T î e LonhrnicJ in tlinical 
audics. Ir is mipoitant to ensure that the lungs ate tulh inflated, 
with lie atclt\ta>is, prioi to uutialm" the ihish, to ensure iinilorm 
disfnbution 

It IS clear that a citld teinpei.ifuic is htactK-iaJ am! dje ideji 
lenii eiature h.is been desiribed' ' lo be in a range ol ID C 
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Clinically, we feel that this leaves too narrow a margin for safety, 
so we aim for 4°C, knowing that the average temperature of the 
organ during the implantation process is likely to be higher. 

The lung is a unique organ in that energy-efficient aerobic me
tabolism can continue, even in the absence of blood flow, if the 
lungs are inflated with oxygen'''^. This is because Oi can diffuse 
directly from the alveoli to the endothelial and parenchymal cells. 
This concept is taken advantage of by ensuring that donor ventila
tion is continued to the last minute, and the trachea is clamped 
with the lungs in the inflated state. 

Lung transplantation has clearly been established as effective 
therapy for patients with end-stage lung disease. The shortage of 
donor organs continues to be the single most important factor lim
iting the number of transplants that can be performed. Clearly, 
novel sources of donor organs such as xenografts, living-related 
donors and non-heart-beating donors will have to be explored 
further. Further research into strategies to improve the function 
of marginal donor lungs will give us the confidence to use mar
ginal lungs that are currently turned down using existing criteria. 
In the meantime, however, we must strive to optimize every 
donor lung that is available to us, in an effort to provide as many 
viable grafts as possible for successful transplantation. 
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Anesthesia for Lung Transplantation 
\N.A.P. DEMAJO 

INTRODUCTION 

Lung transplantation is now a viable treatment option for selected 
patients with end-stage lung disease. Up to 1994 over 2500 lung 
transplants had been performed world-wide. 

There has occurred a change in the types of transplants per
formed, with a decrease in heart-lung procedures and a marked 
increase in bilateral lung transplants'. The preferred technique for 
the latter procedure is now, almost universally, that of sequential 
single lung transplantation (SSLT), utilizing a bilateral anterotho-
racosternotomy (Chevron incision) and bronchial anastomoses-. 
This procedure decreases, but does not obviate, the use of car
diopulmonary bypass (CPB), which was a requisite with the 
double lung transplant utilizing a tracheal anastomosis. A 
significant change has also occurred in the types of cases trans
planted, with cystic fibrosis showing the greatest increase. The 
debate regarding the best choice of operation for patients with ob
structive lung disease is still ongoing, the majority of these pa
tients receiving a single lung'. As experience in management of 
lung transplant patients has increased, the frequency of use of 
CPB has decreased, although it remains an essential requisite in 
all centers performing these procedures. 

The indications for transplantation have been broadened, as 
have those relating to donor acceptability''. A number of centers 
have operated on ventilator-dependent patients' and the number 
of retransplants has increased^. The criteria for acceptability have 
also been modified so that the previous policy of steroid prohibi
tion preoperatively, and no routine administration in the first 3 
weeks postoperatively, has been removed'. Indeed, improvement 
in postoperative lung function and better healing of the anasto
moses has been shown to occur in patients treated with steroids 
routinely from the immediate postoperative period. No deleteri
ous effect has been reported in patients who continue to be treated 
with steroids up to the time of transplantation. 

HISTORY 

The development of lung transplantation began in 1947 when 
Demikhov homografted canine pulmonary lobes*. In 1950 

Metras', Juvenelle et ai, and Hardin and Kittle'" published their 
techniques of canine lung allotransplantation. The first human 
lung transplant was performed by Hardy et al. in 1963; the recipi
ent survived for 18 days" (Chapter 45). In the following 20 years 
approximately 50 lung transplants and two heart-lung transplants 
were performed. 

Useful clinical data are available in 11 cases; of these, five 
were for obstructive lung disease and six for restrictive lung 
disease'-". Pulmonary function tests revealed severe abnormali
ties in both groups. The diffusion capacity was 25% of predicted 
in the ob.structive group, and 31% of predicted in the restrictive 
disease group. The data on arterial oxygenation (Pao^) were not 
interpretable, as the inhaled oxygen concentration was not 
identified; however the ranges of PAOT were 40-63 mmHg in the 
obstructive group and 37-60 mmHg in the restrictive group. The 
arterial carbon dioxide (PaC02) levels were elevated in both 
groups, with the obstructive group having a mean of 66 mmHg 
(range 49-100 mmHg), and the restrictive group showing a mean 
of 72 mmHg (range 34-100 mmHg); five patients were ventilated 
preoperatively. 

Hemodynamic data are available for seven patients (four ob
structive, three restrictive); all had pulmonary hypertension. 
Extracorporeal bypass was utilized in 15 patients; in four patients 
it was used because either heart-lung or double-lung transplanta
tion was performed. In the other 11 patients, eight were placed on 
CPB electively, as it was considered to be the optimal way to 
perform single-lung transplantation; one required CPB because of 
intraoperative hypoxemia, while the remaining two came to oper
ation with established veno-venous femoral partial bypass to ame
liorate hypercarbia and/or hypoxemia. Of those in whom CPB 
was not used, three cardiac arrests occurred, one due to right ven
tricular failure; the cause of cardiac arrest in the other two pa
tients was not reported. 

The anesthetic technique used, and the intraoperative course, 
were reported in detail in only two cases. In the case reported by 
White et al. the patient had arterial and central venous pressure 
catheters inserted'*. Induction was accomplished with thiopental; 
the patient was paralyzed with succinylcholine and intubated with 
a Carlen's double-lumen tube. Maintenance was with nitrous 

451 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

oxide, halothane and oxygen. During one-lung ventilation and on 
an F,02 of 1.0, arterial blood gases were fuOj 130 mmHg, PacOi 
82 mmHg, and pH 7.15. Severe hypotension occurred at the time 
of one-lung ventilation and progressed to cardiac arrest with a 
central venous pressure (CVP) of 40 cmH^O. The patient re
sponded to isoproterenol, and the systolic blood pressure in
creased to 60 mmHg. Following reperfusion through the 
established anastomo.ses, CVP fell to 3 cmH20 and blood pres
sure returned to normal. At this juncture, on an FjO, of 1.0, PaOi 
was 211 mmHg, PacOj was 60 mmHg. and pH was 7.25. 

The patient reported by Roily et al. was anesthetized in a 
similar manner; a CVP catheter was not used". During one-lung 
ventilation (F.o, = 1.0) PaOi was 160 mmHg, Pacoi was 
1 10 mmHg, and pH 7.21. Episodes of hypotension or cardiac de
compensation did not occur, and the operation was completed 
uneventfully. 

These two cases indicated that the major potential intraopera
tive problems were hypoxemia, hypcrcarbia, and cardiac dysfunc
tion. In addition, it was speculated that the use of CPB and 
anticoagulation increased the risk of bleeding in these cases 
(which are likely to be complicated by pleural adhesions). These 
are still the major problems encountered in modern transplanta
tion, which was inaugurated in 1983 by a successful right lung 
transplant in a patient with idiopathic pulmonary fibrosis per
formed by the Transplant Group at the University of Toronto"'. 
The improved success in lung transplantation has been attributed 
to a number of factors, including better immunosuppressive 
therapy (especially cyclosporin), more effective donor organ 
preservation techniques, improved patient selection, and im
proved surgical techniques, especially those related to bronchial 
anastomosis. 

INDICATIONS FOR TRANSPLANTATION 

Lung transplantation is indicated in patients with irreversible, pro
gressively disabling lung disease with a life expectancy <12-18 
months with appropriate therapy. The number of conditions that 
have been treated with lung transplantation has increased over the 
years (Table 1): they fall into four broad disease categories: re
strictive, obstructive, infective, and pulmonary vascular. In addi
tion, some centers have transplanted patients with 'irreversible' 
adult respiratory distress syndrome'^, and retransplanted patients 
with failed primary lung transplants: the results of retransplanta-
tion are discouraging'' (Chapter 60) and inadequate numbers are 
available to define the former indication. Parameters to predict 
life expectancy, without transplantation, have been developed for 

Table 1 Pulmonary diseases treated by lung transplantation 

Emphysema Including «]-antitrypsin deficiency 
Cyslic fibrosis 
Pulmonary hypertension - primary and secondary 
Idiopathic pulmonary tibrosis/interstitial lung disea.ses 
Obllterative bronchiolitis 
Eosinophilic granuloma 
Lymphangloleiomyomatosis 
Sarcoidosis 
Bronchiectasis 
ARDS 

Table 2 Selection criteria for lung transplant recipients 

End-stage lung disease with evidence of progression of disease and life 
expectancy < 12 ^> 18 months 

No other systeinic disease 
Demonstrated compliance with medical regimens 
Psychologically stable; no recent history of alcohol or drug abuse 
Must be ambulatory with O, as required 
Abstinence from tobacco > 6 months 
No extrapulmonary site of Infection 
Absence of marked obesity 
Prednisone tapered to < 20 mg per day 
Single lung transplant 

Age < 65 years 
No septic lung disea.se, such as bronchiectasis or cystic hbrosis 

Bilateral lung transplant 
Age < 60 years 

some of the pulmonary di.sea.ses. However, predicting length of 
survival for the individual patient is inaccurate, and clinical 
judgement as to need for transplantation is necessary"*'''. 
Mortality in most groups awaiting transplantation remains unac-
ceptably high at 20-30%2". 

The current guidelines for selection of recipients are listed in 
Table 2. Patients must have a realistic understanding of expecta
tions and demands resulting from the waiting, the operation, and 
postoperative care. Patients who have demonstrated a pattern of 
non-compliance, including the inability to desist from smoking 
for a period of at least 6 months, unreliability, and dependence on 
drugs or alcohol, are not considered acceptable candidates. All 
non-pulmonary sites of infection must be cured before 
transplantation. Patients with persistent, resistant pulmonary 
pseudomonal or mycobacterial species have increased mortality 
post-transplantation; some centers consider them unacceptable 
risks. 

Single lung transplantation 

Single lung transplantation is recommended for patients less than 
65 years old who are free from chronic infectious lung disease. 
Single lung transplantation has been performed mainly for pa
tients suffering from restrictive lung disease. Some centers have 
done single lung retransplants in patients afflicted with bronchi
olitis obliterans after double lung transplantation. Experience up 
to 1989 suggested that patients suffering from obstructive lung 
disease were not suitable candidates for single lung transplanta
tion since postoperative ventilation-perfusion mismatch and 
hyperinflation of the more compliant native lung were considered 
highly likely. Stevens et al. reported that, in two emphyseinatous 
patients, perfusion to the implanted lung increased to 70% of 
total, while ventilation and lung volume decreased to approxi
mately 30% of totaP'. Mai et al., in 1989, reported a successful 
single lung transplant in an emphysematous patient. Since then, 
all centers have successfully transplanted single lungs in this 
patient group^^. 

Patients suffering from pulmonary hypertension and cor pul
monale have traditionally undergone heart-lung transplantation. 
However, intervention with single lung transplantation, before the 
development of severe right heart failure, is now considered ac
ceptable. The primary consideration in these patients is the degree 
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of reversibility of the right ventricular dysfunction. Experimental 
and clinical data suggest that a significant degree of right ventric
ular remodeling and improvement of function occurs, once there 
is an amelioration of the physiological environment'^'''''. Some 
centers preferentially use bilateral tran.splants in pulmonary hy
pertensive patients, to minimize the early postoperative hemody
namic instability and to increase tolerance of subsequent 
bronchiolitis obliterans. 

In single lung transplantation the side transplanted is deter
mined by the function of the native lung, as assessed by quantita
tive ventilation-perfusion scintigraphy, and the potential for 
finding pleural adhesions from previous surgery. In the absence of 
the suspicion of significant pleural adhesions the less functional 
lung is replaced. 

Bilateral lung transplantation 

Bilateral lung transplantation is primarily indicated in patients 
with pulmonary disease associated with persistent infection (e.g. 
cystic fibrosis or bronchiectasis), because of the risks related to 
the use of immunosuppression in the presence of infection. 
Patients with significant bullous lung disease are preferentially 
give a double lung transplantation, as they are more likely to have 
problems with native lung herniation and mediastinal shift after 
single lung transplant. The decision to perform single versus bi
lateral lung transplantation is determined by careful consideration 
of: (a) the advantage, to the individual patient, from the extra pul
monary reserve provided by bilateral lung replacement and (b) 
the reduction in availability of donor lungs for other patients. Due 
to the greater pulmonary reserve offered by bilateral lung trans
plantation, some centers preferentially offer double lungs to 
younger patients. 

PREOPERATIVE ASSESSMENT 

In addition to the routine as.sessment of the patients, with evalua
tion of those aspects of the history and examination that are rele
vant to lung transplantation, special emphasis is placed on the 
assessment of the pulmonary and cardiac status. Pulmonary func
tion tests are routinely done, although they often have to be cur
tailed because the patients are incapable of performing at the level 
required for completion of the tests. They are done to define the 
type of pulmonary disease and to serve as a baseline for compari
son of future measurements. Blood gases on room air and at 
various flow rates of oxygen are done to determine the supple
mental oxygen requirements of the patient. The ventilation-
perfusion scan is performed to decide on the relative function of 
the two lungs, and thus to help in the decision as to which single 
lung should be transplanted. 

Cardiac assessment is through the use of echocardiography, ra
dionuclide cardiac ejection scans, coronary angiography, and pul
monary angiography and catheterization, in appropriate cases. 
Radionuclide cardiac ejection scans, in conjunction with echocar
diography, are performed to define the level of right and left ven
tricular function. The level of pulmonary pressure is determined, 
when feasible, by Doppler echocardiography. Additional investi
gations in the assessment of pulmonary hypertension are not per
formed routinely, as effective therapy is not available and a high 

complication rate occurs during instrumentation and pharmaco
logical manipulation of these patients-\ 

Finally, testing of exercise capability is carried out to assess 
overall functional competence and cardiac and pulmonary 
reserve. The 6-minute walk test and treadmill exercising (1 mile 
per hour and a 4% gradient) are utilized by most centers. This test 
serves as a baseline for future tests and may also help to pick out 
those patients who might require CPB intraoperatively. As it is 
not unusual for patients to double their exercise tolerance during a 
period of rehabilitation prior to transplantation, testing should be 
repeated after a suitable period of conditioning. 

DONOR SELECTION 

The shortage of donors has necessitated a relaxation of the previ
ous criteria for potential organ donors (Table 3). Unfortunately, 
despite better donor management, <25% of donors of other solid 
organs are suitable for lung donation. This is due to the suscepti
bility of the lung to injury associated with: (a) brain death (partic
ularly aspiration), (b) prolonged ventilation, (c) direct lung injury 
at trauma, and (d) hemodynamic instability and fluid accumula
tion. Conscientious attention to details of management is impor
tant in sustaining the integrity of potential donor organs. 
Management of the catecholamine burst, reported to occur at the 
time of brainstem ischemia, with control of the associated sys
temic and pulmonary hypertension, may attenuate pulmonary 
(neurogenic edema) and cardiac (myocardial dysfunction) com
plications. This is turn may minimize the exudation of fluid into 
the lungs. Nonetheless, it is advisable to monitor the patient, at 
least with a central venous catheter (CVP), and not to exceed a 
venous pressure of 7 cmHiO-''. 

The procurement of donor lungs involves the direct administra
tion of 500 /ng of prostaglandin El into the pulmonary artery. 
Modified Euro-Collins or University of Wisconsin flush solution 
(100-150 ml/kg) is delivered at 4''C through a large-bore cannula 
inserted into the main pulmonary artery. Decompression of the 
heart and lungs is achieved by division of the inferior vena cava 
and left atrial appendage. The lungs are ventilated with 100% 
oxygen before clamping of the trachea. It has become standard 
practice to harvest both lungs, whenever feasible, without affect
ing the use of the heart for transplantation. 'Twinning', the use of 
a donor lung block to provide two single lungs for separate 
patients, has increased the donor pool. 

Table 3 Criteria of donor lung suitability 

Age <.').') ycar.s 
ABO compatibility 
Chest roentgenogram 

Clear 
Adequate .size match 

History 
Smoking < 20 pack-years 
No significant thoracic trauma (blunt, penetrating) 
No aspiration/sepsis 
Gram stain and culture data (if prolonged intubation) 
No prior cardiac/pulmonary operation 

Oxygenation 
Arterial oxygen tension > 300 mmHg, on inspired oxygen fraction of 1.0, 
5 cmHjO PEEP 
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OPERATIVE PROCEDURE 

Single lung transplantation 

Single lung transplantation is performed using a posterolateral 
thoracotomy. The patient is positioned to allow access to the ipsi-
lateral femoral vessels in the event that CPB needs to be insti
tuted because of hypoxemia, hypercarbia, and/or right ventricular 
decompensation on clamping of the pulmonary artery. (In the 
earlier lung transplant operations the first intervention, prior to 
the thoracotomy, involved the mobilization of the omentum, 
which was passed into the chest cavity and subsequently used to 
wrap the bronchial anastomosis of the implanted lung. Due to a 
high incidence of difficulties with gastrointestinal motility and 
feeding, and because of lack of proven benefit, this aspect of the 
technique has been abandoned-^.) 

After thoracotomy the lung is collapsed, the ipsilateral pul
monary artery is isolated, and a trial clamping is performed. 
Significant right ventricular decompensation may ensue due to an 
increase in pulmonary artery pressure. If function does not 
improve with pulmonary vasodilators and/or inotropes, the clamp 
is removed and CPB is instituted. When a right thoracotomy has 
been performed, this can be done by cannulating the right atrium 
and the ascending aorta. In a left thoracotomy, cannulation of the 
descending aorta and main pulmonary artery can be easily carried 
out. Femoral cannulation is an alternative for both situations. 

The pneumonectomy is performed by dividing the pulmonary 
artery beyond the level of the first upper lobe branch. The pul
monary veins are divided as distally as possible, and the bronchus 
is bisected. Particularly in patients with cystic fibrosis and 
Eisenmenger's syndrome, the bronchial arteries may be greatly 
enlarged and be a cause of significant bleeding. 

After the removal of the native lung the recipient's pericardium 
surrounding the pulmonary veins is opened circumferentially to 
permit placement of a left atrial clamp as centrally as possible. 
The bronchus is next anastomosed, usually by 'telescoping' the 
smaller bronchus into the larger bronchus to a distance of one or 
two cartilaginous rings. This maneuver has obviated the need for 
the omental wrap, although most surgeons still surround the anas
tomosis with peribronchial tissue, pericardium, or parietal pleura. 
The pulmonary artery anastomosis is completed, followed by the 
atrial anastomosis. Before completion of this anastomosis the pul
monary artery clamp and, subsequently, the left atrial clamp, are 
removed to evacuate any residual air in the vasculature. Lung 
inflation may assist the process of evacuation of air. 

Bilateral lung transplantation 

The initial bilateral lung replacements, designated double lung 
transplantation, were performed via a median sternotomy en-bloc, 
with a tracheal anastomosis, necessitating CPB. Morbidity and 
mortality were significant due to hemorrhage from the poorly 
exposed posterior mediastinum, and poor healing of the tracheal 
anastomosis because of poor collateral blood flow from the pul
monary artery circulation. After en-bloc double lung transplanta
tion, the latter is the only source of blood supply to the trachea 
and bronchi, as the bronchial arteries have been sacrificed. 

The first modification introduced was bilateral bronchial anas
tomoses, through a median sternotomy, with CPB. Because col

lateral blood flow to the main bronchi is greater than to the 
trachea, it has been argued that healing of these anastomoses is 
better. Nowadays, sequential single lung transplantation with bi
lateral bronchial anastomoses through a bilateral anterothora-
costemotomy is the preferred technique. The functionally worse 
lung is transplanted first, in the manner outlined above for a 
single lung transplant, followed by the second lung. During the 
transplantation of the first lung the patient is dependent on his/her 
other native lung, and during the second transplant is dependent 
on the newly implanted lung. CPB is often not necessary but, if 
required, cannulation of the right atrium and ascending thoracic 
aorta can be easily and quickly carried out. 

ANESTHETIC MANAGEMENT 

Induction and maintenance 

All lung transplants are performed with CPB capabilities readily 
available. The anesthetic requirements are listed in Tables 4 and 
5. Peripheral venous and arterial catheters are inserted prior to in
duction. A modified rapid sequence induction is performed as the 
recipient is not always appropriately fasted. The patient is pre-
oxygenated and induction can be accomplished with fentanyl 
(10-20 fig/kg) and incremental sodium thiopental (50-70 mg) 
while maintaining cricoid pressure. Intubation is done after the 
administration of succinylcholine (1.5 mg/kg), and muscular 
paralysis is sustained with a long-acting muscle relaxant. 
Intubation is with a left double-lumen endotracheal tube, which is 
checked for proper placement. Frequent endobronchial suction is 
essential to prevent tube blockage and atelectasis, particularly in 
cystic fibrosis patients-". 

The patient is connected to a ventilator that has air/oxygen 
mixture capability and a variable positive-end-expiratory-pressure 
(PEEP) valve. Initially, the Fpj is maintained at 1.0 and is subse
quently adjusted to maintain an SMh >90%. Ventilation is ad
justed based on the results of arterial blood gases or the 
continuous intra-arterial blood gas monitor. In patients with ob
structive lung disease it is of the greatest importance to avoid 
hyperinflation by ventilating with a low inspiratory/expiratory 

Table 4 Anesthetic and monitoring equipment 

BCG monitor 
Arterial and pulmonary artery pressure monitors 
Extracorporeal cardiopulmonary bypass machine with oxygenator 
Pulse oximeter and end-tidal CO, monitor 
Ventilators (anesthetic and constant-flow generators) 
Left double- and single-lumen endotracheal tubes 
14F Fogarty venous catheter (bronchial blocker) 
Peripheral intravenous, arterial and pulmonary artery catheters 

Table 5 Anesthetic medications 

Fentanyl 
Sodium thiopental 
Succinylcholine/pancuronium or vecuronium 
Isoflurane 
Benzodiazepines 
Dopamine, nitroglycerine, and phenylephrine in separate infusion systems 
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ratio and avoiding large tidal volumes. A pulmonary artery 
catheter is inserted via the internal jugular vein with an 80 cm 
length protection sheath so that the catheter can be maintained 
sterile during the necessary adjustments required: (a) during 
placement, (b) during the surgical procedure, and (c) by the 
surgeon. A nasogastric tube and oropharyngeal temperature probe 
are inserted. A Foley catheter is placed into the urinary bladder. 
Baseline values are obtained of hemodynamics, arterial blood 
gases, activated clotting time, and potassium and glucose levels. 

Anesthesia is maintained with supplemental fentanyl, Valium 
and isoflurane. Nitrous oxide is avoided because of blunting of 
the hypoxic pulmonary vasoconstrictive reflex- '̂. There are theo
retical considerations in the use of volatile anesthetic agents 
because of their effects on the pulmonary vasoconstrictive re
sponse to alveolar hypoxia. However, their pulmonary vasodilator 
properties may be useful in right ventricular afterload reduction. 
In practice, low concentrations of halothane or isoflurane have 
been recommended for one lung anesthesia'". 

INTRAOPERATIVE PROBLEMS 

Hypercarbia 

Hypercarbia to some degree or other occurs in all patients, either 
because of inability to administer an adequate tidal volume due to 
high peak airway pressure, as is the case in patients with restric
tive disease, or due to dead space ventilation and hyperinflation in 
patients with obstructive lung disease. The latter type of patient 
should be closely monitored, especially on attachment to the ven
tilator, for hemodynamic instability due to an increase in mean 
intrathoracic pressure from air trapping". TTiis phenomenon can 
be exacerbated by relative dehydration; during induction it is ad
visable to administer fluid volume liberally to patients with ob
structive lung disease. 

If hypercarbia is tolerated by the patient, attempts at achieving 
normal levels of COT should be avoided. Blood gases should be 
monitored closely because, due to the large dead space in some 
of these patients, correlation between Paco, and end-tidal Pco, 
is poor. Other possible causes of hypercarbia are atelectasis, 
pneumothorax, and a displaced double-lumen endotracheal tube. 
It is very infrequent that a patient requires CPB because of 
hypercarbia alone. 

Hypoxemia 

Hypoxemia may occur at various times during the procedure. 
Early, during one lung ventilation, hypoxemia may develop due 
to shunting; it often improves with clamping of the ipsilateral pul
monary artery. In some cases, which will be detailed later, hy
poxemia may persist, despite various manipulations, necessitating 
the institution of CPB. 

Hypoxemia may be noted in sequential single lung transplanta
tion during the second lung transplant because of inadequate 
function of the first transplanted lung, usually due to pulmonary 
edema. During the second transplant, high pulmonary pressures 
and/or high pulmonary capillary wedge pressures are to be 
avoided because of the propensity of the first transplanted lung to 
edema formation". Pulmonary vasodilators, inotropic agents and 

diuretics may be beneficial. CPB needs to be initiated if improve
ment does not result. 

At the completion of the operation the double-lumen endotra
cheal tube is replaced with a single-lumen tube and the patient is 
transferred to the intensive-care unit. The post-transplant manage
ment of these patients is described elsewhere (Chapter 53). 

Cardiopulmonary bypass 

CPB is not used routinely in pulmonary transplantation, but 
should always be available. It increases technical complexity and 
prolongs operative time and the length of allograft ischemia. 
Furthermore, the necessary volume-loading and systemic antico
agulation may compromise hemodynamic stability and increa.se 
bleeding, with subsequent allograft deterioration. In addition, 
neurologic damage is an infrequent but distressing sequela of 
CPB. 

Over a 10-year period from 1983 the Toronto Lung Transplant 
Group performed 153 lung transplants. In the single lung trans
plant group (n = 53), 13 patients required elective CPB because of 
primary or secondary pulmonary hypertension. Of the remaining 
40 single-lung recipients, 12 (30%) required emergency CPB sec
ondary to hemodynamic instability and/or hypoxemia. It has been 
suggested that a decrease in cardiac index >1.5 l/min per square 
meter after pulmonary artery clamping, rather than the degree of 
pulmonary hypertension, should be the criterion for institution of 
CPB'^ All 12 patients requiring CPB had restrictive lung disease 
(12/29 patients). None of the 11 patients with obstructive lung 
disease required CPB. In the restrictive disease group of patients 
the pretransplant 6-minute walk test, arterial oxygen saturation, 
oxygen requirement on exercise, and right ventricular ejection 
fraction (<27%) were all significantly different between those re
quiring CPB and those not-*̂ . 

In the double lung transplant group (n = 100), 18 patients 
underwent en bloc double lung transplantation and 82 patients 
underwent SSLT. In the latter group, 13 patients underwent elec
tive CPB. Of the remaining 69 SSLT recipients. 26 (38%) re
quired emergency CPB secondary to hemodynamic instability 
and/or inadequate arterial gases. For SSLT no good clinical pre
operative predictors for CPB were found; the need of CPB is de
pendent on intraoperative factors''* ' \ 

The decision to institute CPB is determined by the presence of 
hypoxemia, pulmonary hypertension, respiratory acidosis, or sys
temic hypertension. The former two factors are the most import
ant, and attempts should be made to optimize cardiac function 
through the use of inotropes, maintaining adequate mean systemic 
blood pressure, and fluid administration. Pulmonary vasodilators 
are generally ineffective because of adverse systemic effects, al
though beneficial results from the use of inhaled nitric oxide have 
been reported. The use of transesophageal echocardiography has 
been recommended to assess right ventricular function during 
pulmonary artery clamping, and to evaluate the response to 
therapy. 

COMMENT 

It is, indeed, a credit to the development of anesthesia that the in
traoperative mortality in these highly complex cases is low. The 
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major challenge in anesthetic management is still that of right 
ventricular function. Whether inhaled nitric oxide will facilitate 
the intraoperative management of these cases is still an un
answered hope. 

A marked reduction in the previously common anastomotic 
complications has occurred. The greatest remaining challenges in 
lung transplantation are donor availability, cytomegalovirus in
fection, and bronchiolitis obliterans. Unfortunately, the incidence 
of bronchiolitis obliterans has increased considerably, and the 
evidence suggests that all transplants develop this complication 
to various degrees. This problem may be due to inadequate 
immune suppression. 
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50 
Surgical Techniques of Single and Bilateral Lung 
Transplantation 
H.A. GAISSERTAND G.A. PATTERSON 

INTRODUCTION 

Over the past decade, single (SLTx) and bilateral (BLTx) lung 
transplantation have become accepted therapies for patients with 
end-stage lung disease. The choice between SLTx and BLTx has 
been primarily determined by the underlying disease process. 
Suppurative disorders, such as cystic fibrosis or bronchiectasis, 
require obligatory replacement of both lungs. Conversely, ad
equate correction of the physiologic defect in pulmonary fibrosis 
and pulmonary hypertension has been achieved with SLTx. 
Emphy.sema was originally treated with double lung or combined 
heart-lung transplantation so as to avoid compression of a single 
lung allograft by the overly compliant contralateral native lung 
following SLTx. Subsequent experience showed that replacement 
of a single lung was well tolerated. The persistent shortage of 
donor organs necessitates the use of single lung allografts in suit
able patients to allow organ sharing. However, current data 
suggest that there is a survival advantage for recipients of bilat
eral grafts' (Chapters 65 and 69). Yet providing an individual 
patient with two grafts may conflict with the needs of the total re
cipient population. This issue is particularly acute for patients 
with chronic obstructive lung disease. 

With increasing worldwide experience in lung transplantation, 
important technical modifications have been made. En-bloc 
double lung transplantation has been replaced by a bilateral se
quential single lung technique because of technical difficulties 
and a high incidence of postoperative complications associated 
with the former approach. Coverage of the bronchial anastomosis 
with omentum, once part of every lung transplant, has been aban
doned as a routine. Protection of the bronchial anastomosis with 
local peribronchial tissue and early use of steroids have since led 
to a marked decline in anastomotic complications. Routine 
bronchial artery revascularization has been advocated for single-
and bilateraP procedures. However, long-term follow-up is 
lacking in these reports, and to date there is no compelling evi
dence that bronchial revascularization provides overall superior 
results. 

In the following sections we will describe our approach to 
SLTx and BLTx. In recent years we have preferred bilateral trans

plant whenever possible, except for patients with pulmonary 
fibrosis. Therefore, the following discussion will emphasize that 
preference. 

ANESTHESIA (see also Chapter 49) 

Adequate hemodynamic monitoring during the entire procedure 
is critical. A systemic arterial catheter, Swan-Ganz pulmonary 
artery catheter and urinary catheter are routine. Inevitable sys
temic hypothermia reduces reliability of a radial artery catheter. 
Consequently we utilize a femoral artery catheter whenever we 
anticipate a lengthy or technically challenging procedure. 
Intraoperative transesophageal echocardiography is employed 
routinely. This has been particularly helpful in assessing the 
effect of elevated pulmonary artery pressures on right ventricular 
function so as to determine the need for cardiopulmonary 
bypass"*. 

After induction of general anesthesia, mechanical ventilation is 
established. For patients with emphysema it is critical to monitor 
hemodynamics carefully at this point. Air trapping can occur 
quickly, with resultant decreased venous return and severe hy
potension. Deliberate hypoventilation with small tidal volumes 
and a long expiratory phase avoids this problem. In experienced 
hands, manual ventilation best accomplishes this aim. We prefer 
selective lung ventilation in all patients. A left-sided Robertshaw 
endobronchial double lumen tube is placed, when necessary with 
bronchoscopic guidance. In children with smaller airways an 
inflatable bronchial blocker may prove helpful. However, routine 
use of cardiopulmonary bypass in this age group has been em
ployed successfully and appears more practical''. 

Profuse bronchial secretions may totally obstruct the narrow 
airway of a double lumen tube in a relatively short time, particu
larly in suppurative lung disease such as cystic fibrosis. In such 
cases, bronchoscopic aspiration and irrigation of secretions is 
therefore performed immediately after intubation through a single 
lumen endotracheal tube, which is then exchanged for a double 
lumen tube. Suctioning with a catheter is continued repeatedly by 
the anesthesiologist until both recipient lungs are extracted. 
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CARDIOPULMONARY BYPASS 

Cardiopulmonary bypass (CPB) is mandatory for the conduct of 
LTx in patients with primary or severe secondary pulmonary hy
pertension. For the rest of the adult population, CPB is not 
routinely employed during SLTx or BLTx. A number of intraop
erative situations require the institution of CPB: (a) severe pul
monary hypertension, (b) significant hypercarbia, (c) persistent 
hypoxemia, or (d) unacceptable hypotension produced by the nec
essary retraction for dissection and implantation''. Test-clamping 
of the pulmonary artery is performed prior to recipient pneu
monectomy, to assess pulmonary hypertension. Although patients 
with moderately elevated pulmonary artery pressures often 
respond to anticipatory use of prostaglandin El and systemic 
vasoconstrictors, the diseased contralateral vascular bed does not 
reliably respond to pharmacologic intervention, and right ventric
ular failure may develop. Transesophageal echocardiography has 
been very helpful in assessing right ventricular performance at 
this juncture. 

Another reason for CPB is the failure to adequately ventilate 
the contralateral native lung. Most commonly this occurs as the 
result of sputum retention in suppurative lung disease. The puru
lent sputum is tenacious and cannot easily be aspirated through 
the small suction catheters passed through the bronchial or tra
cheal lumen of the double lumen tube. 

In our experience the necessity for CPB arises most commonly 
in the setting of severe pulmonary hypertension during contralat
eral pneumonectomy following implantation of the first graft. The 
reason for intraoperatively impaired graft function is unclear, but 
could be related to incomplete graft preservation or to bacteremia 
during extraction of the native lung, particularly in patients with 
cystic fibrosis. Prolonged pulmonary hypertension will lead to 
edema of the freshly implanted graft and hypoxemia. Prior to 
committing the patient to the risk of CPB it is imperative to be 
sure that pressures are being recorded distal to the first pulmonary 
artery anastomosis. Pressures obtained proximal to the pulmonary 
arterial anastomosis may not reflect pulmonary artery pressures 
to which the graft is exposed. When the entire cardiac output 
flows to the transplanted lung, a large gradient may be present 
across the anastomosis despite the absence of obvious anasto
motic narrowing''. Advancing the tip of the Swan-Ganz catheter 
across the anastomosis will provide a more accurate measure
ment. After implantation of the first lung, constant attention is 
devoted to hemodynamic parameters and gas exchange, to 
observe early signs of functional deterioration. When pulmonary 
hypertension and right ventricular dysfunction persist, early elec
tive institution of CPB is preferable to emergency measures. It is 
also important to be certain that there is no metabolic cause of 
pulmonary hypertension, such as hypoxemia or acidosis. 

The retraction necessary to accomplish safe pneumonectomy 
and implantation may produce severe hypotension and elevated 
central venous pressures - a dangerous combination especially for 
cerebral perfusion. Careful retraction can usually resolve this 
problem. However, prolonged hypotension is unacceptable. Unless 
the problem can be easily managed, CPB should be instituted. 

Both lateral thoracotomy and bilateral thoracostemotomy inci
sions provide sufficient access for standard techniques of CPB. 
The ascending aorta and right atrial appendage are selected for 
cannulation during right lateral thoracotomy and anterior 

thoracostemotomy, whereas the descending thoracic aorta and 
main pulmonary artery are used when cannulation is required for 
left SLTx. We and other authors^ have observed a dramatic reduc
tion of intra- and postoperative bleeding with aprotinin (Trasylol), 
a protease inhibitor. When CPB is anticipated for any indication, 
we administer aprotinin routinely. 

BILATERAL LUNG TRANSPLANTATION 

Positioning 

The patient is positioned supine. The arms are placed at the sides, 
which in almost every patient affords excellent exposure to the 
anterior and lateral chest. In patients with a normally shaped 
thorax, elevation of the chest on folded sheets improves access to 
the lateral chest wall. Alternatively, the arms may be raised and 
supported over the face. Another option is to abduct both arms. 
However, both of these positions risk traction injury to the 
brachial plexus or compression nerve injury elsewhere in the 
upper extremity. Furthermore, the operative field for the surgeon 
and an ipsilateral assistant is greatly compromised unless the arms 
are placed at the sides. The supine position exposes the peroneal 
nerves at risk, especially if the knees are extended. We have had 
several patients with transient postoperative 'foot drop'. 
Therefore, in all patients a knee-roll is used. In addition, ankles 
and elbows are carefully padded. 

A generous operative field is created to include the entire chest, 
as far lateral as possible, the abdomen, and both groins. The 
patient is adequately secured to the table, since maximal rotation 
of the table away from the surgeon is employed to facilitate 
access to the hilum. 

Incision 

A bilateral anterior thoracostemotomy is performed connecting 
both mid-axillary lines through the fourth or fifth intercostal space 
(Figure 1). The level of incision is determined by the expected 
level of the hilum and the location of any anticipated pleural ad
hesions. In patients with chronic obstmctive pulmonary disease 
the fifth intercostal space is usually adequate. However, during 
transplantation for cystic fibrosis, we prefer access through the 
fourth intercostal space to gain access to often extensive apical 
adhesions and to an upwardly displaced pulmonary hilum. 
Transverse division of the sternum is accomplished with the saw 
once the internal mammary vessels have been ligated and divided. 

Recipient pneumonectomy 

The lung with the least amount of function as determined by pre
operative quantitative ventilation-perfusion scintigraphy is 
always transplanted first. If lung function is equal on both sides, 
the right side is transplanted first. Not only is the right lung larger, 
therefore perhaps decreasing the chance of having to use CPB, 
but access to the left hilum requires extensive retraction of the 
heart, and consequent hypotension. Such handling may be better 
tolerated with a well-functioning transplanted lung on the right 
side. 
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Figure 1 For bilateral lung transplantation, liilateral anteroiateral thoracotomies are performed through ihe fourth or fifth intercostal spaces with transverse divi
sion of the bternum. I'his provides good exposure to hoth hilar regions. (All figures in this chapter are from Shields TW: General Thoracic Surgery. IVlalvenie, PA: 
Williams & Wilkins; 1994, with permission) 

If the patient will tolerate the necessary retractioo, we prefer 
early mobilization of both hila and preliminary lysis of adliesion.s 
to decrease the ischemic time of the second lung to be implanted. 
It is imperative to avoid injury to either of the phrenic nerves or 
the left recurrent laryngeal nerve. 

Pneumonectomy of the recipient lung is performed (Figure 2). 
The pulmonary artery is circumferentially mobilized and tem
porarily clamped, to assess the extent of pulmonary hypertension 
and right ventricular dysfunction. The superior and inferior pul-
inooary veins are mobilized and segmental branches divided 
between ligatures to create maximal length on the atrial stump. 
The upper lobe branch of the pulmonary artery is ligated and 
divided. The main arterial trunk is divided with a vascular stapler 
beyond the ligated upper lobe branch. Peribronchial and subcari-
nal nodal tissues are ligated and divided. In patients with cystic 
fibrosis, iniamed and vascular lymph nodes render this portion 
of the dissection tedious. Appropriate heoiostasis at this point is 
nevertheless important. The main stem bronchus is divided proxi
mal to its upper lobe branch, while avoiding lateral dissection to 
prevent devascularization. Individual bronchial arterial bleeders 
are cauterized or ligated. A complete pericardial release is per
formed, incising the pericardium close to its reflection on the pul
monary veins. The anterior pericardium on the left side is not 
incised until the atrial anastomosis is performed, to prevent the 
left atrial appendage from protruding over hilar structures. The 
release dramatically improves access to the left atrium. 

IMeticulous liemostasis is achieved since visualization of this area 
is limited during the later part of the procedure. 

Preparation of the donor lungs 

The donor double lung block is divided immediately before im
plantation (Figure 3). Left atrium, pulmonary artery bifurcation, 
and proximal left main stem bronchus arc divided. The pul
monary artery is circumferentially freed to the take-off of the first 
upper lobe branch. Hilar tissue superior to the pulmonary artery is 
divided to avoid kinking of the artery sub.sequent to anastomosis. 
Excess pericardium is trimmed. The donor bronchus is shortened 
to leave two cartilaginous rings from the upper lobe origin and a 
generous length of membranous portion. The peribronchial 
tissues are left undisturbed to preserve blood supply. Donor lungs 
are stored in iced saline while awaiting implantation. 

Donor long implantation 

For implantation, the donor lung is placed on the posterior surface 
of the pleural cavity and packed in iced laparotomy sponges. In 
patients with a normal or small pleural space (i.e. pulmonary vas
cular disease or pulmonary fibrosis), access to the hilum may be 
somewhat difficult when too many sponges are used. I5iie to the 
thawing of ice, a constant flow of saline will gravitate toward the 
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Figure 2 Excision of native rigiit lung. Tlie pulmonary artery (middle) is doubly stapicxl and divided teyoucl its first upper lobe branch. Segmental branches of 
the superior and inferior pulmonary veins (bottom) are divided between ligatures. The hronchus (lop) is transected just proximal to the upper lobe orifice 

Figure 3 Preparation of the donor lungs. The pulmonary artery is divided at its bifurcation. T'he pericardium and left atrium are divided, with the left atrium 
being trimmed further (dotted hnes). The airway is transected but kept sealed by using a GIA stapling device across the proximal left main stem bronchus. The 
donor right and left bronchi are further revised for implantation (as shown at the bottom right) leaving two cartilaginous rings from the upper lobe origin 
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Figure 4 Implantation of dunor right lung. The bronchial anastomosis has been completed. A vascular clamp is placed across the recipient pulmonary artery. 
The staple line is excised, and an eiid-lo-eiicl anastomosis is constructed with the donor pulmonary artery using 5/0 polypropylene 

open recipient bronchus. The anesthetist therefore places a 
catheter on suciiori into the ipsiiateral lumen of the eiidotracheiil 
lube until the bronchial anastomosis is complete. The implanta
tion proceeds with sequential construction of bronchial, arterial 
ant! ici't atrial anastomoses. 

E.xposure of the bronchus as the most posterior strocture i.= 
aided by a traction suture through the bronchial wall and by re
traction of the pulmonary arierial stump, which is gently grasped 
and displaced with a small Duvall clamp. .4 posterior layer of 
peribronchial tissue is gathered with a running 4/0 PE>S suture. 
Donor and recipient bronchus are oriented by ticcuratc placement 
of 4/0 Pf)S traction sutures through the con^esponding junctions 
of membranous and cartilaginous wall. One ti"aciion suture is tied, 
then used to appro.ximale tbc membranous wall in a running 
fashion, and tied to the other traction suture. 

The anastomosis of the cartilaginous portion is constructed 
with five or si,x evenly spaced, figurc-of-cight 4/0 PDS sutures. 
When both bronchi iue small a telescoping technique tnay ob
struct the lumen, but if donor and recipient bronchi are 
sufficiently large, and of different diameter, they may be intus-
suscepted by telescoping one cartilaginous ring into Ihe lumen of 
the larger bronchus. A recent review of bronchial anastomotic 
complications at our institution has discouraged us from using 
ittodilied mattress sutures for this purpose, as this technique was 
associated with a higher incidence of stricture*. 

The integrity of the anastomosis is tested by inflating a small 
amount of air into the subrnci^gcd bronchus. The anterior aspect of 
ihe bronchus is then covered with peribronchial tissue and peri
cardium using a running layer of 4/0 PDS sutures. Wc continue to 
believe that it is important to separate ihe bronchial and arterial 
suture lines by healthy tissue. 

The recipient pulmonary artery is clamped centrally (Figure 4). 
The handle of the Satinsky clamp is temporarily secured to the 
chest wall to steady the artery. Both recipient and donor pul
monary arteries are maximally shortened to avoid inadvertent 
kinking of the anastomosis with graft inflation'. Correct orienta
tion of recipient and donor pulmonary arteries is important, to 
avoid anastomotic torsion. The upper lobe branches are aligned 
and an anastomosis is performed with running 5/0 prolene. Deep 
bites of arterial wall are avoided, to minimize constriction at the 
anastomosis. While the artery remains clamped, the lumen is de-
aired with cold saline before completing the anastomosis. At this 
point an initial bolus of mcthylprcdnisolone 500-1000 mg is ad
ministered in anticipation of allograft rcperfusion. 

The left atrial anastomosis is prepared by placing a large 
Satinsky clamp far onto the left atrial wall (Figure 5). This ma
neuver may be associated with a brief episode of hypotension. 
When systetnic blood pressure has recovered, the recipient left 
atrial cuff is created by connecting all .segmental vein branches. 

Both atrial cuffs are trimmed again to prevent kinking. The 
anastomosis is created using running 4/0 prolene. During this 
phase a continuous infusion of PGEl is commenced. We believe 
that PGEl reduces rcperfusion injury in preserved lung 
allografts™. 

The left atrial anastomosis is de-aired. The lung is gently 
inflated, the pulmonary arterial clamp is opened, and the left atrial 
clamp is briefly released. The anastomosis is then secured and the 
left atrial clamp removed. 

Hemodynamic performance and gas exchange of the implanted 
lung are observed before proceeding with the contralateral pneu
monectomy. The technique of pneumonectomy and implantation 
of the second lung is otherwise identical. 
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Figure 5 Implantation of donor right lung.Ths pulmonary artery anastomosis has been completed. A central left atrial (Satinsky) clamp is placed while the pul
monary venous stumps arc amputated and the bridge of left atrial tissue is divided. A 4/0 polypropylene suture is used to complete the left atrial anastomosis 

Closure 

After hemostasis is secured, bilateral apical and basal chest tubes 
are inserted. Tlie sternum is approximated with tliree no. 7 
stainless-steel wires. Two short segmenls of heavy-gauge 
Kirschner wire may be used to prevent dislocation of the sternal 
ends. The K wire is vertically anchored in tlie niairow of upper 
and lowex sternum before wire closure. Ribs are approximated 
with four to six no. 2 polypropylene pericostal sutures on each 
side. Siibcotaiieous tissues are approximated with running layers 
of absorbable suture material and the skin is closed with dips. 

The double lumen endotracheal tube is exchanged lo a single 
lomcn tube and fiberoptic bronchoseopy is performed to confirm 
the integrity of both bronchial anastomoses and to remove resid
ual secretions. 

SINGLE LUNG TRANSPLANTATION 

Choice of s ide 

If possible, the lung with least function as determined by preoper
ative ventilation-perfiisioii scintigraphy is selected for transplan-
taCioo. While a right lung graft was previously assumed to provide ' 
greater functional capacity, because of its larger size, it does not 
appear that right single lung transplant recipients have any func

tional advantage". We therefore have no preference for a particu
lar side in patients with emphysema and equal lung function. A 
right-sided approach does provide superior access for cannulation 
when cardiopulmonary bypass is planned, i.e. in patients with 
pulmonary vascular disease, pulmonary fibrosis with pulmonary 
hypertension, or for patients who require concomitant repair of 
PFO, AvSD or VSD. For such patients with primary or secondary 
pulmonary vascular disease, a median sternotomy provides satis
factory exposure for cardiac repair and simultaneous right SLTx. 

Exposure 

For standard SLTx, a generous posterolateral thoracotomy 
through the fifth interspace, or through the bed of the resected 
fifth rib, is performed. Resection of the fourth rib instead may fa
cilitate placement of an aortic cannula for CPB. Alternatively, a 
median stcrnotom.y can be used if repair of intracardiac lesion.s 
for Eisenmenger's syndrome is to be combined with transplanta
tion of the right lung. While we have previously used femoral 
access for bypass, we now prefer central cannulation through the 
thoracotomy. An additional incision in die groin and the required 
reconstruction of artery and vein are thus avoided. Nonetheless, 
we always include the ipsilaleral groin in the operative field. For 
this purpose the leg is straightened and the hip is allowed to tilt 
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backwards once the patient is placed in the lateral thoracotomy 
position. 

Recipient pneumonectomy and implantation 

The technique of SLTx follows the procedure described for the 
initial side in the bilateral procedure. SLTx for emphysema is a 
very straightforward procedure facilitated by the absence of 
pleural adhesions and a large pleural space. However, for patients 
with pulmonary fibrosis of primary pulmonary hypertension, 
because of a reduced-sized pleural space, implantation can be 
tedious. A malleable retractor can be used to displace the ipsilat-
eral diaphragm downward, thereby increasing the size of the 
pleural space and subsequent exposure. Another technical point is 
that superior exposure may be provided to the surgeon on the op
posite side of the table in patients with a small pleural space. In 
this circumstance we have found it easier for this surgeon to 
conduct the implantation since he/she does not have to reach over 
the ice-covered allograft to the operative site. 
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Lung Size and Impact on Transplantation 
T.M. EGAN 

INTRODUCTION 

It is likely that organ size is a more important issue in lung trans
plantation than in transplantation of any other solid organ. Lungs 
must fit within the confines of the thoracic cage. This space has 
the capacity to change its size and shape with time; indeed, the 
very act of ventilation changes the volume of the thorax substan
tially by the amount of forced vital capacity. Because lungs are 
easily distensible, they have the ability to change their size and 
shape, and can frequently fill the space made available to them. In 
fact, the safe limits with respect to size mismatching between 
donors and recipients have not yet been established for lung 
transplantation. 

Lung disease can affect the size of the thorax dramatically. 
Patients with chronic obstructive pulmonary disease have an in
crease in lung volumes manifested by flattening of the diaphragm 
and development of a so-called 'barrel-shaped' chest. Conversely, 
patients who develop restrictive lung disease frequently have con
traction of the chest with a diminished anteroposterior diameter 
and elevation of the diaphragm. These factors may have an 
impact on appropriate size matching between recipients and 
prospective donors. What represents an acceptable size discrep
ancy between donor and recipient is an area of controversy. From 
a practical standpoint it is necessary to ascertain, for a given re
cipient listed for transplant, which donors have lungs that are an 
appropriate size. 

Until recently, recipients listed with the United Network for 
Organ Sharing (UNOS) in the United States were listed with an 
acceptable donor weight range as a means of attempting to match 
donor size and recipient size. Lung size in healthy individuals, 
however, is a function of height, sex, age, and race, because these 
are the determinants of thoracic cage volume''^. Often, patients 
with chronic lung diseases become debilitated and are under
weight relative to population norms. Patients with cystic fibrosis 
(CF) suffer not only from end-stage lung disease but also from the 
effects of the CF abnormality on absorption, resulting in consider
able imbalance between their weight and lung size. Principally 
for these reasons, UNOS policy has been changed to list potential 
lung recipients with acceptable height ranges for prospective 

donors, in an attempt to better size match donors and recipients. 
Because prospective lung recipients may be substantially 

smaller than those in the potential donor pool, we have on several 
occasions performed lung resection to establish a better size 
match between donors and recipients at the time of transplant'. 
Perhaps the most dramatic example of 'down-sizing' for lung 
transplantation is the practice of living-related lobe transplant, 
where a lobe from one individual is transplanted into the hemitho-
rax of a recipient and is expected to fill the space made available 
toit^. 

IMPACT OF SIZE MISMATCH IN LUNG 
TRANSPLANTATION 

The amount of tolerable size discrepancy between lung donors 
and recipients is unknown. If donor lungs are too large for the 
chest in which they are placed, a form of tamponade physiology 
may become apparent at the time of chest closure. Subsequently, 
atelectasis and infection may pose a serious problem. A large size 
mismatch may result in impaired cough and ability to clear secre
tions. If donor lungs are too small for the intended recipient, then 
a pleural space problem may ensue. This might result in 
empyema, especially in recipients with infective end-.stage lung 
disease. Overexpansion of the donor lung to fill the space may 
lead to parenchymal injury. A theoretical consideration is that 
overdistension of alveolar spaces might contribute to obstructive 
physiology by early closure of small airways, akin to the physiol
ogy of chronic obstructive lung disease. Despite these concerns, 
Lloyd et al.^ demonstrated that organs from heart-lung donors 
larger than their recipients appeared to function well after trans
plant. Despite the potential for empyema and pleural space prob
lems, this has not been a serious problem when bilateral lower 
lobe transplants have been performed for cystic fibrosis'". 

Many transplant programs have relied on radiographic mea
surements to assess the appropriate size of donors for prospective 
lung transplant recipients''^. After analyzing 32 heart-lung recipi
ents, Otulana et al.^ determined that postoperative total lung ca
pacity was more a function of recipient chest capacity than donor 
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lung size, implying that donor lungs adapted to the volume of the 
chest into which they were placed. Miyoshi et al.'^ recommended 
that a donor for double lung transplant should be chosen to ap
proximate the predicted lung size of the intended recipient. 
However, an analysis of their 12 lung transplant recipients sug
gested that considerable size discrepancy between donor and re
cipients appeared to be well tolerated. In another analysis of 18 
double lung transplant recipients, Massard et a/.'" argued that 
measurement of submammary thoracic perimeter was an appro
priate way to match prospective donors with recipients, but they 
too had reported a wide range of donor-to-recipient total lung ca
pacity, from 77% to 160%. 

DONOR LUNG REDUCTION 

In circumstances where donor lungs appeared at operation to be 
too large for the recipient chest hemithorax, we have performed 
some type of resection in 16 instances. On 15 occasions the recipi
ent operation was double lung transplant or some variation, while 
on one occasion a 27-year-old female with pulmonary fibrosis and 
a predicted total lung capacity of 5.9 liters underwent right single 
lung transplant from a 32-year-old male donor with a predicted 
total lung capacity of 8.5 liters. Because of the size discrepancy 
between the donor lung and the recipient hemithorax, a right 
middle lobectomy was performed. The variety of resections per
formed to reduce the size of donor lungs for double lung trans
plant recipients and the calculated impact on lung capacity is 
depicted in Figure 1. 

An analysis of this "pneumoreduction" strategy for recipients 
of double lung transplants demonstrated the safety and long-term 
functional outcome to 12 months, which was equivalent to recipi
ents of lungs that were not subjected to pneumoreduction\ Two 
double lung recipients who had a form of donor pneumoreduc

tion were excluded from this analysis. One patient with 
bronchiectasis had had a previous left pneumonectomy and herni
ation of his native lung across the midline to occupy a substantial 
portion of the left hemithorax. This patient was transplanted with 
a right lung and left lower lobe to occupy the left pleural .space. 
His operation necessitated cardiopulmonary bypass and was com
plicated by excessive postoperative blood loss due to coagulopa
thy. This probably contributed to the subsequent development of 
ARDS, and he succumbed from multiple organ failure 11 days 
post-transplant. The other patient, a 24-year-old female with post
infectious end-stage lung disease complicated by a pectus excava-
tum abnormality, was excluded from analysis because the 
recipient/donor size mismatch in her case was more a function of 
her altered chest size than a donor with a substantially larger lung 
capacity. Since publication of our experience with 11 pneumo
reduction procedures in double lung transplant recipients, two 
additional patients with CF have been transplanted with lungs that 
were subsequently size reduced. 

Because thoracic volume is related to height, age, sex, and 
race, but not weight, there is a much better relationship between 
predicted forced vital capacity (FVC) and total lung capacity 
(TLC) and height than between these predicted values and weight 
(Figures 2 and 3). 

For patients undergoing pneumoreduction surgery after com
pletion of double lung transplant, predicted total lung capacity 
can be recalculated by reducing predicted total lung capacity of 
the donor by a fraction representing an approximate number of 
segments removed with the pneumoreduction procedure (see 
Figure I). The impact of pneumoreduction on the calculated size 
difference between donor TLC and recipient TLC is depicted in 
Figure 4. Corrected donor total lung capacity refers to the esti
mated impact of a pneumoreduction procedure on donor total 
lung capacity calculated using the fractions outlined in Figure I, 
based on the estimate of number of segments resected. Table 1 

RML 
(n=2) 

linguia 
(n=1) 

RML + linguia 
(n=7) 

bilateral apices 
(n=1) 

RML + apices 
(n=1) 

bilateral upper 
lobe wedge 

(n=1) 

Figure 1 Type and number (n) of size reduction procedures performed on recipients of double lung transplant. The fraction represents the expected impact of 
each resection on predicted total lung capacity, based on an approximation of the total number of pulmonary segments resected 
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Figure 2 A: Donor FVC and TLC vs. height; B; recipient FVC and TLC vs. height. (Reproduced with permission, from ret". ?•) 
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outlines the difference.s between recipients of double lung tran.s-
plant and their prospective donors, according to whether the 
donor was size reduced. Four patients experienced catastrophic 
graft failure and were retransplanted; thus there are 69 donor/re
cipient pairs in Ihis analysis of 65 patients with double lung trans
plants. Recipients who had donor lungs size reduced had a 
significantly greater discrepancy between calculated donor total 
lung capacity and recipient total lung capacity, regardless of 
whether this discrepancy was assessed by an absolute difference 
or a ratio of recipient-to-donor total lung capacity. After pneu-
moreduction and recalculation of a new donor total lung capacity 
(corrected total lung capacity), the differences between recipients 
whose lungs were size reduced and those whose lungs were not 
no longer reach statistical significance. 

Although pneumoreduction improved the correlation between 
donor total lung capacity and recipient total lung capacity (Figure 
4), from a correlation coefficient, r, of 0.46-0.56, there is still 
considerable variation between donor and recipient calculated 
total lung capacity. This discrepancy has had little impact on 
outcome, in our experience, although it is interesting to note that 
in two circumstances where donor predicted total lung capacity 
was substantially less than recipient total lung capacity, acute 
graft failure led to a requirement for urgent retransplantation. 
Nevertheless, in one instance in which bilateral lower lobe trans
plants were performed in a recipient with cystic fibrosis, no 

difficulty was encountered, despite a large size discrepancy 
between the predicted total lung capacity of the transplanted lobes 
compared with the predicted total lung capacity of the recipient. 

Figure 5 depicts the impact of pneumoreduction procedures 
applied to double lung transplant recipients on outcome. 
Pneumoreduction procedures per se have not been associated 
with identifiable complications. 

IMPACT OF SIZE DISCORDANCE 

Despite concerns that transplanting a larger lung into a recipient 
with a smaller chest cavity might lead to atelectasis, in our experi
ence size mismatch has not been associated with the development 
of untoward complications. Figure 4 suggests that an equivalent 
number of recipients have donor lungs that are larger than their 
predicted total lung capacity as lungs that are smaller. The limits 
of size discrepancy remain unknown, but our experience indicates 
that, in circumstances when lungs appear to be too large to safely 
close the chest, it is safe to resect portions of the lung to 'down
size' donor lungs. 

What is the impact of implanting lungs that are substantially 
smaller than the recipient's explanted lungs? These issues have 
been addressed in several studies of lobar transplants in neonatal 
swine" '•*. In an interesting series of experiments Kern et al. 
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Figure 3 A: Donor FVC and TLC vs. weight; B: recipient FVC and TLC vs. weight. (Reproduced with permission, from rcf. 3) 

Table I Impact of size reduction on discrepancy of TLC between donors and recipients of double lung transplants 

Parameter Reduced {r\ = li) Not reduced In = 56) 

Recipient TLC (predicted) (L) 
Donor TLC (predicted) (L) 
Recipient TLC/donor TLC 
Recipient TLC - donor TLC (L) 
Corrected donor TLC (L) 
Recipient TLC/corrected donor TLC 
Recipient TLC - corrected donor TLC (L) 

5.18 ±0.26 
6.79 ±0.32 
0.773 ± 0.04 
-1.61 ±0.27 
5.86 ±0.29 
0.90 ±0.04 
-0.68 ± 0.23 

5.82 ±0.18 
5.91 ±0.17 
1.0 ±0.03 
-0.09 ±0.16 
5.91 ±0.17 
1.0 ±0.03 
-0.09 ±0.16 

n.s. 
< 0.05 
< 0.00()5 
< 0.0001 
n.s. 
n.s. 
n.s. 

• by ANOVA 

demonstrated an increase in fixed volume and total lobar weight 
of left lower lobes transplanted from mature pigs into 9-week-old 
piglets after a 12-week growth period in recipients. Despite this 
increase in fixed volume, no significant differences in total alveo
lar number or alveolar size, assessed by morphology, could be 
demonstrated between transplanted lower lobes subjected 
to a 12-week growth period compared with lower lobes retrieved 
from 6-month-old pigs that served as controls'*. These authors 
speculated that transplanted lobes most likely grew through an 
increase in connective tissue and cellular components of the 
lung parenchyma, and not through an increase in alveolar 
number. 

In humans the lung is generally considered to grow to fill the 
space available within the thoracic cage'^ Compensatory growth 
of lungs following lung resection results in generation of tissue 
that is functional in gas exchange, although it is widely believed 
that the number of alveoli in the lung does not increase beyond 
childhood'*'. Compensatory lung growth is a hyperplastic re
sponse. Total tissue protein, RNA, and DNA increased in studies 
of post-pneumonectomy lung growth, indicating an increase in 
cell numbers". This would suggest that substantial size discrep
ancy between potential donors and recipients may be well toler
ated, and that compensatory lung growth may result in 
satisfactory long-term outcome. In humans these issues will be 
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Ŵ  • * • • 
• 

• 

• .•''* 

'^^r • 
j« • 

r=0.56 

- . 1 1 

0 2 4 6 a 10 
Recipient TLC (liters) 

Figure 4 Relationship of recipient predicted TLC to donor predicted TLC. 

The regression line is solid; the line of identity is dashed. Before size reduc

tion, more donors had larger TLC than recipients. After size reduction (lower 

panel), the correlation between recipient TLC and the new or corrected pre

dicted donor TLC is better, and the scattergram appears more symmetric 

around the line of identity (dashed) 

100 
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Figure S Measured FVC, preoperative and 6 and 12 months po.st-transplant, 

for reduced and non-reduced double lung transplant recipients. Note: one 

reduced patient did not have reliable PFT prior to transplant; he developed 

pneumonia and ARDS and was successfully transplanted off ventilatory 

support. Two patients with pulmonary hypertension, one primary and one 

Eisenmenger's, were excluded from pretransplant FVC calculations. (Mean 

± SEM) 

addressed by long-term follow-up of recipients of lobar 
transplants. 

COMMENT 

It is generally accepted that an appropriate size match between 
lung transplant recipients and prospective donors would provide a 
lung of a size approximate to the hemithorax into which it is 
transplanted. However, it is also clear that substantial latitude 
exists in size matching of donors and recipients. Donor lungs can 
be safely size reduced by a variety of procedures, with no detri
mental impact on recipients. We believe the adage 'You can't 
make a small lung big, but you can always make a large lung 
smaller', and routinely apply it, particularly to recipients with 
cystic fibrosis whose growth may have been retarded due to their 
chronic illness. The limits of 'undersizing' donors with respect to 
prospective recipients have not been defined; presumably the risk 
of development of a pleural space increases with the size disparity. 
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52 
The Split-Lung Technique for Lobar Transplantation 
J-RA. COUETIL 

INTRODUCTION 

Pulmonary transplantation for the pediatric population, or for pa
tients of small size, is particularly limited by the now well-described 
scarcity of organs available for transplantation''̂ . Limitations of size 
mismatch and shortage of suitable donors make these groups of 
recipients especially difficult to accommodate. To circumvent these 
obstacles we have developed a technique of lung transplantation 
inspired from previous experience with liver bipartition. 

Bismuth and Houssin^ have shown that splitting the liver into 
its constituent lobes allows two children to be transplanted with 
one liver. Recent studies of transplantation of pulmonary lobes in 
animals have been successful at medium-term follow-up with 
respect to hemodynamics, adequacy of volume, and conformity of 
the lobes in the thorax of the recipient*-*. Satisfactory results of 
pulmonary reduction and lobar transplantation and liver biparti
tion, from either cadaveric'-'** or living donors" ' \ are reported 
clinically. We postulated that bipartition of one large donor lung 
into its constituent lobes would allow bilateral pulmonary trans
plantation into a recipient of smaller thoracic size. 

We first showed the feasibility of the procedure experimen
tally''*. Using adult dogs as donors, single lungs (either right or 
left) were divided into separate lobes which were subsequently 

implanted unilaterally and bilaterally into young dogs. Follow-up 
of up to 21 weeks demonstrated satisfactory bronchial and vascu
lar anastomoses, and perfect adaptation of the transplanted lobes 
to the morphology of the recipient thorax. Following the success 
of these animal experiments, the procedure was applied clinically 
for the first time in May 1993. 

MATERIALS AND METHODS 

Between May 1993 and November 1994 seven bilateral lobar 
transplantations using a bipartitioned left donor lung were per
formed at Broussais Hospital. There were five female and two 
male recipients. There were three children aged 13-17 years 
(median 14), and four adults aged 40-53 years (median 45). The 
etiology of the end-stage lung disease was cystic fibrosis in the 
case of the three children; two adults had primary pulmonary hy
pertension, one had bronchiectasis and one had idiopathic pul
monary fibrosis. All patients required continuous O, therapy, and 
had grade IV dyspnea. Preoperative lung function tests for cystic 
fibrosis patients revealed mean FEV, <25% of predicted values 
and FVC <30% of predicted. All were judged to have a life ex
pectancy <12 months. 

Table 1 Data regarding donor/recipient size discrepancy 

(aj Adult recipients 

Height (cm) 
TLC:LLC (L) predicted 

Rl.DI 

150:180 
4.10:3.26 

R2:D2 

158:190 
5.57:3.06 

R^:D^ 

163:180 
5.10:3.26 

R4:D4 

160:188 
5.40:3.46 

ih) Child recipients 

Height (cm) 
TLC:LLC (L) (predicted) 

R5:D5 

154:174 
4.01:3.04 

R = recipient; D = donor; TLC = total lung capacity (predicted TLC has been calculated 
of donor (a,s 45% predicted TLC of the donor). 

R6:D6 

140:178 
3.06:3.26 

u.sing the European Community 

R7:D7 

135:170 
2.76:2.42 

for Coal and Steel Formula); LLC = = estimated left lung capacity 
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The criteria were similar to those for single lung transplanta
tion, except that bilateral lobe transplantations were performed 
when there was a discrepancy in height or weight of more than 
20% between donor and recipient. In the present reported cases 
the weight discrepancy was 44-50% and the height discrepancy 
12-^17% (Table 1). 

SURGICAL TECHNIQUE 

Donor operation 

A median sternotOTDy is perlbrrned and the pericardium and 
pieoral cavities are opened. The knigs are inspected and paiiicular 
attention is paid to the left oblique fissure to ensure that it is well 
defined. In most young adult donors the fissure is well defined 
and therei'ure docs not present any difficulty in separation. The 
trachea, aorta, pulmonary artery and both venae cavae are dis
sected free, liepario is administered in a central venous, hne. foh 
lowed by proslacyclin (500 /xg over 10 niin) into the pulmonary 
artery. The heart is then excluded from the cn'cuiation by crosŝ ^ 
clamping the aorta and the venae cavae, Cardioplegia is adirdnis-
tered via the ascending aoita and. when, the heart is aixesied and 
the lungs slill veniilated. pncurnopicgia is infused via the pul
monary artery (Papworth soliifion 60 ml/itg). The hean is decom
pressed by incisi.ag the inferior vena cava and the left atrial 
appendage. Topical cardiac and lung cooling is applied. 

The heart i.s then excised, taking care to leave enough atrial 
tissue surrounduig the left and right pulmonary veins. After aspi
ration of bronchial secretions the lungs arc inflated, the endo
bronchial lube withdrawn, and tlie tfacliea stapled and transected. 
The douhle lung block is then excised, leaving the esoplMgus and 
the descending aorta in die donor chesi, If the decision is made lo 
transplant one lung in two different institutions (twinning proce
dure), the pulmonary block is divided on a back table. The peri
cardium is split vertically midway between the two atrial cuffs, 
and the pulmonary artery is divided at it.s bifurcation. The dissec-
liorj is then ctirnpieted al the level of ihe carina, and the proximal 
left main bronchus is stapled and divided after inllalion of the 
lungs. Each lung and the heart are placed separately m cold con-
tauicr.s for transportation. 

Figure I The left lun 
puimiinar) arrerv ,inle, 
intern .riv 

he bronchus posteriorly, the 
lueiice of the veins antero-

Preparation of the donor lung 

Bench preparation of the donor left lung involves separation of the 
upper and lower lobes, and can be completed within 15 mlii. Initial 
inspection determines the direction and completeness of the fissure 
and the presence or not of anatomic variants. The two pulmonary 
veins are e.̂ cposed on the mediastinal surface of the lung and 
divided, leaving a small cuff of atrial tissue. The two veins are sep
arated from each other (Figure 1). The oblique fissure is dissected 
down to the pulmonary artery. Small vessels crossing the fissure 
are clipped and divided. Parenchymal bridges arc divided after sta-
phng. After completion of dissection of the fissure, the pulmonary 
artery is divided between the apical branch of the lower lobe and 
the lingular artei^' (Figure 2). The upper and lower lobe bronchi are 
dissected down to the level of the segmental branches, with 
minimal dissection to preserve retrograde vascularization (Figure 
3). Both upper and lower lobe bronchi are transected at their origin 
(just before implantafion of the donor lobes) (Figure 4). 

Figure 2 .After completion of disseciioii c>f liie (isbure, the pulmonary artery 
is divided txrtween the apical braiich of tlie iov.er lobe and llie linguiai- arteiy 
(dotted line) 
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Figure 3 The upper and lower lobe bronchi are dissected do«'i! to the level of the segmental branches aod are transected at their origins (dotted hncs) 

Recipient operation 

The patient is anesthetized and nwmtored with .standard single-
iijTHcis eridotracheiil lube, radial artery litie. two central venous 
catheters, and a Swan-Gati.?, catheter. Siirgitiil exposure is via bi-
kiicrai thoracolomy and transverse sleTnotorny through Ihc Iborfh 
or fifth intercostal space (the 'clairi-sheir incision). The pul̂ ^ 
monarv ligaments aod any pleura! adiiesioiis are divided with 
cautery. The pulmoriary artery is dissected intra- and cctra-
pericardiiih'/ on bcili sides of the thJum, and dissected as disSally 
as possible into the parenchyma oi" the hjng, beyond the upper 
lobe branch, to itave sufficient length tlir sur>seqiie!it anastomosis, 
Thsr puJmonarv veirts, both inferior and superior, att dis.sected 
tree and a tape |)asscd around Ihe superior p'jlmonary vein on ihc 
right. 

Excision of recipient's right lung 

Full norinolheriiiic cardiopulmonary bypass (CPB) with a beating 
heart is estabMshed via the ascending aorta and the right atrium 
(using a two-stage venous cannula), and ventilation is discontin
ued. The recipient right lung is then excised in a standard fashion, 
but ensuring that as long a vascular pedicle as possible remains 
(Figure 5). The first branch of the pulmonary arterj' is ligatcd lo 
achieve greater length. This is also useful to orientate the anasto
mosis. The inferior vein is oversewn in the adult, but in pediatric 

cases the recipient cuff is fashioned to incorporate both inferior 
and superior veins. 

Implantation of the left upper lobe in the right 
hemithorax 

The donor left upper lobe is then placed in the right hemithorax, 
having undergone a 180° vertical axis rotation for approximation 
of donor and recipient hila (Figure 6). Thus, in this situation, the 
posterior border of the donor left upper lobe becomes anterior, 
and its anterior border lies posteriorly along the spine. This has 
the effect of placing the membranous portion of the donor 
bronchus opposite the cartilaginous portion of the recipient 
bronchus and vice-versa. The donor pulmonary artery is postero-
superior to the donor bronchus, and the recipient artery is anterior 
and slightly inferior to the recipient bronchus. The donor and re
cipient superior veins are well aligned. 

The bronchial anastomosis is performed with continuous 4/0 
prolene. Any size mismatch is overcome by using an end-to-eod 
anastomotic technique, avoiding telescoping as far as is possible. 
They are sutured as they were aligned, cartilaginous portion of 
donor to membranous of recipient and vice-versa (Figure 7). 
Bronchial wrapping is not performed. This is followed by anasto
mosis of the donor pulmonary vein to the recipient superior pul
monary vein (continuous 5/0 prolene). 
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Figure 4 The upper and iuwer lobes aligned ready for implantation on the 
right and left sides respectively. Note tlie fissiirai fipe,ning of riie pulnionaiy 
artery antero-superior to tlie broncluis 

right 
jwed 

Figure 7 The teclinique of broncliial anastornosis; a continuous CBd-to-end 
stitcli sutures carlilaginous portion to membranous portion and vice-versa 

Figure 5 Excision of Elie recipient right lung showing intra- and cxtra-
pericardial dissection of tiie pulraoriary artery lo allow as long a pedicle as 
possible 

The proximal pulmoiiaiy artery of the donor is posterior to the 
bronchus, but leads forward to the fissiiral section which is ante
rior and in good alignment with the artery of the recipient. 
Therefore, the proximal portion is trimmed close to the upper seg
mental branches and oversewn, and the anastomosis is fashiotied 
eiid-to-cnd with the recipient artery using 6/0 prolene (Figure 8). 
The pulmonary artery anastomosis is made possible by having 
dissected sufficient length of recipient artery to allow it to come 
forward in front of the bronchial anastomosis without tension or 
twist. 

Retrograde de-airing is achieved by releasing the venous clamp 
and evacuating air through the pulmonary artery before securing that 
anastomosis. The right transplanted lobe is then ventilated 
gently with 50% Fi02. CPB is reduced to allow perfusion of the lobe. 

Excision of the left lung 

The recipient left lung is resected in a standard manner, but again 
leaving a long vascular pedicle. The endotracheal tube is placed 
into the right main bronchus, a procedure which can be directly 
assisted by the surgeon. This ensures continued ventilation of the 
transplanted lobe. 
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Flgiiri S Tfie long pulmonary artery pedicle oi'thc recipient may h gned 
with ihe fissural aspect of tl'.e donor piilmonarj' arterj' to form the anastomosis 
in from of the bronchial anastomosis 

Implantation of the left lower lobe in the left 
hemithorax 

The doaor left lower lobe is placed in the aDatomical position in 
the thorax of the recipient. Alignment of the bronchi and vessels 
is uncomplicated (Figure 9). Anastomoses are fashioned in the 
same order: (a) bronchus, followed by (b) vein, and (c) artery. 
The bronchial anastomosis involves the recipient main bronchus. 
Again, any size mismatch is overcome while suturing the bronchi 
end-to-end. The venous anastomosis differs sHghtly from the right 
in that the recipient cuff is fashioned incorporating both superior 
and inferior veins, as they are more closely aligned than on the 
right (Figures 10 and 11). Botb recipient and donor arteries 
present anteriorly, and there are no special dificulties forming the 
anastomosis. 

De-airing procedures are repeated before the vascular anasto
moses are secured. CPB is gradually discontinued. (At this stage 
it may be apparent in some cases that the right graft in its new po-

Figure 9 The donor left lower lobe implantation into the left hemithorax, 
showing the completed bronchial and pulmonary venous anastomoses and the 
pulmonary artery anastomosis in progress 

sition is too long for the thorax. In such situatioos the lingula may 
be resected, using a linear stapler.) 

Thereafter, bilateral drains are placed and the thoracotomy 
closed in layers. Postoperatively, patients are extubated as soon as 
oxygenation is adequate. 

Transbronchial biopsies have not been performed in the initial 
2 weeks; rejection episodes have been diagnosed on clinical 
grounds. Otherwise, bronchoscopy, transbronchial biopsy, and 
lavage have been performed on a routine basis and when clini
cally indicated by chest radiograph abnormalities, altered gas ex
change, or unexplained fever. After discharge from hospital, 

Figure I t The donor p iins of the recipient 
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Figure 11 Alternative technique in which the donor pulmonary vein is anastomosed only to the recipient superior pulmonary vein. The inferior vein has been 
oversewn 

patients have been enrolled in a physiotherapy and rehabilitation 
program. 

RESULTS 

Earif resylts 

There were no technical failures at tlie time of operation, and all 
patients were successfully weaned from CPB. The graft mean is
chemic time was 150 miii for the first lobe (range 90-172), and 
210 min for the second lobe (range 145-305). Additional proce
dures performed included patent ductus arteriosus division and 
ligation, patent foramen ovale clo.sure, and a reduced liver trans
plantation in a cystic fibrosis patient. The duration of ventilation 
postoperatively ranged from 12 to 105 h (median 30). There was 
one early death in a cystic fibrosis patient in whom widespread 
systemic aspergillosis could not be controlled, with death from 
cerebral hemorrhage on day 21. Morbidity was minimal. There 
were no bleeding compUcations, and neither bronchial stenosis 
nor dehiscence became apparent. There was a persistent air-leak 
in two patients, and three others were noted to have partial pneu-
mothoraces. Hospital stay ranged from, 21 to 70 days (median 42). 

Late results 

Follow-up of the six survivors now ranges from 3 to 9 months 
(median 7). All patients are subjectively very well with no major 
morbidity, and minimal problems of rejection or infection. 
Median values of respiratory function tests are FEV, of 
1.83 1/min (81% predicted) and FVC of 2.53 1 (71% predicted). 
Changes in the percentage of predicted oormal values for the re
cipient demonstrate an improvement with time after transplanta
tion. There has been only one bronchial stenosis, which has been 
successfully dilated. This occurred on the left. Bronchoscopy in 
all other patients has demonstrated patent lumina, free of ulcera
tion or stricture. Follow-up CT scans have demonstrated disap
pearance of residual pneumothoraces and perfect adaptation of 

the transplanted lobes to the shape of the recipient thorax. Of note 
in the majority of CT scans is a mild shift of the mediastinum 
towards the right, probably due to the longitudinal orientation of 
the transplanted lobe on the right. 

COMMENT 

In conclusion, following the success of our animal experiments 
we have now shown that the technique of lobar separation of the 
left lung, followed by bilateral transplantation of the two lobes, is 
feasible and easily performed without an increase in mortality or 
morbidity. Good functional results have been obtained in care
fully selected patients with a large size discrepancy with their 
donors. Discharged patients have returned to a normal lifestyle 
with adequate arterial gaseous ex:change on exertion. There has 
been full adaptation of the lobes to the shape of the recipient 
thorax. Further long-term studies in animals and patients are 
awaited to assess the full potential of this technique in increasing 
the number of transplantations in children and adults of short 
stature. We axe at present developing a technique for separation of 
the lobes of the right lung and their subsequent transplantation. 
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53 
Postoperative Management of the Single Lung 
Transplant Patient 
R.C. DALY AND C.G.A. MCGREGOR 

INTRODUCTION 

This chapter will concentrate on the routine postoperative care of 
the single lung transplant recipient, and will not duplicate topics 
covered in other chapters, such as immunosuppressive therapy 
and postoperative complications, except where a specific alterna
tive management philosophy exists. 

Much of the postoperative management of patients undergoing 
bilateral lung transplantation is similar to that following 
heart-lung transplantation, and will not be duplicated here. The 
postoperative care of the patient who has undergone single lung 
transplantation (SLTx) is different in that: (a) left or right 
thoractomy, rather than median sternotomy, is performed; 
(b) cardiopulmonary bypass is generally not utilized; and (c) the 
contralateral native diseased lung remains in situ. Whatever the 
technique of lung transplantation used, however, there are 
the problems of lung preservation and the diagnosis of pulmonary 
rejection, infection and obliterative bronchiolitis. Some aspects of 
postoperative management, particularly early postoperatively, 
will be affected by the type of lung transplant performed, for 
example SLTx versus bilateral LTx. In this chapter, only those 
aspects peculiar to SLTx will be elaborated upon. Postoperative 
management will clearly be modified by the recipient's pul
monary disease leading to LTx (e.g. emphysema versus pul
monary hypertension) due to the effects (parenchymal or 
vascular) of the remaining lung. 

Postoperative management can be conveniently divided into 
two phases: (a) the early intensive therapy period, and (b) the 
medium and pre-discharge period (stepdown and general ward). 
During the early experience with LTx, the mean stay in the inten
sive-care unit (ICU) was 7-9 days'^. Current studies report an 
average ICU stay of 5.6 days (median 3 days)'. The mean hospital 
stay has decreased from 41 days''^ to 26-35 days'*. Our own pa
tients have been dismissed an average of 25 days after LTx for 
emphysema, and many can be dismissed in about 2 weeks^ 
Longer stays have been reported for patients with underlying pul
monary fibrosis (mean of 37 days)*. 

EARLY POSTOPERATIVE PERIOD 

As for much of cardiothoracic surgery, the relative difficulty of 
immediate postoperative care is largely dictated by the events that 
occurred in the operating room. If a good donor lung is obtained 
and preserved well, and the operative procedure is technically un
complicated, then the early management of the SLTx recipient is 
relatively straightforward. 

No consensus exists regarding the effectiveness of reverse 
barrier nursing in the care of the transplant recipient, but many 
accept that reverse isolation in the early postoperative period is 
helpful in minimizing traffic of personnel, and impresses on both 
staff and visitors the risk of transmitting infection, and the import
ance of maintaining strict hygienic standards. We keep all hospi
talized transplant recipients in single rooms with standard 
transplant isolation. All individuals entering the rooms must wash 
their hands for a strict 2 minutes, and must wear a mask. 
Prehminary comparison of this isolation policy with our historical 
use of strict reverse isolation indicates that the current, simpler 
procedure is acceptable. An individual nurse should not combine 
care of a transplant patient with that of an infected patient, and 
continuing strict adherence to hand washing, in particular, is es-
sentiaP. Early postoperatively, LTx recipients are kept in rooms 
with filtered, positive-pressure ventilation systems. 

In the immediate postoperative period, two nurses are generally 
required to perform the extensive duties that are necessary. 
Standard intensive-care monitoring of vital signs is carried out. 
Experienced resident medical presence is mandatory. Frequent 
clinical examination is important. Early signs of rejection or in
fection can be subtle but, if elicited, can allow timely investiga
tion and therapy. It has been our practice for the senior medical 
team (surgeon, anesthesiologist, respiratory physician, infectious 
disease specialist) to meet at least twice daily to review in depth 
the patient's condition; this allows for the results of investigations 
to be noted, and management to be optimized, and provides conti
nuity of care, as well as serving as a forum for communication 
and education of the staff involved. This proactive approach 
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results in the timely introduction of measures that prevent the de
velopment of complications and emergency problems. 

Ventilatory management 

A standard volume-cycled mechanical ventilator is adequate for 
ventilation of most single-lung recipients. In rare circumstances, 
high-frequency ventilation or use of individual ventilation of each 
lung may prove helpful. 

The aim of mechanical ventilation is to achieve adequate oxy
genation of the patient (Pao^ >80 mmHg) at the lowest possible 
inspired oxygen concentration {Ffl2 <0.6) and the lowest possible 
peak airway pressure (<30 cmHiO). Measures to achieve these 
ends include: 

(1) Optimization of ventilatory rate, inspiratory time, and tidal 
volume, to achieve the same minute ventilation. Routine set
tings are respiratory rate of 8-10 breaths per minute and tidal 
volume 15 ml/kg. 

(2) The use of positive end-expiratory pressure (PEEP) 
« 4 - 6 cmHiO. Greater levels of PEEP may be necessary to 
achieve adequate oxygenation in the presence of compro
mised lung function, but are clearly undesirable for prolonged 
periods in view of a potentially deleterious effect on bronchial 
healing. Patients with a retained, contralateral emphysema
tous lung may require lower levels of PEEP and longer expi
ratory time to minimize hyperexpansion of the native lung 
and consequent mediastinal shift. Occasionally, use of sepa
rate ventilators for each lung via a double-lumen endotracheal 
tube is helpful. 

(3) Adequate pulmonary toilet. A soft endotracheal suction 
catheter is introduced into the lower trachea every 2 hours, or 
more frequently if secretions are copious. Aggressive endotra
cheal suction with a rigid catheter in the region of the 
bronchial endotracheal suction should be avoided to minimize 
stress on the anastomosis. If there are significant secretions 
that cannot be aspirated, or if lobar collapse develops, then 
fiberoptic broncho.scopy should be carried out; with care, it is 
possible to traverse the bronchial anastomosis. Throughout 
the period of mechanical ventilation, and after extubation, 
active respiratory therapy, including vibration and percussion 
with gravity drainage, is given 4-hourly. 

(4) Maintenance of the lowest left atrial pressure compatible with 
satisfactory hemodynamics, preferably maintaining the pul
monary arterial diastolic pressure lower than 12 mmHg (.see 
also Hemodynamic Management, below). This aims to mini
mize the propensity for pulmonary edema in the preserved, 
transplanted lung. 

(5) Recipients of a SLTx with pulmonary hypertension (including 
some with a primary diagnosis of pulmonary fibrosis) will 
have a propensity to develop pulmonary edema in the graft, 
since the preponderance of the cardiac output will be directed 
through the transplanted lung (after an ischemic insult and 
lacking lymphatic drainage). It may be helpful to position 
these patients to keep the allograft above the native lung, to 
reduce pulmonary venous pressure on that side. Further, these 
patients should be kept well sedated, even paralyzed, in the 
initial postoperative phase to minimize pulmonary artery 
pressure in the allograft. 

(6) Avoidance of pleural fluid collection by continuous suction 
(at -20 cmHiO) of apical and basal chest tubes inserted at the 
time of transplantation. 

Many SLTx recipients can be extubated within 1-3 days of 
operation, but some require more prolonged periods of ventila
tion. Before weaning, the following criteria should be met: 

(1) The patient's mental status should be satisfactory. He or she 
should be easily rousable, and have satisfactory cough and 
gag reflexes. 

(2) Blood gas parameters must include: 
(a) PaOi >75 mmHg, with an FiO, <0.5, a Paco^ <40 mmHg, 

and PEEP <6 cmH^O; 
(b) a vital capacity >10 ml/kg; 
(c) a peak inspiratory pressure force ^^25 cmH20; 
(d) the demonstrated ability of the patient to resume adequate 

spontaneous ventilation during a progressive decrease in 
assisted ventilation. 

(3) Acceptable chest radiographic appearances. In the presence 
of diffuse opacification of the lung in a patient with marginal 
blood gases, ventilation should be continued until improve
ment is seen. 

(4) Stable hemodynamics, including stable cardiac rhythm and 
acceptable hemodynamic parameters without heavy inotropic 
therapy. 

(5) Good muscle strength, reflected by adequate chest excursion. 
The patient should be able to lift his/her head off the pillow. 
Pain may prevent satisfactory chest movement; the insertion 
of a lumbar epidural catheter for postoperative pain manage
ment is helpful, unless cardiopulmonary bypass has been 
used, in which case this technique for analgesia is probably 
contraindicated. 

(6) Satisfactory acid-base status. Significant metabolic alkalosis 
should be corrected prior to weaning. 

(7) Acceptable fluid balance. In particular, the patient should not 
be fluid overloaded; diuresis may be indicated prior to 
weaning (see Hemodynamic Management). 

Once an adequate level of oxygenation with an Ffl2 ^0 .5 is 
achieved, a standard weaning protocol can be used. For example, 
the ventilator is switched from assist control to an intermittent 
mandatory ventilation (IMV) of 8 breaths/minute. If the patient 
remains comfortable with acceptable blood gases, then the rate is 
further decreased to 4 breaths/minute, and the patient is subse
quently extubated. 

In patients with early impairment of donor lung function, from 
use of a suboptimal donor or inadequate pulmonary preservation 
(Figure 1), weaning first requires improvement in the patient's 
overall clinical status. This allows a gradual increase in sponta
neous ventilatory work with concomitant decrease in ventilatory 
assistance. Intravenous nutrition may be required if this period is 
prolonged, as well as control of any volume overload and/or 
sepsis. Topical oral and gastrointestinal agents are used to mini
mize microbial colonization (see Infectious Disease Management, 
below). Even though the patient is ventilator dependent, suitable 
physical activity should be encouraged. The patient's psychologi
cal status should be maintained as near normal as possible, with 
avoidance of sleep deprivation and depression. The rehabilitation 
process is begun at this time, and is tailored to the general state of 
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Figure 1 AisleroposttTic-r ches! radiograph of pariciu taken 48 h after single 
left Uing fransplanlation. The iefl lung iipacificatJon wa^ hclicvcd to result 
from iri;!tler|'.>ate donor king picservafioo 

the patient. ContiiiiiiU' of expert crire is essential iti such cases. 
The overall philosophy is lo increase the pcri<)ds of active resptra-
tiiry movement by alternating these with periods of muscle rest, 
usually entailing an assist coriiiol inoik; oi vcndliiiion at night. 
Graduaily, periods oiT the ventilator are increased until vcritslatiim 
can be discontinued permanendy. 

In the eatiy 'loiDiito .series of SLTx, liie duration of" ven.lilaiory 
support was a mean of 5.5 days*, in our recent experience mean 
ventilatory linie after SLTx fur ctrtpiivscnia was 3.3 daysy 
Pruiwnacd vcntiiaiion (>7 days) has been reported !o be more 
common in recipients with pnlnionary fibrosis and puhnoriary hy-
pertensioii (incidence of 25% and 21%. respectively) than in 
t'iose With obs'.ructivc lung disease (l^Ff. 

After cxtubatioii, a eiose-fitting mask deliverijig 40'* or 70% 
O, is applied, and blood gases are monitored 30 niinuies lalcr, 
and rfien at houriy or 2-houriy inscrvais imtil the padcni's respira
tory status is clearly sadsfactury. CondoiM îJS ear or finger OKiine-
try for Sa(h is earned otit. Chest radiographs are ttiken at S^Jtoiirly 
intervais throughoui the tirst pcsfoperalive wtrck. Four-liourly 
chesi p!iy.\i!.<!herapy, -vidi hfcathing exercises aiid vibration or 
percussion therapy, is provided to help preveni atelectasis. Pulse 
oximetry and heart rate rdiouid be monitored during respiratory 
ihcrupy. and any deterioration iti these paratneiers repyrccd v:> the 
physician, BronchodiLaior therapy is not einpioyctl rouuneiy, 'The 
patient vs given guidaiicc m the use of incenti^-e spiroaietry widi 
one of the tnany commerciaiiy available devices, and encouraged 
ro perform tlti.s therapy for 2-5 jriituiic;^ cl every v.̂ aking hour. 

Hemodynamic manaiement 

Continuous invasive hemodynamic monitoring is essential until 
the patient is established off the ventilator. An arterial line, a 
urinary catheter, and a triple-lumen central venous catheter are 
utilized. Additionally, Swa,n-Ganz catheterization is helpful, par
ticularly in patients with pulmonary hypertension who have a 
greater tendency to have hemodynamic instability; if anxiety 
exists regarding trauma to the pulmonary arterial anastomosis, the 
catheter can be passed into the contralateral lung under the 
surgeon's control in the operating room before the chest is closed. 

The transplanted lung is at risk for developing pulmonary 
edema due to its recent ischemic injury and interruption of lym
phatics. This is particularly troublesome in patients with pul
monary hypertension, since the majority of the cardiac output will 
pass through the allograft due to its lower vascular resistance. 
Furthermore, patients with pulmonary hypertension are likely to 
have required cardiopulmonary bypass during the transplant. 
Efforts should be made to minimize administration of intravenous 
iuids in all patients from the time they enter the operating room. 
The anesthesia team should treat the recipient like a patient un
dergoing pneumonectomy, and intravenous fluids should be cer
tainly limited to less than 2 liters. Postoperatively, cardiac filling 
pressures (CVP and PCWP or PA diastolic pressure) should be 
kept at the lowest level possible to maintain the mean arterial 
pressure 60-65 mmHg. Maintenance of an adequate blood pres
sure may be important in ensuring satisfactory blood supply to 
the ischemic bronchus. To achieve these hemodynamic parame
ters, it is often necessary to use a dopamine infusion at 2-5 fig/kg 
per minute. Concomitant vasodilator therapy (sodium nitroprus-
side) may be used to optimize cardiac function. More powerful 
puhnonary vasodilator therapy (PGE, and PGI^) may be helpful if 
pulmonary artery pressures remain high, with resultant right heart 
failure; this problem is most acutely faced, however, during the 
period of one-lung ventilation that is necessary as the donor lung 
is being implanted*. As indicated above, it may be helpful to 
position the patient with pulmonary hypertension so that the allo
graft is above the level of the native lung to minimize pulmonary 
venous pressures on the allograft side. It may also be necessary to 
keep patients with pulmonary hypertension sedated and even para
lyzed for a few days after transplantation, to prevent pulmonary 
hypertensive crises and reduce allograft reperfusion injury. 

Renal function must be monitored closely. At our center we 
do not use intravenous cyclosporin postoperatively (see 
Immunosuppressive Therapy, below) which may compromise 
renal function. Usually we strive for a negative fluid balance each 
day postoperatively, maintaining low cardiac filling pressures, 
and keeping the patient as 'dry' as possible. Judicious administra
tion of diuretics is often necessary. Postoperative bleeding is 
usually minimal. Transfusion is indicated if the hematocrit falls 
below 30%. 

Immunosyppressive therapy 

Triple immunosuppressive drug therapy is employed. Our proto
col for immunosuppression-' is as follows: 

Cydospfirine: Begun on postoperative day 2-4 depending on 
perioperative renal dysfunction. Wc no longer give a preopera-
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tive loading dose. Thereafter, dosage adjusted to maintain 
trough serum level (cyclosporin + metabolites) at 
200-300 ng/ml for 6 weeks and 75-150 ng/ml thereafter. 

Methylprednisolone: 500 mg intravenously after organ perfu
sion, 125 mg intravenously every 8 h for 24 h. 

Azathioprine: 4 mg/kg loading dose, 1-2.5 mg/kg per day to 
maintain white cell count at 4000-6000//ul. 

0KT3: 2.5 mg/day, 14-day course. First dose given 30 min after 
methylprednisolone in the operating room. 

Prednisone: I mg/kg per day beginning on day 15, 0.3 mg/kg 
per day from the first to sixth months, and 0.2 mg/kg per day 
thereafter. 

We have evolved to the above dose of OKT3 after a trial of adjust
ing the dose each day according to an algorithm based on the total 
CD3 count and the CD3 percentage. We had no episodes of rejec
tion during OKT3 administration, and reduced the total dose by 
almost 60%. Subsequently, we have used 2.5 mg/day for 14 days 
and have not had an incidence of rejection during the course of 
OKT3 therapy. The patients are often maintained on OKT3 as 
monotherapy for the initial days postoperatively. When hemody
namics and renal status are stable, and the patient is extubated and 
tolerating oral intake, cyclosporin is carefully started and the dose 
increased with the goal of having therapeutic levels for 2-3 days 
before the end of the course of OKT3. Prednisone is not begun 
until after the course of 0KT3, 2 weeks postoperatively. If hepatic 
function is stable, azathioprine can be started early postopera
tively, and given intravenously until the patient can take it orally. 

The administration of antithymocyte (ATG) or antilymphocyte 
globulin (ALG), or 0KT3, may result in an anaphylactic reaction, 
and so pretreatment with hydrocortisone, an antipyretic, and an 
antihistamine is given before the first three doses. Should a mild 
or moderate anaphylactic reaction occur, the infusion of the cy
tolytic agent should be stopped, the premedication repeated, and 
the infusion recommenced 30 min later at half the rate. If a severe 
reaction occurs, then standard resuscitation measures should be 
taken, including the administration of epinephrine. OKT3 is given 
as a push injection. 

Acute rejection episodes are treated with intravenous methyl
prednisolone pulse therapy (10 mg/kg per day) for 3 days. 

Anticoagulation 

In the Toronto series an intravenous infusion of heparin and dipyri
damole has been administered in the early postoperative period, in 
order to minimize the risk of anastomotic thrombosis^. We have 
not utilized any specific anticoagulation in our own small series, 
and believe it is unnecessary for the standard anastomoses. The use 
of subcutaneous heparin for prophylaxis of deep venous thrombosis 
seems appropriate for the patient who is unable to be mobilized in 
the early postoperative period. Any bed-bound patient has sequen
tial compression devices used on the legs. Unless contraindicated, 
we give a dose of aspirin of 162 mg/day to patients who have had 
direct bronchial artery revascularization'". 

Infectious disease management (see also Chapter 57) 

Invasive tubes and lines, with the exception of the central venous 
line, are removed as soon as possible; the chest drains and urinary 

catheter are usually removed 1-2 days after operation, and the ar
terial line 24 h after extubation. We routinely change central 
venous lines every 7 days, and more often if the patient has an un
explained fever. A central venous line is left in situ throughout a 
patient's stay, to allow for painless blood sampling and early 
management of cardiorespiratory instability. Central venous lines 
are treated with careful aseptic technique and are flushed with 
sodium metabisulfite solution after each use or once daily". 
While intubated, all patients receive selective bowel decontami
nation (SBD), 30 ml four times daily, down the nasogastric tube, 
and the Orabase mixture of SBD is applied locally to the mouth 
four times daily. 

Surveillance cultures of the blood, sputum and urine for bacte
ria and fungi are performed weekly while the patient is hospital
ized. Sputum is cultured for fungi weekly for 6 months, then 
monthly for 6 months. Surveillance blood and urine cultures for 
cytomegalovirus (CMV) are performed weekly for 2 months be
ginning 3 weeks after transplantation, then monthly for 3 months. 
Positive surveillance cultures for Aspergillus or CMV are always 
treated. 

The presence in the donor trachea of heavy bacterial or fungal 
growth, or of large numbers of neutrophils, increases morbidity 
and mortality after heart-lung transplantation'-'. Material obtained 
from the airways of the donor lung at the time of harvest, and 
from the recipient bronchus at the time of transplant, are routinely 
sent for bacteriological examination; when the results are known, 
routine antibiotic prophylaxis must be modified accordingly. 
Routine antimicrobial prophylaxis is as follows: 

(1) Cefotaxime, 1 g i.v. every 8 h for 48 h. This is most often ex
tended on the basis of cultures. 

(2) Metronidazole, 5(K) mg i.v. every 8 h, for the first 2 weeks to 
minimize potential anaerobic infection around the 'ischemic' 
bronchial anastomosis. Converted to oral when able. 

(3) Fluconazole, 200 mg i.v. daily, for one dose post-transplant. 
Therapy is extended if cultures of donor or recipient sputum 
grow yeast, generally for 2 weeks. Converted to oral when 
able. 

(4) Trimethoprim/sulfamethoxazole, starting when cefotaxime is 
stopped, one double-strength tablet daily for 1 month, then 
one single-strength tablet daily. Dose may need to be reduced 
for renal insufficiency. Sulfa-allergic patients are treated with 
inhaled pentamidine monthly. 

(5) Clotrimazole troche, one tablet three times daily, after extuba
tion for 8 weeks. Nystatin swish-and-swallow or nystatin 
pastilles may be substituted. Female patients receive a ter-
conazole vaginal suppository twice weekly for 8 weeks. 

(6) Acyclovir, 200 mg orally three times daily, for 2 months for 
all recipients seropositive for herpesvirus. Discontinued if the 
patient is on ganciclovir. 

(7) Ganciclovir, 5 mg/kg i.v. twice daily for 2 weeks then once 
daily for 10 additional weeks (reduced dosages for renal 
insufficiency), for all recipients of CMV-seropositive donors. 
Patients are dismissed with a percutaneous central catheter or 
other durable form of venous access. 

(8) Cytogam CMV immunoglobulin prophylaxis for CMV mis
match patients (donor seropositive/recipient seronegative). An 
initial dose of 150 mg/kg i.v. is followed by 100 mg/kg i.v. 
every 2 weeks to day 56 post-transplant, then 50 mg/kg i.v. on 
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days 84 and 112 post-transplant. Passive immunization with 
CMV hyperimmune giobuhn has been shown to be effective 
in diminishing the.frequency and severity of CMV disease 
in seronegative mismatched recipients of renal'^ and 
cardiac allografts'*. 

(9) Itraconazole, beginning at a dose of 200 mg orally twice 
daily. H2 blockers cannot be given at the same time as itra
conazole. Serum levels are checked every 2 weeks initially 
and the dose modified accordingly. Drug interactions may 
occur with cyclosporin (necessitating a <50% reduction in cy
closporin dose), terfenadine (arrhythmias), and digoxin (in
creased serum levels of digoxin). 

Experience with solid organ transplantation, including lung trans
plants, at our institution has shown a high incidence of lympho-
proliferative disease in the presence of seromismatches (donor 
seropositive and recipient seronegative) for Epstein-Barr virus 
(EBV)". Because of the high prevalence of previous exposure to 
EBV in the general population, we believe the potential recipi
ents of lung allografts who are EBV-seronegative should be se
lected with care. For a time we considered EBV serological 
negativity a contraindication to LTx. More recently we have initi
ated a protocol of prophylaxis in those EBV-seronegative recipi
ents who we do choose for LTx. The protocol involves 
prophylactic intravenous ganciclovir and gammaglobulin that has 
a high titer of activity against EBV. Our experience with this pro
tocol is to-date limited. Aggressive prevention of infection is crit
ical. In addition to adjusting antimicrobial coverage for 
intraoperative donor and recipient tracheal cultures, and perfor
mance of surveillance cultures, early and aggressive pursuit of 
any infective process to determine its microbiological cause is 
carried out; this often necessitates bronchoscopy and bron-
choalveolar lavage. 

Investigations 

Chest radiography is performed twice a day for two weeks, and 
daily thereafter, as well as when clinically indicated. A baseline 
ventilation-perfusion (V/Q) scan is performed. We have not found 
V/Q scans helpful in the diagnosis of rejection. They do, however, 
provide interesting physiological information, such as a shift in 
ventilation to the transplanted lung with time (Figure 2). When the 
patient is able to visit the pulmonary laboratory, full pulmonary 
function tests are carried out weekly. Daily spirometry is performed 
from the time the patient is extubated, and is continued at home 
with a portable device. 

Daily investigations include a complete blood count, T cell 
subsets (if OKT3 or ATG are being used), basic blood tests of 
renal function and metabolism (urea, creatinine, glucose and elec
trolytes), and a trough cyclosporin level. A general blood chem
istry panel is monitored twice a week. 

Routine .surveillance specimens of urine, throat, sputum, and en
dotracheal secretions (if intubated) are cultured for bacteria and 
fungi twice a week. Blood and urine are cultured for CMV weekly. 
CMV serologies are monitored weekly in seronegative recipients. 

Diagnosis of implantation response/rejection/infection 

The nature of any new pulmonary opacification seen on the chest 
radiograph may be suggested by the time of its occurrence in rela
tion to the transplantation procedure. Opacification developing in 
the first few days after transplantation is most likely related to an 
implantation response resulting from preservation-reperfusion 
injury and/or division of lymphatics (Figure 1). Rejection is pos
sible at this early stage, but is more common after the first 4-5 
days. However, we have not noted rejection during the 14-day 
course of 0KT3. Thereafter, the clinical features and radiographic 
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Figure 3A Posteroanterior chest radiograph tahcii (in the morning) 10 days 
after single left lung transplantation f i g u r e . • ' • ' • ' • • • ^ - i . ••• • - • ' - •- • • ; • : • 
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appearances of rejection and infection can be indistinguishable. 
Pulmonary rejection may develop over a short time period (hours) 
but, if diagnosed early, can resolve in an equally .short period 
(Figures 3 A, B, and C). 

In the investigation of any new respiratory .sign or symptom, or 
any significant change in a physiological (including daily spirom
etry results) or radiographic parameter, we maintain an aggres
sive approach with regard to bronchoscopy and bronchoalveolar 
lavage (BAL). After BAL of the 'opacified' area of lung, four 
transbronchial biopsies are obtained by fiberoptic bronchoscopy 
using alligator forceps under local anesthesia (with an anesthesi
ologist in attendance) and fluoroscopic control (Figure 4). 
Alligator forceps provide a 3-4 mm' specimen. Ideally, biopsies 
should contain the three pulnionaiy anatomical elements of bron-
chiolar epithelium, alveolus, and blood vessel. Bronchoscopy also 
allows inspection of the bronchial anastomosis. 

BAL specimens are stained and cultured according to a stan
dard 'immunocompromised host protocol', which includes inves
tigation for bacteria, Legionella, Nocardia, mycobacteria, fungi, 
viruses, and Pneumocystis^ Biopsies undergo rapid histological 
processing. 

The role of surveillance transbronchial biopsy remains 
uncertaio""-'^. We, like others, have abandoned routine serial 
surveillance biopsies but have adopted a policy of low thresh
old for proceeding to transbronchial biopsy. Transbronchial 
biopsy has proven a safe technique even in the very ill 
patient. 
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Figorf 4 Fluorosvopic ap|)caraiici: 
using alligator Ibtceps uirccfed ihroii __ 

:bjxinchii! biopsy iX'ing taken, 
ipiii; bronchoscope 

MEDIUM AND PREDISCHARGE PERIOD 

Monitoring 

The indications for transfer from ibe intensive-care unit (ICU) lo 
a sie.pdown unit may vary between institutions. It is psychologi
cally preferaljle for a patient to leave the i'ClJ as soon ah he/she no 
•oiiger requires this level of care. The decision to transfer a 
patient may be ijifliienced by the availability of inoniloriiig facili
ties m the stcpdown unit. Telemetric o.\imetry has allowed us to 
transfer patients from the ICU early and reduce nursing needs. 

It has been our practice to monitor the patient coiiiinuously by 
electrocardiographic telemetry as weil as by ear or finger pulse 
oximetry. Telemetric pulse oximetry is helpful in weaning atygen 
from patients as they become more active after transplant. Non^ 
invasive blood pressure nioniioring is also performed several 
times per day, and ortliostatic pressures are checked daily. At this 
stage of postoperative care the patient will be m the early ptiase of 
mobilization; most invasive monitoring lines will have been 
rcmoi'ed. but it lias lieen our practice to maintain a centra! venous 
line to provide vascular access in an emergency and lo allow 
blood sampling without needle stick. The disadvantages of this 
policy, liowever. are the risks of line sepsis and air embolism. 
Careful nursing practice .should avoid the latter complication. In 
our experience, the risk of line infection is minimized by three 
measures: (a) meticulous daily change of dressing, (b) the line is 
changed to a separate site each week, and (c) the line is flushed 
with sodium metabisulfitc solution (0.05%) after any venous 
.sample has been taken". 

Rehabilitation 

A preoperative rehabilitation program is extremely important, not 
only in optimizing the condition of the potential SLTx recipient, 
but also in preparing the patient for postoperative rehabilitation, 
which is integral to a successful outcome of the transplant. The 
goals of a postoperative rehabilitation program include: (a) im
provement and maintenance of efficient breathing; (b) mu.sculo-
skeletal reconditioning; (c) improvement in the maintenance of 
aerobic capacity, and of body posture and neuromuscular 
relaxation. 

By promoting physical self-reliance, attainment of the goals 
results in decreased anxiety and depression, and also assists in the 
process of retraining for an independent existence. As patients 
vary considerably in their physical status at the time of transplan
tation, it is necessary to provide an accelerated as well as a stan
dard program. A standard program is necessary in the patient who 
has lost considerable muscle mass; this may result from enforced 
inactivity or represent the cachexia that develop.s secondary to ad
vanced pulmonary disease. An accelerated program is indicated in 
the patient who is relatively fit. 

The patient is treated twice a day, and is allowed to progress 
in a sequential fashion to the next stage of exercise when he or 
she has satisfactorily completed two consecutive treatments at 
the previous level. Continued measurement of oxygen saturation 
is essential during exercise; oxygen therapy should be adjusted 
to maintain the oxygen saturation of the blood >90% (Figure 5). 

In the event of a rejection or infectious episode, activity is 
modified accordingly. In the presence of severe rejection, only 
gentle passive movements are continued. With moderate 
rejection, activity can be maintained, but not increased. With mild 
rejection, progress can be continued as per protocol. 

Our own protocol includes five levels of activity, with docu
mentation of changes in heart rate, respiratory rate, blood pres
sure, and oxygen saturation, and of the development of any 
symptoms. Indications for cessation of a specific activity include: 
(a) a heart rate response >30-40 beats above the resting rate, (b) a 
respiratory rate >30/min. or (c) an oxygen saturation persistently 
<90%. 

Edycation 

As with all solid organ transplants, a successful long-term result 
will be more likely if each patient takes a degree of personal re-
sponsibilhy for his or her own health care. This can be achieved 
only by the methodical education of the patient. This should 
include relevant information and guidelines on: (a) transplanta
tion in general, (b) lung transplantation in particular, (c) medica
tions, (d) nutrition, (e) exercise and activity, (f) personal health 
surveillance, and (g) medical follow-up care. Information should 
also be provided on how the patient can obtain the appropriate 
medical care should problems arise. Basic knowledge of (h) the 
immune system, (i) the problems of pulmonary rejection and in
fection, and (J) the potential long-term complications of LTx 
should be discussed. The patient should be made aware of the 
symptoms and signs of complications so that he or she can refer 
himself or herself early for medical care, which may be crucial if 
the process is to be fully reversed. 
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Figure 5 A recipient of a single iiiiig transplar.i, shown 2 wei after 
surgery, participating in a posloperative exercise program. Continuo noiii-
i.oring of oxygen saturarion is provided by liiiget oxirneliy 

DeUiiled advice regarding discharge medications should 
include; (a) dose of drug, (b) method of adntinislnidoii, (c) potcr.-
lial side-effects, and (d) ihe reason it is prescribed. Medications 
discussed slioiild include cyclosporin, azathioprine, cortico-
sleroids, andhypcrtcnsive agents, and diuretics. 

Practical nutritional advice is essenlial as most patients will be 
receiving corticosteroid therapy, which can act as an appetite 
stimidani as well as lead to tiictabolic changes diat predispose lo 
obcsily. Such advice should include: (a) appropriate caloric 
intake, (b) food preferences, and (c) food intake patterns 
(Chapter 16). Basic principles include: (a) modification of the fat 
content of the diet, and (b) caloric control, to achieve and maiit-
tain desired body weight. Patients with low bone density (at or 
below the fracture threshold) are also seen by endocrine special
ists, to consider calcium and hormonal supplements. 

After discharge frotn hospital the paiJent will continue to par̂ ^ 
ticipate in a medically supervised and monitored pulmonary reha
bilitation program, bu! specific guidelines are required for the 
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ani lor a nieTnbî r of tlie ti.msplani team to i c a\ailal»le uj llic 
paticpt OI the lotai phy%icidn at all tinic^ tor disLiission, -eassur-
.inve and ad. r e 

References 

486 



POSTOPERATIVE MANAGEMENT OF THE SLTx PATIENT 

8. Conachcr ID, McNally B, Choudhry AK. McGregor CGA. Anaesthesia for isolated 
lung transplantation. Br J Anaesth. 1988;60:588. 

9. Glynn MFX. Modulation of coagulation. Proceedings Seminar Lung 
Transplamation. Toronto. 1988. 

10. Daly RC, McGregor CGA. Routine immediale direct bronchial artery revasculariza
tion for single lung transplantation. Ann Tliorac Surg. 1994;57:1446. 

11. Freeman R, Holdcn MP, Lyon R. Hjersing N. Addition of sodium metabisulfitc to 
left atrial catheter infusates as a means of preventing bacterial colonization of the 
catheter tip. Thorax. 1982;37:142. 

12. Harjula A, Baldwin JC. Starncs VA et al. Proper donor selection for heart-lung 
transplantation. J Thorac Cardiovasc Surg. 1987;94:874. 

13. Snydman DR, Werner BG, Heinze-Lacey B et al Use of cytomegalovirus immune 
globulin to prevent cytomegalovirus disease in renal transplant recipients. N Engl 
J Med. 1987;317:1049. 

14. Schafers HJ. Milbradt H. Flik J et al. Hyperimmunoglobulin for cytomegalovirus 
prophylaxis following heart transplantation. Clin Transplant. 1988;2:51. 

19. 

Walker RC, Paya CV, Marshall WF et al. Pretransplantation seronegative 
Epstcin-Barr virus status is the primary risk factor for posttransplantation lympho-
protiferativc disorder in adult heart, lung, and other solid organ transplantations. 
J Heart Lung Transplant. 1995:14:214. 
Berry G. Tazelaar H, Billingham MD. Stames V, Sibley R, Transbronchia! biopsies 
in heart-lung transplant patients. Mod Pathol. 1989;2:9A (abstract), 
Yousem SA. Paradis IL. Dauber JH. Griffith BP. Efficacy of transbronchial lung 
biop.sy in the diagnosis of bronchiolitis obliterans in heart-lung transplant recipients. 
Tran.splantation. 1989;47:893. 
Bando K, Paradis IL, Similo S et al. Obliterativc bronchiolitis after lung and 
heart-lung transplantation. J Thorac Cardiovasc Surg. 1995;1 10:4. 
Cooper JD. Billingham M. Egan TM ei al. A working formulation for the standard
ization of nomenclature in the diagnosis of heart and lung rejection: lung rejection 
study group. J Heart Lung Transplant. 1990:9:59.3. 

487 



54 
Physiology and Pharmacology of the Transplanted 
Lung 
R.E. GIRGIS, R. FISHMANANDJ. THEODORE 

INTRODUCTION 

The rapid growth of clinical pulmonary transplantation during the 
past decade has provided a wealth of information on the physiol
ogy of the lung allograft in humans. Routine measures of pul
monary function are remarkably normal many years after 
transplantation in uncomplicated cases'. Maximal exercise capac
ity, while reduced, is not limited by ventilatory factors-. While 
the overall physiology of the healthy transplanted lung is compat
ible with a normal functional status, numerous subtle abnormali
ties have been described (Table 1). 

The mechanisms for many of these changes have not been fully 
elucidated. Loss of sensory afferents readily explains impaired 
cough reflex', and pulmonary denervation has also been postu
lated as the basis for bronchial hyperresponsiveness to metha-
choline'' and altered ventilatory response to hypercapnia observed 
in some studies^ Changes in lung volumes have been ascribed to 
mechanical factors as a result of surgery and the underlying 
disease^'. Special considerations in single lung transplantation 
(SLTx) include the impact of the native lung on respiratory me
chanics'*, expiratory flow limitation'* and ventilation and perfusion 
relationships'". An understanding of these physiologic changes in 
the healthy lung allograft allows the detection of abnormal func
tion and the anticipation of potentially altered responses to respi
ratory insults. 

Since many of the physiologic alterations after lung transplan
tation have been ascribed to pulmonary denervation, we will 
begin with a brief overview of the nerve supply to the normal 

Table 1 Physiologic abnormalities in lung transplant recipients 

Mild restrictive ventilatory defect in some patients 
Blunted ventilatory response to hypercapnia in restricted patients 
Impaired cough and mucociliary clearance 
Decreased maximal exercise capacity 
Non-specific bronchial hyperresponsiveness in some patients 
Loss of bronchodilator response to deep inspiration during induced 
bronchoconstriction 
Unique aspects of single lung transplantation 

lung, followed by the effects of denervation in various models in
cluding experimental transplantation. 

INNERVATION OF NORMAL LUNG 

Afferent nerves 

Three types of receptors convey sensory information to the 
central nervous system forming the afferent limb of vagal sensory 
reflexes (Table 2). Almost all afferent fibers travel in the vagus 
nerve with cell bodies located in the nodose ganglia that terminate 
in the vagal nuclei". 

Cholinergic mechanisms 

Preganglionic fibers from the vagal nuclei in the brainstem 
descend in the vagus nerve to terminate on ganglia located around 
airways and blood vessels. Postganglionic fibers innervate airway 
smooth muscle, mucous glands and pulmonary vessels. 
Muscarinic receptors are activated by the release of acetylcholine, 
resulting in bronchoconstriction, mucus secretion and pulmonary 
vasodilatation, although the latter effect is probably not physio
logically important'-. 

Adrenergic mechanisms 

Preganglionic sympathetic nerve fibers arise from the upper six 
thoracic spinal segments and synapse in the upper four thoracic 
paravertebral ganglia. Postganglionic fibers enter at the hilum and 
intermingle with cholinergic nerves forming a dense plexus 
around airway and blood vessels. Adrenergic nerve fibers can be 
found clo.se to .submucosal glands and bronchial arteries. In con
trast to a rich parasympathetic nerve supply there is sparse sym
pathetic innervation of airway smooth muscle. Despite this, there 
is a high density of beta-adrenoreceptors in airway smooth muscle 
and on airway epithelial cells. Beta-agonists cause broncho-
dilatation and may increase mucus and water secretion into 
airways, thereby enhancing mucociliary clearance. Relatively few 
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Table 2 Characteristics of the three pulmonary vagal sensory 

RecepUir 

Pulmonary stretch. 
slowly adapting 

Irritant, rapidly adapting 

C-fibers 
pulmonary (type J) 
bronchial 

LiKiilion 

Associated with smooth 
muscle of intrapulmonary airways 

Epithelium of (mainly) 
extrapulmonary airways 

Alveolar wall 
Airways and blood vessels 

reflexes 

Fiber type 

Medullated 

Medullated 

Non-medullated 

Slimulus 

1. 
7 

1. 
2 
3. 
4. 
5. 
6. 

1. 

2. 
3. 

Lung inflation 
Increased transpulmonary 
pressure 

Irritants 
Mechanical stimulation 
Anaphylaxis 
Lung Inflation or deflation 
Hyperpnea 
Pulmonary congestion 

Increased interstitial volume 
(congestion) 
Chemical injury 
Microembolism 

Response 

1. 
7 

3. 
4. 

1. 
2 
3. 

4. 
5. 

1. 
2. 

3. 
4. 
5. 

Hering-Breuer inflation reflex 
Bronchodilatation 
Increased heart rate 
Decreased peripheral vascular 
resistance 

Bronchoconstriction 
Hyperpnea 
Expiratory constriction of 
larynx 
Cough 
Mucus secretion 

Rapid shallow breathing 
Laryngeal and tracheo
bronchial constriction 
Bradycardia 
Spinal reflex inhibition 
Mucus secretion 

Reproduced IVom ref. 12 with permission 

alpha-receptors are present in the lung. They may be involved in 
the regulation of bronchial blood flow". 

Non-adrenergic, non-cholinergic mechanisms 

In addition to classic parasympathetic and sympathetic pathways, a 
third mechanism, involving regulatory peptides as neuro
transmitters, has been described in the lung, analogous to that es
tablished in the gut. This non-adrenergic, non-cholinergic system 
appears to consist of both pre- and postganglionic nerves, and may 
be important in the regulation of airway smooth muscle. Vaso
active intestinal peptide (VIP) immunoreactive nerves are often 
distributed with cholinergic nerves and VIP may be cotransmitted 
with acetylcholine. Since VIP is a potent bronchodilator it may 
function as a neuromodulator of airway smooth muscle tone". 

Substance P (SP) is a sensory neuropeptide localized to afferent 
nerve endings in airway epithelium, around blood vessels and 
within airway smooth muscle. It is synthesized in the nodose gan
glion and transported to the lung via the vagus nerve. SP can 
cause bronchoconstriction, increased microvascular permeability 
and mucus secretion". 

EFFECTS OF DENERVATION 

Regulation of breathing 

Loss of vagal afferents in subprimate mammals produces a low-
frequency, high-tidal-volume, irregular breathing pattern'3"'. A 
similar pattern is observed after heart-lung transplantation 
(HLTx) that eventually progresses to apnea". In addition, trans
planted dogs respond to hypercapnia by augmentation in tidal 
volume only with unaltered respiratory rate'*. These effects are 
attributed to loss of the Hering-Breuer inflation reflex that nor
mally terminates inspiratory effort in response to lung inflation, 
allowing exhalation to occur. Afferent impulses decrease as lung 

deflation proceeds, resulting in repetition of the respiratory cycle. 
In humans, vagal afferent blockade does not alter the resting ven
tilatory pattern, suggesting the lack of an important control loop 
between the lung and respiratory centers'^. This control loop may 
assume importance during stimulated breathing, such as with hy
percapnia"*, with exercise'** and in cardiopulmonary disease^". 

Respiratory mechanics 

It is well recognized that the vagus nerve exerts resting bron-
chomotor tone. Intravenous administration of atropine in humans 
reduces airway resistance by 50%. This is associated with a small 
but significant increase in lung compliance, presumably as a 
result of smooth muscle relaxation in the terminal bronchioles and 
alveolar ducts^'. There is no tonic sympathetic influence on 
airway smooth muscle as evidenced by the absence of bron
choconstriction to inhaled propranolol in normal individuals^-. 

Airway hysteresis 

The airway property of hysteresis is modified by vagal tone. As 
the lung inflates from residual volume to total lung capacity 
(TLC), airway caliber increases due to radial traction by sur
rounding parenchyma. At a given transpulmonary pressure, 
airway diameter is less during inflation compared with deflation. 
Vagal blockade abolishes this effect while vagal stimulation en
hances it2'23,24 Inflation hysteresis is responsible for the transient 
bronchodilatation observed after a deep inspiration in normal sub
jects. Atropine reduces the effect of volume history on airway 
resistance, suggesting a vagally mediated phenomenon'''. 
Alternatively, hysteresis may be related to intrinsic mechanical 
properties of contracted airway smooth muscle-* and could be 
modified by the degree of airway-parenchymal inter-
dependence--*-^^. 
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Reinnervation, neurotransmitters and receptors in 
transplanted lungs 

After autotransplantation in animals, bronchial arteries and lym
phatics rapidly regain continuity-*'^'', while nerves regenerate 
slowly, if at all'". Edmonds demonstrated vagal efferent reinner
vation in dogs 3-6 months after lung reimplantation, but no evi
dence of functional afferent or sympathetic reinnervation''. 
Whether this also occurs in humans is not known. No reinnerva
tion is observed after human heart transplantation". Springall and 
colleagues, using immunohistochemical techniques, demonstrated 
the absence of sensory nerve fibers in bronchial mucosal epithe
lium below the tracheal anastomosis up to 42 months after human 
heart-lung transplantation-". SP was depleted in transplanted 
lungs, and this finding has also been observed in bronchoalveolar 
lavage fluid of lung transplant recipients'^. Markers for adrenergic 
nerves were decreased compared with controls. However, staining 
for VIP, which is present largely in cholinergic nerves, was 
similar to that found in non-transplanted lungs, implying the per
sistence of postganglionic parasympathetic innervation. Stretton 
and co-workers supported this observation by demonstrating a 
normal contractile response in transplanted human bronchi 
in vitro to electrical field stimulation, which is mediated by post
ganglionic excitatory cholinergic nerves. Responses to isopro
terenol were also similar in this model''. Additionally, there are 
no alterations in the density or binding affinity of muscarinic re
ceptors in transplanted lungs'-'''^. 

PULMONARY FUNCTION AT REST 

Lung volumes 

Heart-lung and bilateral lung transplantation (HLTx, 
BLTx) 

Early after transplantation there is a restrictive ventilatory impair
ment that gradually improves with time, so that most patients with 
healthy grafts achieve predicted total lung capacity (TLC) by 1 
year after surgery''" •"' (Figure 1). This occurs despite discrepan
cies between donor and recipient predicted TLC of over 1 liter, 
suggesting that the major determinant of post-transplant TLC is 
the mechanical characteristics of the recipient's thoracic 
cavity'^"" •*-. The restriction observed during the early postopera
tive period is accounted for by a reduction in inspiratory capacity 
with preserved end-expiratory lung volume'', implying an impair
ment in the respiratory bellows. Glanville et al. reported normal 
lung compliance in restricted patients and found a correlation 
between maximal transpulmonary pressures and TLC (Figure 2), 
again implicating abnormal thoracic cage expansion^. Maximal 
inspiratory pressure also correlated with TLC, suggesting respira
tory muscle weakness as a factor in some patients. Muscle weak
ness could be related to pretransplant illness, malnutrition, 
corticosteroids or phrenic nerve injury. Alternatively, reduced 
motion of the spine and rib cage, as demonstrated after cardiac 
surgery'*', could account for decreased dynamic lung volumes. 
Some patients remain mildly restricted several years after 
transplantation'. 
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pre-op 1 3 6 9 
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Figure 1 Percentage predicted total lung capacity (TLC) after heart-lung transplantation for various disorders. Data points represent mean values. CF = cystic 
fibrosis, n = 2.3; E = emphysema, n = 6; PH = primary pulmonary hypertension, n = 10; ES = Eisenmenger's syndrome, n = 18; Data from ref. .17 
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Figure 2 Relationship between maximal transpulmonary pressure {Pij^„) and total lung capacity (TLC) in 12 heart-lung transplant recipients. Curve B repre
sents a second-order polynomial curve. (Reproduced from ref. 7 with permission) 

The nature of the underlying lung disease may also modify 
lung volumes. Some patients with cystic fibrosis retain high func
tional residual capacity and residual volume after transplantation 
due to expansion of the rib cage along the anteroposterior dia
meter'". This lung volume pattern was not observed in patients 
transplanted for chronic obstructive pulmonary disease (COPD). 
The authors of this study speculated that hyperinflation in COPD 
is accommodated primarily by flattening of the diaphragm rather 
than elevation of the rib cage, whereas in cystic fibrosis the 
disease is present since childhood at a time when the bony rib 
cage is growing and can be remodeled. 

Single lung transplantation (SLTx) 

Respiratory mechanics following SLTx are clearly influenced by 
the remaining native lung. Restrictive lung diseases (RLD) are 
ideally suited for SLTx, since the stiff native lung does not inter
fere with expansion of the normally compliant transplanted 
lung''''. Shortly after surgery such patients typically demonstrate a 
dramatic improvement in lung volumes, being left with only a 
mild to moderate restrictive defect"*^ (Figure 3). 

Historically, patients with emphysema were not felt to be good 
candidates for SLTx because of concern over compression of the 
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Figure 3 Lung function in 19 single-lung transplant recipients surviving at least 1 month (16 with interstitial lung disease, three with emphysema). Values are 
percentages of predicted normal and expressed as mean + SEM. TLC = total lung capacity, VC = vital capacity, FEV, = forced expiratory volume in I second, 
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Figure 4 Lung function in 22 subjects after single-lung transpiaiitation for 
COPD, Values arc mean percentages of predicted. Abbreviations as in Figure 
3. (Data from ref. 50) 

transplanted lung by the hyperinflated, highly compliant native 
lung* and the potential for severe ventihition^perfusion ( W 0 
mismatch^^. Vcith and co-workers, in 1973, demonstrated that 
SLTx in dogs with drug-induced emphysema ventilated the trans
planted hmg as well as or better than the native side, and that 
severe V/Q imbalance did not occor in the absence of complica
tions in the transplanted lung**. Numerous centers have now re
ported good medium-term success with SLTx for patients with 
COPD*"^^', Patients experience a marked improvement in forced 
expiratory volume in 1 second (FEVj) with less improvement in 
forced vital capacity (FVC) (Figure 4). TLC falls towards pre
dicted values, but remains mildly elevated in some patients*. 
Although most patients have radiographic evidence of mediastinal 

.shift*"̂ , intervention to relieve the hyperinflation is rarely 
required"̂ 2-54^ 

The relative contributions of the native and transplanted lung to 
the TLC after SLTx for obstructive lung disease (SLTx-OLD) has 
been quantified using planimetry by Cheriyan et al.^. They found 
the transplanted lung TLC to be only 35% of predicted. This was 
associated with low maximal negative pleural pressures at TLC. 
The reduced distending pressures were attributed to chronic 
hyperinflation with decreased diaphragmatic length and subse
quent impairment of maximal transpulmonary pressure 
generation. 

The contribution of each lung to dynamic lung volumes can be 
estimated by radiospirometry, in which the relative distribution 
of inhaled xenon-133 gas is used*' to calculate transplant lung 
FVC and FEVj. This technique confirms that the transplanted 
lung accounts for the bulk of dynamic lung volumes in patients 
with restrictive or obstructive disease in the native lung. Patients 
with pulmonary vascular disease (PVD), in whom lung mechanics 
are nonnal, have equal distribution of dynamic lung volumes after 
SLTx. 

Airway resistance and explratorf flow patterns 

There are sparse data on airway resistance (i?aw) measures in lung 
transplant recipients. In a small group of patients with pulmonary 
vascular disease, specific conductance (sG„, the inverse of R^^, 
corrected for lung volume), increased significantly after 
heart-lung transplantation*. This was associated with an increase 
in FEVi/FVC ratio. These findings may be related to the effects 
of vagotomy on airway smooth muscle tone or the presence of 
mild airways disease pretransplant^*. Despite resolution of restric
tion, HLTx and BLTx recipients tend to retain a slightly elevated 
FEV|/FVC ratio'-"-52; again, this could reflect the loss of 
parasympathetic tone. Alternatively, because airflow is dependent 
on lung elastic recoil in addition to airway caliber, high flow rates 
could be due to relatively higher lung elastancc in donor lungs 
that tend to be harvested from younger individuals. 

Maximal expiratory flow volume (MEFV) curves in HLTx re
cipients generally have a normal configuration or a slight concav
ity towards the volume axis, reflecting high flow rates (Figure 5). 
A plateau is occasionally observed on the expiratory limb. Two 
mechanisms could account for this phenomenon in the absence of 
large airway obstruction. 

According to the wave speed theory of expiratory flow limita
tion, airflow velocity cannot exceed the wave speed of the 
disturbance in the airway wall. Wave speed is slower with de
creasing cross-sectional area and more compliant walls*'. When 
airflow velocity approaches wave spe^d, a choke point is created, 
such that further increases in driving pressure only nan"ow down
stream (mouthward) airways without increasing flow. At high 
lung volumes the choke point is at the carina. With tracheomala
cia at the level of the anastomosis, wave speed is slow and the 
compliant segment collapses under positive pleural pressure 

s Ji i l r %fC*« 

Figure 5 
34-year.c . 
syndrome 

• imal expir. 
. ie 5 years r • 

•;urve in a 
•nmenger's 

493 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

• • • ; ' , - , . 

• • r t \ • • • 

: • - . •.. is 

: li- •••:• 

• ; •'•• S i -

J'I 

Figure i Maximal expiratory and inspiratory flow-volume curve in a 
33-ycar-oId maic 11 years alter hcaix-lung transpiantalioii for primary pul
monary hypertension, demonstrating a plateau on the expiratory limb. 
Hxpiratory collapse of the tracliea at the level of the ana.slomosis was noted at 
bronchoscopy 

(Figure 6). Alternatively, the loss of vagal smooth muscle tone 
could likewise reduce the rigidity of the trachea and create a 
similar plateatf *, As deflation occurs, radial traction on intrapul-
monary airways decreases, resulting in reduced cross-sectional 
area and stiffness. This results in slower wave speed in distal 
airways and the choke point moves progressively upstream with 
exhalation. The 'knee' at the end of the plateau reflects the shift 
of the choke point from the trachea to more peripheral airways. 
With increased peripheral airways resistance, as occurs in oblitcr-
ative bronchiolitis, the choke point and knee move up to higher 
lung volumes and are eventually absorbed into the flow-volume 
loop* (Figure 7). 

A plateau on the MEF¥ curve is often observed after SLTx for 
obstructive lung disease (SLTx-OLD) (Figure 8). Using individ
ual lung radiospirometry and iuoroscopy, Herlihy and colleagues 
concluded that the site of flow limitation is the native bronchus 
immediately downstream to the anastomosis'. This area would be 
expected to have a compliant wall compared with the rigid tele
scoped anastomosis, A biphasic pattern (defined as flow >3.5 1/s 
at some point early in expiration, followed by flow <0.5 1/s over 
at least the last 30% of the FVC) was also described on all MEFV 
curves in SLTx-OLD patients. This was attributed to differential 
elastic recoil of the two lungs with the slower flow rate reflecting 
emptying of the native lung. These investigators subsequently de
scribed an expiratoi-y plateau after SLTx for RLD and implicated 
the same mechanism^'. However, two other reports failed to 
detect an expiratory plateau in SLTx recipients with RLD* and 
PVD*', while confirming its presence in chronic obstructive pul
monary disease (COPD). These groups contend that the 
expiratory plateau originates from the emphysematous lung fol-
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Figure 7 IMaximal expiratory and inspiratory llow-volume curves of a 
26-year-old woman wtio received a heart-lung transplant for lymphangio-
omyomatosis. t-eft panel: curve obtained 2 monttis after transplant (solid line) 
showing a plateau on the expiratory limb compai'ed with the predicted curve 
(dashed line). liight panel: sequential curves 2-9 months after transplant. As 
peripheral airways disease progresses due to obliterative bronchiolitis, the 
plateau shortens and the knee (asterisk) shifts to the left, eventually becoming 
absorbed into the flow-volume loop. (Reproduced from ref. 58 with permis
sion) 

Figure S Maximal expiratory and inspiratory flow-volume curve in a 
."ifi-year-oM male 2 years alter single-lung transplantation for COPD. demon
strating plateau on the expiratory hmb 

lowing complete emptying of the donor lung, and not from flow 
limitation at the bronchial anastomosis. 

Variability of spirometric measurements 

Spirometric data are heavily relied upon to detect complications 
in the lung allograft. Thus, awareness of the expected intra-
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individual variability of these measures is important in clinical 
decision-making. The coefficients of variation (CV) are only 
slightly higher than normal volunteers'"-. In HLTx and BLTx re
cipients, CV for FVC is 2.45-3.8%, and 3.07^.4% for FEV,. 
Comparable values'"^ for SLTx recipients are 4.2% for FVC and 
5.6% for FEV,. 

Pulmonary circulation 

Although increased pulmonary vascular resistance (PVR) has 
been observed in animal models of lung transplantation*''*''-^, no 
hemodynamically evident pulmonary vascular changes are noted 
in the long-term follow-up of uncomplicated HLTx recipients'^' ''̂ . 
Replacement of one lung results in an immediate and marked fall 
in PVR in patients with pre-existing pulmonary hypertension'''''". 
In a recent series, PVR index fell from a mean of 852 dyne-s/cm^ 
per square meter preoperatively to 139 after SLTx". This is ac
companied by a dramatic recovery of right ventricular function, 
as indicated by improved ejection fraction, decreased cavity size 
and diminution of tricuspid regurgitation^-. While cyclosporin is 
known to increase systemic vascular resistance, no such effect 
was demonstrated on the pulmonary circulation in heart transplant 
recipients'^. We have not observed significant increases in PVR 
up to 5 years after SLTx, even in a patient with primary pul
monary hypertension (Girgis, Theodore, unpublished data). 

Pulmonary arterial anatomy and blood flow after SLTx have 
been characterized by magnetic resonance imaging in patients 
with restrictive and obstructive lung disease^''. Luminal diameters 
proximal and distal to the anastomosis were similar, and not dif
ferent when compared with control subjects. A small pressure 
gradient was detected across the suture line, although in one 
patient the calculated gradient was 25 mmHg. As expected, blood 
flow in the transplanted lung was higher than in the native lung, 
with a mean ratio of 2.8. The flow pattern was also qualitatively 
different in the transplanted lung. The artery to the transplanted 
side showed continuous forward flow throughout systole and 
most of diastole. In contrast, the native side had a narrow forward 
flow during early systole only, with a reverse flow during late 
systole and diastole. Reversed flow from native to transplanted 
lung was observed in four of nine subjects. 

Regional distribution of blood flow has been evaluated in 
HLTx recipients, using single-photon emission computed tomo
graphic imaging of pulmonary perfusion^'. This study demon
strated a normal horizontally layered distribution characterized by 
preferential perfusion in the central region of the lungs, with a 
gradual decrease towards the periphery. The normal vertical dis
tribution was also preserved according to the zones of West et 
alP''. Thus, pulmonary denervation has no effect on the pattern of 
blood flow at rest. 

Diffusion capacity of carbon monoxide (DLCO) 

No consistent changes in DLCO have been observed after lung 
transplantation. When corrected for alveolar volume (DL/VA), 
transfer of CO is normal after HLTx" ' " and BLTx'«. Total 
DLCO is decreased after SLTx, as would be expected, given the 
reduced surface area available for diffusion'*^''^"'. Reductions in 
DL/VA have also been observed after SLTx'*'*", probably 
reflecting the altered alveolo-capillary membrane in the native 
lung. In one report, DLCO was significantly lower in SLTx recip

ients with interstitial lung disease (ILD) compared with OLD'"*. 
DLA'A also tended to be lower in the ILD group. We have noted 
higher than normal DLA'A in several patients with OLD after 
SLTx. This may reflect the compressed transplanted lung, with 
relatively small alveolar volumes as measured by single-breath 
helium dilution, receiving most of the pulmonary blood flow, and 
thus enhanced transfer of CO per unit volume. A small decline in 
DLCO has been reported after heart transplantation that corre
lated with cyclosporin levels"" *-. A similar finding in lung trans
plant recipients has not been described. 

Hypoxic pulmonary vasoconstriction (HPVC) 

It is generally agreed that local mechanisms, rather than neural, 
mediate HPVC^ Robin et al. demonstrated the preservation of 
HPVC in HLTx recipients'*'*, suggesting that autonomic innerva
tion is not required for this response. In dogs after single lung au-
totransplantation, HPVC was similar to controls''\ On the other 
hand, monkeys had no response to hypoxia 5 years after 
heart-lung auto- and allotransplantation'^. 

Ventilation, ventilation-perfusion (i/lCl) relationships 
and gas exchange 

The distribution of ventilation in the peripheral airways is normal 
in uncomplicated HLTx recipients, as determined by inert gas 
single-breath washout'*''. As indicated previously, these patients 
al.so have normal distribution of perfusion; thus HLTx and BLTx 
recipients with healthy allografts have normal V/Q relationships. 
This is reflected by the normal to slightly elevated alveolar-
arterial oxygen difference [P (A-a) Oil observed in these 
patients'*"''. The P (A-a) O, is widened immediately after trans
plantation due to ischemic-reperfusion injury, but falls rapidly to 
near normal values within 24 hours'"". Similarly, the arterial to 
end-tidal CO2 gradient is increased immediately after BLTx, 
reflecting high alveolar dead space ventilation, but normalizes 
within 24 hours'". Dead space to tidal volume ratio at rest is 
normal to slightly elevated in HLTx recipients'^'"*''; therefore, arte
rial blood gases should be near normal soon after HLTx and 
BLTx in the absence of complications^'"*'* '*'•'. Some patients have 
mild alveolar hyperventilation with hypocapnia and chronic respi
ratory alkalosis'*'*'*'', possibly due to a restrictive ventilatory 
impairment. 

Nuclear ventilation scanning techniques commonly employ 
either radioactive inert gas ('-''Xe or '*''"Kr), or the technetium-
labeled (''''"'Tc) radioactive aerosol of diethyleneamine pentacetic 
acid (DTPA). The latter method, in addition to demonstrating the 
distribution of ventilation, can assess the permeability of the 
alveolo-capillary membrane since it is cleared via the blood
stream. Clearance of '''''^Tc-DTPA is normal after HLTx. but is 
markedly faster during rejection^". 

The distribution of ventilation and perfusion after SLTx is 
affected by the ventilatory impedance and PVR, respectively, of 
the native lung. In patients with RLD and OLD most of both ven
tilation and perfusion is diverted to the transplanted lung immedi
ately postoperatively. The percentage gradually increases, mostly 
during the first month, reaching maximal values ranging from 
68% to 99% for ^and 61% to 85% for Vat 3 months'* i"^*"*"''*'""!. 
Most studies report roughly equal proportions of Vand (5 to the 
transplanted lung, while some groups have found slightly less 
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ventilation'". One series demonstrated a significantly smaller pro
portion of ventilation distributed to the transplanted lung in ILD 
compared with OLD patients^''. The P (A-a) O, is similar in these 
two groups, in the range of 14—21 mmHg, and mild hypocapnia is 
also observed"""^''. 

Patients with pulmonary vascular disease have relatively normal 
ventilatory mechanics; thus, SLTx results in only a minor shift of 
ventilation (44-65% to the transplanted lung), while nearly the 
entire cardiac output (95-99%) is directed to the allograft'""-. 
Despite the low VIQ ratio, the P {A-a) Oi is still sufficiently 
narrow (18-37 mmHg) to allow adequate gas exchange. However, 
with acute rejection or OB, ventilation shifts away from the allo
graft. Perfusion cannot shift as readily to the native lung because 
of the high PVR, resulting in severe hypoxemia. This situation 
contrasts with that observed in RLD and OLD, in which acute re
jection affects perfusion more than ventilation'"*^'^-. 

The ability of transplanted lungs to shift perfusion away from 
poorly ventilated units may be impaired. In a study of 13 SLTx 
recipients with various underlying disorders, Kuni and colleagues 
demonstrated a significantly greater degree of V7(5 mismatching 
(ventilation worse than perfusion) in the allograft compared with 
the native lung. Most of the scans were obtained at a time when 
chest radiographs and lung biopsies were abnormar". Similarly, a 
case of OB in a BLTx recipient had widespread ventilation 
defects with only mildly abnormal distribution of perfusion''*. 
Thus, while hypoxic pulmonary vasoconstriction is preserved in 
healthy lung allografts, these reports suggest that this mechanism 
may be impaired during pathologic processes. 

Cough and mucociliary clearance 

The lack of cough upon stimulation with a bronchoscope below 
the anastomosis has long been recognized in lung transplant re
cipients, and taken as evidence of sensory denervation'". In a 
group of HLTx recipients studied 1-36 months after surgery, the 
cough response to ultrasonically nebulized distilled water 
(USNDW) was markedly reduced'. All patients, however, 
coughed in response to direct instillation of distilled water onto 
the larynx. The failure of USNDW to stimulate rapidly adapting 
(irritant) receptors mediating the cough reflex in the larynx could 
be explained by the fact that only 10% of the aerosolized parti
cles were deposited in the laryngeal/tracheal region. 
Alternatively, loss of pulmonary slowly adapting stretch recep
tors, which has been shown to blunt cough in response to chemi
cal laryngeal stimulation in rabbits'"', could account for this 
observation'. 

Several reports have documented decreased mucociliary clear
ance (MCC) after HLTx and SLTx as assessed by the clearance of 
radiolabeled sulfur colloid or albumin'" •". Ciliary beat frequency 
was slightly diminished in one study''" and normal in another'"*. 
Thus, the decreased MCC could reflect decreased mucus secretion 
or altered rheologic properties of mucus as a result of autonomic 
denervation. Impaired MCC could partly explain the high frequency 
of lower respiratory tract infections observed in these patients'"". 

Regulation of breathing 

Resting minute ventilation (VJ:) is similar in HLTx recipients and 
normal individuals''^^'"'. There is a trend, however, towards mild 

hyperventilation'' "". When corrected for body surface area, 
Duncan et al. found a significantly higher % in HLTx recipients 
(5.3 ± 0.3 vs 4.6 ± 0.2 1/min per square meter in normals). This 
was achieved by a small increase in tidal volume (K,) with no dif
ference in respiratory frequency (f). An identical pattern was 
noted in heart transplant recipients'"-. Restricted HLTx recipients, 
while having a similar degree of hyperventilation, exhibit shallow 
breathing, with a significantly higher/value than controls (15.3 ± 
3.3 vs 11,8 ± 2.0 breaths/min)'"'. 

The shorter total respiratory cycle time (T,,,,) noted in restricted 
patients is associated with a reduced inspiratory time (T,) and a 
smaller duty cycle (r/r,,,,)'"'. Tachypnea is a recognized mani
festation of restrictive lung diseases and is related to decreased 
lung compliance'"*. The modified breathing pattern noted in re
stricted HLTx recipients suggests that afferent neural signals from 
the lungs are not the only mediators of tachypnea in pulmonary 
restriction. Animal studies have demonstrated the importance of 
chest wall receptors in modifying breathing pattem'"\ The reduc
tion in 7yr,„„ however, is not typical of restrictive lung disease, in 
which it is generally unchanged'"''. The failure of expiratory time 
(T^) to shorten in proportion to T, may partially blunt the fre
quency response of these patients'"'. This hypothesis is supported 
by work showing a reduction in resting/after vagal blockade in 
pulmonary restriction, but not in normals-". 

Ventilatory response to hypoxia and hypercapnia 

The ventilatory response to isocapnic hypoxia is normal in HLTx 
recipients^ In non-restricted HLTx and BLTx patients the minute 
ventilation increases appropriately in response to progressive hy
percapnia'"' '"-'"'. When comparing only male HLTx recipients 
with male heart transplant (HTx) recipients and control males, 
Duncan and co-workers found the increment in V, adjusted for 
FVC to be significantly higher and the frequency response 
blunted in HLTx compared with HTx. Control males had an inter
mediate response in both V, and/(Figure 9)'"-. Thus, a rapid, 
shallow breathing pattern in response to hypercapnia was most 
prominent in HTx and least prominent in HLTx. Although the 
mean FVC of the transplanted subjects was in the normal range, it 
was lower than the control group (88%, 95% and 105% predicted 
for HLTx, HTx and controls, respectively). TLC in both trans
plant groups was 88%' predicted. Similar to other forms of pul
monary restriction, the HTx patients responded to hypercapnia 
with rapid, shallow breathing'"". The blunted frequency and aug
mented V, response in the HLTx patients with similar pulmonary 
function probably represents the sequelae of pulmonary vagotomy 
with loss of inflation inhibition. This response has also been ob
served after BLTx'"^. The counteractive effects of restriction and 
vagal denervation have been shown in dogs in which experimen
tally induced interstitial lung disease obscured the slow, deep 
breathing pattern observed with exercise after vagotomy'"''. 

Grossly restricted HLTx recipients (FVC <80% predicted) have 
a limited or diminished V, response to hypercapnia expressed as 
AV/APrOi, as is the case in vagally intact subjects with reduced 
lung volumes. The latter respond to hypercapnia with supranor-
mal respiratory rates and are able to mount a normal increase in 
minute ventilation. As a result of a relatively blunted frequency 
response, restricted HLTx subjects exhibit a reduced overall ven
tilatory response to hypercapnia'''"'. This is accompanied by a de-
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Figure 9 Breathing patterns during CO, rebreathing in male subjects. Closed circles denote heart lung transplant recipients; open circles represent normal 
control subjects; open squares denote heart transplant recipients. Points shown are mean + SEM. A: Adjusted tidal volume (l',/FVC) response to end-tidal CO, 
was signilicantly greater in HLTx than the other groups (asterisk indicates/; = 0.02). B: Frequency response was significantly greater in HTx than the other groups 
(a.stcrisk indicates/xO.O.^). (Reproduced from ref. 102 with permission) 

creased ventilatory drive response, as indicated by a reduced in
spiratory flow-COi relationship (AV/r/AFcO;) and APmn, 
(mouth pressure 100 ms after the beginning of an occluded inspi
ration ""j/APcOi. The mechanism of these abnormalities is not 
clear; they may indicate diminished neuromuscular output or me
chanical alterations that interfere with the relationship between 
pressure generation and respiratory neural efferent activity"". 
Sanders et at. postulated that the loss of afferent signals from 
COi-sensitive receptors in the lungs, which have been detected in 
animals"", may be responsible for these observations\ Whatever 
the mechanism, these physiologic derangements could predispose 
restricted lung transplant recipients to respiratory failure when 
lung function is further compromised or when ventilatory demand 
increases. 

Breathing during sleep 

Normal sleep architecture is preserved after HLTx"'\ Breathing 
pattern was generally normal with no evidence of sleep apnea or 
desaturation in two small series of HLTx subjects'' ' ' '^ There was 
perhaps more variation in V, and T^ during stage 2 sleep^'', and re
stricted patients maintained their mild tachypnea and respiratory 
alkalosis throughout all sleep stages"'\ No large cross-sectional 
studies are available to determine the prevalence of sleep-disor
dered breathing after lung transplantation. A high prevalence of 
sleep apnea (8%) has been reported in HTx patients'". Weight 
gain due to corticosteroids and pulmonary function abnormalities 
could predispose lung transplant recipients to sleep-disordered 
breathing. 

PHARMACOLOGY OF THE TRANSPLANTED LUNG 

Airway pharmacology and bronchial reactivity 

Response to inhaled bronchodilators 

The response to inhalation of albuterol (a jSj-agonist) and ipra
tropium bromide (an anticholinergic agent) was assessed in eight 
recent (1-4.5-month) HLTx recipients without obstruction, by 
Glanville and co-workers'*. Neither agent led to changes in FEV,; 
however, albuterol produced up to a 100% increase in sG^^., con
siderably higher than the 24% increase observed in normal sub

jects"-. In contrast, only a .small increment in sG^^ was noted 
after ipratropium, compared with the doubling seen in normals-'. 
This observation is consistent with the absence of basal vagal 
bronchomotor tone after transplantation. 

Longitudinal responses of spirometric indices to inhaled 
/3-agonists were studied by the Pittsburgh group in pediatric 
HLTx and BLTx recipients"'. Half of the subjects studied more 
than 8 weeks after transplant exhibited a significant improvement 
in expiratory flow rates, while 10% experienced a paradoxical de
crease. In contrast, 50% of subjects studied within 8 weeks of 
surgery demonstrated a negative response. Thus, the acutely de-
nervated and ischemic airway may be predisposed to collapse 
during forced exhalation, resulting from the smooth muscle relax
ant effects of )8-agonists. 

Bronchodilator responsiveness may reflect underlying airway 
inflammation. The Toronto group reported that 11 of 14 BLTx 
patients with bronchiolitis obliterans syndrome (BOS)"^ had a 
bronchodilatory response to yS-agonist inhalation preceding the 
clinical onset of BOS by a mean of 4.4 months'". Six of the II 
responders had OB on biopsy. None of 10 subjects who did not 
develop BOS had a bronchodilator response. The relationship 
between reactive airways and inflammation after lung transplanta
tion is also supported by the correlation of diurnal variation in 
FEV|, with acute rejection and airway cellular infiltration and ep
ithelial damage'"'. 

Bronchoprovocation studies 

The issue of bronchial hyperresponsiveness (BHR) to metha-
choline (MCh) inhalation after lung transplantation is controver
sial. Glanville et al. demonstrated BHR to MCh in nine of 10 
HLTx recipients 1.5-28 months after surgery. The mean 
PDjitFEV, (the dose of MCh required to induce a 20% fall in FEV,) 
was 1.7 mg compared with 11.6 mg in controls"''. In a subsequent 
study that separately evaluated recently transplanted subjects and 
long-term survivors (>1 year), similar results were obtained''. The 
Harefield group supported this observation by showing BHR to 
MCh in 10 of 12 HLTx patients with a mean PCinFEV, (concen
tration of MCh required to induce a 20% fall in FEV,) of 8 mg/ml 
compared with 64 in HTx subjects and >64 in controls"". 
Likewise, the Papworth group found BHR to MCh in II of 16 
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HLTx patients"''. Concomitant transbronchial biopsies revealed 
no correlation between rejection or airway inflammation and 
BHR; nor was there a relationship between baseline FEV| or time 
since transplant and PC20. Six patients had a bronchomotor re
sponse to ultrasonic nebulized distilled water (USNDW) that was 
associated with acute rejection, but not airway inflammation. 
There was no relation between BHR to MCh and USNDW"''. 
Maurer and colleagues observed BHR to MCh in all of three 
HLTx and three BLTx recipients'-". Histamine challenge pro
duced similar results in all but one patient tested. Interestingly, 
only five of eight and four of seven SLTx patients were reactive 
to MCh and histamine, respectively. Furthermore, the PC20 values 
of both agents were significantly higher in the SLTx vs the 
HLTx/BLTx groups. Bronchial mucosal biopsies showed minimal 
inflammatory changes in only two SLTx and one HLTx patients. 
These results suggest that intact innervation of the native lung 
may modify BHR in SLTx recipients'-". In contrast, Herve and 
co-investigators detected BHR to MCh in only one of 13 HLTx 
and BLTx subjects with normal lung histology'-'. Ernst et al. 
found BHR in two of four BLTx patients early after transplanta
tion, who subsequently became normal responders when restud-
iedat9-12 months'--. 

Clearly some patients do have BHR to MCh. The possible 
mechanism(s) is unclear. In asthma, BHR is related to airway 
inflammation'-'. This does not appear to be the case after lung 
transplantation, as indicated above. Further differentiating the 
BHR after transplantation from asthma is the limited maximal 
airway narrowing that occurs in the former*. Asthmatics often fail 
to demonstrate a plateau, with a progressive fall in FEV, as the 
dose of MCh is increased. Lungs from asthmatic or atopic donors 
could be responsible in some cases'-^. Pulmonary denervation 
with hypersensitivity of muscarinic receptors has been impli
cated^'"*•"''. Up-regulation of muscarinic receptors has been 
noted after denervation'-^ and rebound hyperresponsiveness to 
MCh occurs after cessation of long-term treatment with inhaled 
ipratropium bromide'-**. However, as discussed previously, the 
contractile response of transplanted airways to MCh in vitro is 
normal, and there is no evidence of increased density or binding 
affinity of muscarinic receptors" "'. Cyclosporine, while having 
recognized effects on vascular smooth muscle, does not alter 
bronchial smooth muscle contraction in isolated rat airways'-^. 
Another possibility is the loss of bronchodilatory impulses from 
the NANC nervous system'"" ' ' . This seems unlikely given the 
finding of normal amounts of VlP-ergic nerves in transplanted 
lungs". Alteration in bronchial blood flow is an attractive theory 
for the hyperresponsiveness to USNDW, especially in the setting 
of rejection"''. Decreased mucociliary clearance and alterations 
in the rheologic properties of mucus could increase the amount of 
MCh reaching its receptor"'. Finally, subtle epithelial damage or 
low grade inflammation not evident in mucosal biopsies could 
explain the non-specific BHR of lung transplant recipients. 

Effect of inhaled capsaicin 

Capsaicin, the pungent extract of red pepper, stimulates unmyeli
nated C-fiber afferents in airway epithelium, causing reflex bron-
choconstriction in dogs. This effect may be mediated by the 
collateral release of SP and calcitonin gene-related peptide 

(CGRP) as part of an axon reflex". In normal humans, inhaled 
capsaicin induces reflex cough'-"*, with no effect on FEV,; after 
adrenergic and cholinergic blockade it leads to bronchodilata-
tion'^''. Asthmatics often respond with bronchoconstriction. In 
HLTx patients, inhalation of capsaicin failed to induce cough, but 
eight of 15 subjects responded with bronchodilatation'-". In this 
study there was no relationship between capsaicin responsiveness 
and rejection or BHR to MCh which was detected in six subjects. 
This observation can be explained by the depletion of the bron-
choconstrictor sensory neuropeptides SP and CGRP, and the per
sistence of the bronchodilatory VIP after transplantation". 

Effect of deep inspiration 

Deep inspiration (DI) in asthmatics is followed by an immediate 
and transient increase in airway resistance'^". This effect is not 
observed in HLTx patients, despite the presence of BHR'^'. In 
normal individuals, DI transiently abolishes or attenuates experi
mentally induced bronchoconstriction. Absence of this effect in 
asthmatics correlates with increased severity of disease"-. In hy-
perresponsive HLTx recipients, Glanville et al. demonstrated no 
consistent effect of DI on sG^^ during MCh-induced bronchocon
striction (Figure 10)"'. In contrast, Banner and colleagues found 
a preserved response in four of six HLTx patients as assessed by 
the ratio of maximal and partial expiratory flow volume curves'"*. 
The mechanism of Dl-induced bronchodilatation during induced 
bronchoconstriction is controversial. Some investigators have at
tributed it to a neural reflex'", since airway hysteresis is abol
ished by atropine-'. However, inhaled ipratropium did not block 
bronchodilatation after DI during bronchoconstiction induced by 
prostaglandin Fift'". Based on studies in isolated trachea, Sasaki 
and Hoppin-'' postulated that tension in contracted airway smooth 
muscle increases with stretch until a critical level is reached, 
which leads to disruption of myofilament cross-links. In severe 
asthma, peribronchial edema could interfere with airway-
parenchymal interdependence during lung inflation, and airways 
would thus remain narrow after deep inspiration. This concept is 
supported by the finding of a greater bronchodilatory effect of DI 
during MCh-induced than during antigen-induced bronchocon
striction in hay-fever subjects-'. Alterations in branchial cartilage, 
consisting of ossification, calcification and fibrovascular ingrowth 
observed in transplanted lungs""*, may have a similar effect and 
could explain the impaired inflation hy.steresis of airways. 

Vascular pharmacology 

Few data exist regarding the reactivity of the pulmonary vascula
ture after lung transplantation. Nilson and colleagues studied the 
response of isolated pulmonary artery vascular rings from dog 
lung allografts 8 days after transplantation to a variety of vaso
active agents" ' . Contractile responses to phenylephrine were 
similar to controls, indicating no alterations in a|-adrenergic re
ceptor responsiveness after denervation. However, in vascular 
rings with intact endothelium, norepinephrine (NE) caused en
hanced vasoconstriction in the tran.splanted group. No difference 
was observed in vascular rings devoid of endothelium. 
Stimulation of o, adrenoreceptors has been shown to cause 
endothelium-dependent relaxation of pulmonary as well as systemic 
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Figure 10 Effect of a deep inspiration on sG^^. in (a) seven heart-lung trans
plant recipients and (b) seven normal controls after mcthacholine-induced 
bronchoconstriction. (Reproduced from ref. 131 with permission) 

vessels"*. The enhanced vasoconstriction to NE, an agonist of a,, 
aj and /3, receptors, in endothelialized rings is consistent with im
paired release of endothelium-derived relaxant factor after 
denervation'". 

The contractile responses to endothelin were depressed in the 
transplanted group'^''. Serum endothelin levels were not elevated 
after transplantation in this study. Shennib and co-workers re
ported increased plasma endothelin levels 1 week after lung allo-
and autotransplantation in dogs, and elevated BAL endothelin 
levels during the first 24 hours after allotransplantation'^". There 
was also decreased sensitivity to angiotensin I in vascular rings 
without endothelium from the transplanted dogs '" . No differ

ences were observed in vasodilatation induced by nitric oxide, 
ADP, histamine, bradykinin, and the calcium ionophore, A23187, 
despite the use of cyclosporin in these animals, which is known to 
attenuate nitroprusside-induced vascular relaxation in systemic 
arteries'^'. This is consistent with the absence of elevated PVR in 
long-term survivors of HLTx**'*'̂  and the lack of correlation 
between cyclosporin levels and PVR in HTx''' and HLTx 
recipients*''. 

Pharmacokinetic considerations of cyclosporin in 
cystic fibrosis (CF) 

It is well recognized that oral dosage requirements of cy
closporin in CF patients are higher than those of other lung 
transplant recipients. The lipophilic nature of the drug accounts 
for decreased bioavailability in this population, due to biliary and 
pancreatic exocrine insufficiency. Administering the drug con
comitantly with pancreatic enzyme replacement improves 
bioavailability (from 0.11 to 0.17), but it remains well below 
normal (0.33)'*'. Mancel-Grosso et al. reported enhanced total 
clearance of cyclosporin after intravenous administration in CF 
subjects awaiting transplantation'^". This may be related to en
hanced hepatic microsoinal cytochrome P-450 metabolism, as has 
been shown for theophylline in these patients''". Tan and col
leagues, on the other hand, did not demonstrate enhanced bio
transformation in CF patients'""-. In this study, CF subjects 
awaiting transplantation had normal total clearance, while those 
with Eisenmenger's syndrome had reduced clearance, probably 
reflecting an elevated hematocrit. Oral clearance in CF patients 
was increased, as indicated by a decreased area under the 
time-concentration curve, decreased maximal concentration 
(C|„ax) and prolonged time to C,,,̂ .̂ These authors recommended 
that initial oral dosages of 1.5-2 times normal be used in these pa
tients, and given in small divided doses (three or four a day). 
Additional factors that could alter pharmacokinetics of cy
closporin in CF patients include low serum lipoproteins and en
hanced prehepatic inetabolism'^-. 

CARDIOPULMONARY EXERCISE TESTING AFTER 
LUNG TRANSPLANTATION 

The exercise capacity of lung transplant recipients is more than 
adequate to support activities of daily living. Formal cardiopul
monary exercise testing, however, uniformly reveals subnormal 
maximal work capacity and oxygen consumption, despite normal 
resting values of pulmonary and cardiac function. Reported 
values of maximal oxygen consumption (max VOj) consistently 
range between 40% and 60% of predicted, with no significant dif
ference among recipients of SLTx, BLTx or HLTx (Figure 
1 i)2.79.8''i'*'-i-". Exercise capacity is also similar to that of HTx re
cipients*'*'''"''*. Max Vfci, peaks at roughly 6 months post-trans
plant without further significant improvement*'*''". Most subjects 
.stop exercise because of leg fatigue rather than dyspnea"' '" ' ' ' \ 
Exercise is not limited by ventilatory factors or gas exchange, but 
is associated with early onset of the anaerobic threshold (Figure 
11). The latter observation indicates impaired oxygen delivery to 
exercising muscles or inefficient utilization of Oj''*'*. As will be 
discussed below, cardiac limitation per se has not been 
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demonstrated. Recent theories of e.tercise limitation after lung 
transplantation liave focused on metabolic derangements io .skele
tal muscle as a result of deconditioning or immiinosuppre.ssive 
medications'**''*. 

Ventilatory responses to exercise 

Breathing reserve fBR; 1 the ratio uf V,-, at jjeak exercise to 
maximum voluntary ventilation (MVV)] is well cibove 0.3 
(0..5:î -̂0.67) tn HLTx al^J BLTx patieMs^*-^* '̂*-'-!*'-'̂ ^ SLTx .sub
jects achieve a higher Vn./MVV (BR = (}3-0.53) due to increased 
dead sjiace ventilation'"'-''"-' ''**. Peak ^jTVlVV lends to be liigiier 
in SL'r.ii.-RLiJ compared with other SLTx patients due to the ad
ditional influence ofreslriclive phy.siology in the native hmg--''". 

The ^'entilatory equivaleni:s for V'o, and t-to-j (V'g/V'o, and 
i-'r/V'cO;,, respectively) are elevated in conditions with increased 
VJV, or hyperveniilation (low end-tidal or arterial CO,)"'''. Most 
studies report an appropriate fall in V,/V', vvitli exercise in HLTx 
and Bl.Tx recipients, but the ratio remains sligihtly above age- and 
seK-mafched normals, in the range of 0.22 0.34 at maximal c.\cr-
cise**-''* -̂'-'̂ '. One series of female I ILTK recipients achieved a 
normal mean VJV, of 0.! I at peak exercise''^'. Elevated dead-
space ventilation could be a consequence of increased ;tirA-ay 
caliber a.s a result of denervation'^' or subtle pulmonary vascular 
disease''-'. .4ketnaiivel>', a relatively small tidal volume response 
due to restriction tao result in an elevated VJV\ ratio during 
exercise. 

As previously mentioned, mild hyperventilation is often 
present at rest. This persists during exercise, as indicated by low 
arterial or end-tidal CO/*-'''*-''''''''. One group speculated that by-
perventilarion could be due to the loss of inhibitoiy sympathetic 
afferents'". Elevated dead-space and hyperventilation combine to 
produce an increased V,ziV02 in the range of 45 and Fp/VcOj 
around 40 at the anaerobic threshold^. Dead-space fraction is ele
vated at rest in SLTx patients (0.4^0.5) and falls only to 0.37-0.4 

at maximal exercise'**-'-^''-"-''. Despite the higher Fj/V, during 
exercise, SLTx-OLD and SLTx-PVD subjects have ventilatory 
equivalents similar to those observed in llLTx and BLTx pa-
tients^-w-'*'•'*. On the other hand, SLTx-RLD patients tend to have 
higher ventilatory equivalents, probably reflecting a greater degree 
of hyperventilation due to the presence of the stiff native liing -̂-"'. 

The pattern of breathing has been of interest to investigators 
studying the role of pulmonary innervation in modifying the tidal 
volume and frequency response to exercise. The V/FVC% at 
maximal exercise is normal and ranges from 44 to 57, with no 
significant difference among transplant groups. Maximal rcspirti-
tory rate ranges from 28 to 40/min, with the higher values ob
served in SLTx-RLD subjects"''-'''-. Normally, increases in 
minute ventilation during exercise are initially achieved predomi
nantly by an increa.so in V, with little change inf, until a plateau is 
reached, at which point F, stabilizes and further increments in 14 
are brought about by an increase in/. Sciurba and colleagues ob
served a blunted frequency response in HLTx subjects compared 
with HTx recipients, and attributed this to loss of afferent signals 
from intrapulmonary stretch receptors"*'. However, two other 
groups demonstrated a frequency response similar to 
normals'"*^-'*'. Chronic pulmonary congestion with resultant low 
lung compliance probably accounts for the rapid, shallow breath
ing observed in the heart transplant group'". Patients with OB 
demonstrate rapid, shallow breathing with exercise similar to non-
transplanted subjects with lung disease. Arterial FCO2 is appropri
ately regulated in OB patients, indicating that pulmonary 
innervation i.s not essential to the regulation of ventilation or 
breathing pattern in lung disease'-''*'. The perception of dyspnea in 
lung transpkmt recipients is not different from controls at similar 
levels of ventilation as is the inspiratory drive'-*" as indicated by 
PQ (. This is consistent with work demonstraung normal detection 
of inspiratory resistive loads"-'. 

Cardiovascular response to exercise 

Heart rate (HR) at maximal exercise is well below predicted 
values after lung transplantation, ranging from 68% to 90% of pre-
dicted--''*- '̂-'''-^ W7,i5i_ f̂ Q significant differences are observed 
among the different groups of lung transplant recipients^-'''--'''*. 
The fci/HR relationship, an indirect indicator of stroke volume, is 
low at peak exercise, but increases linearly with IIR without reach
ing a plateau, indicaring the ab.sence of a cardiac limitation'*'. As a 
result of cardiac denervation, the HR response at the onset of exer
cise is blunted in HLTx recipients, increases briskly with higher 
workloads and falls slowly after stopping*". This pattern is similar 
to that observed after HTx, and is explained by the reliance of 
chronotropy on intrinsic regulation and circulating cate-
cholaniines'-"*. Heart transplant recipients also demonstrate an im
paired stroke volume response due to diastolic dysfunction'-^'-"*, 
which, combined with chronotropic incompetence, results in an in
adequate cardiac output. However, arteriovenous oxygen differ
ence was found by Kao et al. to be lower than normal, suggesting 
an additional peripheral abnormality in oxygen uptake or utiliza
tion'^'. Cardiac output responses are also blunted in HLTx recipi
ents'*'-'**, although diastolic function is better than in HTx patients 
as a result of augmented left atrial contractility "•-I Ross and co
workers obtained invasive hemodynamic measurements during ex
ercise in seven SLTx and one BLTx recipients'-*. Although 
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pulmonary hemodynamic responses were abnormal in most of the 
subjects, cardiac output (CO) was not limiting. In fact, the ratio of 
ACO/AVbj was increased 2.5-fold above normal, again implying a 
peripheral defect in oxygen utilization. 

Gas exchange during exercise 

As indicated previously, hyperventilation with low fflCOj levels 
is observed during exercise. Arterial POT demonstrates the normal 
slight increase during exercise in HLTx and BLTx patients*'"*''. 
The P (A-a) O2 also remains normal or minimally elevated. In 
contrast, arterial oxygen saturation {Sa02) falls in SLTx recipi
ents, particularly those with ILD and PVD. Orens er al. reported a 
downward trend in mean peak exercise Sao^ of 3% and 3.8% in 
SLTx-PVD and SLTx-RLD patients, respectively, compared with 
0.7% in SLTx-OLD and an increase of 0.9% in BLTx recipi
ents''"'. The Barnes Hospital group reported resting P (A-a) o, 
values ranging from 18 to 25 mmHg that increased slightly to 
25-32 in SLTx-OLD patients compared with a peak value of 
34-38 in SLTx-PVD subjects'**. No changes in the relative distri
bution of ventilation and perfusion between the transplanted and 
native lungs occur during exercise"'''. The normal increase in 
apical perfusion with exercise was absent in both lungs in this 
study. This finding suggests either more maximal apical recruit
ment at rest or an abnormality in the apical vascular bed. 
Nevertheless, most patients maintain SaOj >90%, so that hypo
xemia is not a limiting factor. 

Causes of exercise limitation 

The results discussed above indicate that exercise in lung trans
plant recipients is not limited by ventilation, cardiac output or hy
poxemia. The early onset of anaerobic metabolism implies either 
impaired flow of O; to muscles or inefficient O2 utilization. While 
this patient population tends to be slightly anemic, the degree of 
limitation is out of proportion to the decrease in hemoglobin. 
Increased affinity of hemoglobin for oxygen does not appear to be 
a factor""". Metabolic acidosis is not present in most subjects, and 
in any case should cause a ventilatory limitation'^-. Peripheral 
vascular disease as a result of cyclosporin-induced arterial hyper
tension could account for these findings, but patients do not com
plain of claudications. Muscle atrophy resulting from a sedentary 
lifestyle pretransplant, malnutrition and steroid use can limit 
maximal work rate and oxygen consumption"'^ Gibbons and 
colleagues'" reported the AVbi/A work rate relationship in SLTx 
patients to be 7.1 ± 1.9 ml min ' W~', well below the normal 
value of 10.2 ± 1.0'". This observation, combined with the high 
ACO/AV'02 reported by Ross et al.'''\ points to the possibility of a 
defect in skeletal muscle bioenergetics. 

Recent studies support the hypothesis that inefficient transfor
mation of oxygen into power output exists after tran.splantation. 
Changes in arterial plasma potassium concentration during exer
cise were evaluated in a group of HTx, HLTx and SLTx recipi
ents by Hall and co-investigators'***. Transplanted subjects 
demonstrated higher values for A[K*]/AW and the ratio of A[K*] 
to time of exercise compared with normals. Efflux of intracellular 
potassium could lead to hyperpolarization of myocyte membranes 
and early muscle fatigue. Alternatively, the findings may reflect 
reduced Na^-K'^-ATPase activity or a reduction in myocyte pump 
concentration. These observations were attributed to muscle de-

conditioning. Biochemical and histologic changes in skeletal 
muscle are observed in congestive heart failure"''' that mimic 
those found in deconditioning"''. Metabolic abnormalities during 
exercise persist after heart transplantation"'", as do skeletal 
muscle weakness"'" and diminished respiratory muscle en
durance'™. Training improves exercise performance after 
lljj^ni.m 3f|(j jg aisQ lively to benefit lung transplant recipients'^\ 

Cyclosporine has recently been incriminated in the poor exer
cise performance in transplant patients. Similar to its effects on 
kidney mitochondria, 14 days of cyclosporin administration in 
rats resulted in decreased skeletal muscle mitochondrial electron 
chain capacity'''". This was accompanied by decreased endurance 
in the cyclosporin-treated animals. Other potential detrimental 
effects of cyclosporin include microvascular alterations with re
duction in regional muscle blood flow and sympathetic hyperac
tivity with shift of carbohydrate metabolism towards increased 
glycogenolysis and glycolysis"". 

SPECIAL CONSIDERATIONS IN PEDIATRIC AND 
LOBAR TRANSPLANTATION 

Lung transplantation has been recently extended to pediatric pa
tients with end-stage lung disease. Routine pulmonary function 
measurements have been comparable to those of adult recipi
ents'- ' '" ' ' ' . Long-term follow-up data to assess the growth of 
transplanted lungs are not available. In a rat model, immature 
donor lungs transplanted into immature recipients continued to 
grow by an increase in alveolar number and increase in airway 
and alveolar size'"'. Similarly, immature lungs transplanted into 
adult animals fulfilled their growth potential"'. However, vascu
lar and small airway function may be abnormal after transplanta
tion of immature lungs"""", and denervation has been shown to 
impair small airway growth and development""'. A comparison 
of immature whole lung with mature lobar transplantation in a 
porcine model demonstrated elevated dynamic airway resistance 
and reduced lung compliance in the former'**'. Living related 
lobar transplantation in patients with cystic fibrosis has resulted in 
mean FVC and FEV, values of 76% and 70% predicted, respec
tively, and P (A-a) OT of 15 mmHg at 1 year post-transplant'"-. 
The donors in these cases, who undergo a lower lobectomy, ex
perience a 17-20% decrease in FVC and FEV,"". 
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Histopatholo i f of Lung Transplantation 
N.R OHORIAND SA. YOUSEM 

INTRODUCTION 

The increasing number of transplant centers has resulted in pro
viding luog transplantation as a therapeutic option for many pa
tients wilti end-stage pulmonary diseases. However, despite 
improvements in immunosuppression, surgical techniques, and 
diagnostic accuracy, post-lransplant complications remain prob
lematic. One of the key elements to patient survival is the prompt 
and appropriate intervention of allograft dysfunction'. While 
there arc a number of ways to monitor the recipient, tissue exami
nation still remains the mainstay in assessing allograft alter
ations'"^-'. Perhaps it is important to distinguish between rejection 
and non-rejection processes such as infection, since treatment is 
often opposite. Graft syndromes typically occur in their particular 
context, and it is the understanding of the adaptation of the lung 
allograft to the host environment which is critical in arriving at 
the correct diagnosis. The intent of this chapter is to review the 
histopathology and pathophysiology of lung allograft rejection 
and other non-rejection processes which may also contribute to 
graft dysfunction. The efficacy of types of biopsies in specific 
situations will also be discussed. 

EARLY POST-TRANSPLANT ALLOGRAFT 
COMPLICATIONS 

During die liri»t week pobl-lransplaol, virtually all allografts are 
subject to the so-called "rc-implanlation response' characierized 
by bilateral opacification on chesi radiograph and histologic 
demonstration of interslitial and alveolar edema a.id marginaiioii 
of neutrophils (Figure i)'\ The process is thought lo be related to 
fluid overload secondary to disruption of the hilar lymphatics, 
organ ischenda during harvesting and tiansport, and division uf 
nerves and bronchial arteries', li usually i'eKoives by the end of 
the Orst week alter transplantation, before acute cellular rejection 
generally lakes place. 

Following the immediate post-transplant period a variety of 
other complications a.̂ c encountered, many of which are related to 
the donor organs. Preservation (harvest,! injury manifests pattev-
logically as diffuse alveolar damage (DAD) with interstitial 
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Figure 1 Reimplantalion respon.se. The pulmonaiy intcrstitium is edema
tous, as reflected in the perivascular pallor (large arrow) and marked dilaliition 
of lymphatic channels (.small arrows) 

edema, hyaline membranes, and granulation tissue (Figure 2)"-''. 
While the process is thought to be secondary to organ ischemia, 
we have seen DAD in cases with minimal ischemic times in 
living-related transplants, thus implicating other ctiologic factors. 
In contrast to the usual DAD is the occasional development of a 
temporally homogeneous patchy (as opposed to diffuse) 
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as well as the ainvays 

prtK-csb'*''. Clinically, its distinction from acute cellular rejeclicn is 
the main differential diagnosis, This is not difficult in most cases 
with iiiild to moderate degrees of reversible DAD. However, in 
severe or prolonged cases, iiricertainiy in the clinical impression 
often necessitates a biopsy. Pathologically, severe DAD deniori-
stratcs extensive injury, io wivolvc nor only tiie mterstitiuni but 
also the airways to prcdutc acute bronchirns arid bronchiolitis 
with iiiniioal ingrowth of loose granulation tissue-'-'-'. Although 
some cases may demonstrate coiicuixent DAD and rejection, ai-
tenipls should be made to distinguish featutcs of D.4D Iroiii alve
olar damage seeondar)' to severe aciile cellular rejection (see 
helow) and chronic ainvay rejection. While the intralurniiia! gran
ulation tissue of DAii) has often been referred to as 'bronchiolitis 
oblifcransy it differs from the clirotiic rejection-related broncfiî ^ 
olitis obliterans, which exiiihits dense eosinophilic eoliagen char
acteristic of irreversible intraluminal scar'"-'--. 

Early in the liislory of hcart-fung iransplantatiou, tracheal de
hiscence was a relatively conn-non complication'--^--'-*. Due to inv 
proved surgical techniques ihis complication is now a rarity. 
While the acute coniplicaiions of tracheal dehisceuce are now 
under coiiiroL chronic brorichomalacia, involving the main steiii 
broncfh and their biLinches due to the sacrificed bronchial artery 
circulation, is sliil a problem''-'''. 

Other causes for early post-transplant cornplicaliuns include 
donor organ infection and !hron-iboeinf)olic disease. Sources of 
die einbolie material include the braiti. bone marrow, cartiia.i^e, 
and deep venous thrombi'"'. The ccnsct|ucnces of embolic disease 
are probably as varied as in the non-iransphmt setting. Reports of 
rapidly fatal emboUc diseases are noted at one end of the spec
trum, while small incidcntaf thromboertiboli are not uncommonly 
found in biopsy specimens (Figure 3). Finally, a progressively 
downhill respiralory course lacking a demonstrable eiioiogy 
is classified as primary graft failure'. fiJ- our inslilution the 
incidence of primary graft failure has been approximately 6% 
•since 1982. 

Figure 3 'ilij-O!ribccnit)0lic di^eiise Massive thrombocmbclus seen adr.tcent 
to a large area of iniarct resiilieci ii; orgaa failure in (his case 

ACUTE LUNG REJECTION 

In solid organ allografts, rejection may take the form of hypera
cute, acute or chronic rejection. Hyperacute rejection is an imme
diate rejection response following implantation, and results in 
graft failure. While it has been reported in the animal lung trans
plant modeP-'', rigorous documentation in human lung transplants 
has not been made. Morphologic findings by themselves are not 
specific and therefore an integrated approach with clinical 
findings, histology, serology, and immunofluorescence is re
quired. Specifically, the following are the considered criteria for 
diagnosis: (a) early graft failure without alternative etiology; (b) 
consistent gross, histologic, and immunofluorescence indings; (c) 
a high percentage of panel-reactive antibodies prior to transplan
tation; and (d) demonstration of donor-specific antibodies in the 
eluate of the failed allograft^'. 

Acute ceilu]a.r -rejection (.A..CR_,i typically manflesis after a week 
post^rarisplont and is one of the main clinical differential diag
noses of graft dysfuncdon al(-ing with harvest injury and infec
tion, ft should be noted, however, that .-ICR may occur any time 
posi^^ransplant. especialiy v/hen there is an alteration in the ef
fectiveness of immunosuppression. .ACR is mediated by an im
munologic niechanisin targeting the donor histocompatibilily 
antigens expressed on bronchial-asst^cialed lymphoid tissue 
(B,*\L.T). bronchial cpitheiium, and vasctdar endoihcliuni-'---''. 
Fhe relationship between the infiltrating cellular population and 
-MHC class II antigen expression is some-what unclear. H.LA-DR 
aad DQ expression is fmmd m the transplanted bronchial epitfie-
lium-̂ "" ,̂ but tlicre is no coiTeiation between the level of expres
sion and episodes of rejection. rHirthcrmore, normal palmonaiy 
epitlielium and endoiheliom may also express MHC class llanii-
gens'"*, T.he maioi' infiltrative cell populadon consists of T iym-
phocyich w-ith occasional B cells-"' of recipient origin as 
dcinonslrated by Y chromosomal probe analysis-'"-'-"', fn early 
ACR, most of the infiltrating T lymphocytes beiong to CD4-"-
(hclpcr) phenotype whereas, later, the population of CD8A (sup-
pressor/cytotoxic) T ceils increases"'--''. liecentiy the role of 
B ceils in persistent and irnmimosupprcssion-resistant .4CR has 
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been appreciated. When comparing rejection episodes responding 
and not responding to solumedrol in the early transplant period, 
the number ot~ infiltrating B ceils was significantly larger in the 
non-responder group than in the responder group''. Furthermore, 
another study has documented tlie formation of nodular B cell ag
gregates reminiscent of lymphoid follicles io early bronchiolitis 
obliterans'*. Since the number of episodes of ACR has been cor
related with the subsequent development of chronic rejection 
(bronchiolitis obliterans), the involvement of a humoral mecha
nism in ACR may implicate another pathway for long-term graft 
compromise. 

ACR is characterized by a perivascular mononuclear cell (lym
phocyte and plasma cell) iofiltrate primarily surrounding pul
monary veins, but also involving arteries and lymphatics, 
depending on the severity (Figure 4)"-'-''''*. The cuff of infiltrating 
mononuclear cells undermines the endothelium to produce reac
tive changes in the endothelial cells ('endotlielialitis') (Figure 5). 
The airway mucosa, particularly the BALT, is also targeted early 
in acute rejection. The resulting depletion of the donor BALT has 
been postulated to play a role in the increased susceptibility to 
graft infection due to the loss of mucosal immunity^^. With in
creasing airway inflammaiion the infiltrate insinuates into the 
overlying airway mucosa, inducing cytotoxic effects on bronchial 
epithelial cells (apoptosis). Over time the peribronchiolar and 
perivascular mononuclear cell cuffs result in disruptions of the 
lammin and type IV collagen basement membrane components, 
as demonstrated immunohistochemieaily". These alterations 
probably contribute to irreversible remodeling in the long-term 
allograft. 

Figure 4 /icute king rejection, A marked inttarnmatory muUi'ale culls the 
puimonary veins fanning in the pleura and iiilfriobuiar scptii (arrows). 
Concentric cuffing of bronciiioie'i and nrterioies is seen at lower right 

Figure .5 .-Xcucc ccfiuiaf rejection. Concciiiric perivasciilai cuttings by 
rnojiomidcar cells (lymphocytes, plasma ceils, and macrophages) sitli 
endothelialitis 

Grading of ACR by the Working Formulation for the 
Diagnosis of Lung Rejection'' is based on the incensity, distrib
ution, and quantity of the mononuclear cells. The lowest degree 
of rejection response is characterized by the subtle, two-to-
three-cell-layer cuffing of small vessels by small, round, plas-
macyloid, and traosfoiined lymphocytes (minimal ACR, grade 
, ' \l). Bronchial and bronchiolar involvement by mononuclear 
ceils is nol commonly seen in this grade. In iBild ACR (grade 
.42) there is a significant, five-to-seven-ccll-laycr perivascular 
cuffing, which is obvious at lov.'-power examination. The 
infiltrate commonly also involves the pcribronchial/bronchiolar 
areas. E.Ktensioii of ihe infiltrate into the interststium and air 
spaces Ciuaiifies for nioderate ,^CR (grade A.3). With this degree 
of rejection, airway involvement is seen in most cases and iiddi-
tional histologic features oi' eosinophilia, neutrophilia, and air
space collections of lymphocytes and macrophages are common 
(f^igure 6). Wilh severe ACR (grade A4), the infiltrate diffusely 
permeates die lung pareochyma as it involves vascular, airspace 
and interstitial componems, and produces parenchymal damage 
manifested by alveolar damage, necrosis, hyaline membrane for-
matiori and neutrophilic and macrophage infiltrates"-*'. 
Localization of the mononuclear infiltrates to the perivascular 
and pcribronchial/bronchiolar areas is losl and other inflamma
tory cell lypes, including large numbers of neutrophils and 
miacrophagcs, arc atlracled. The resulting injury produces a 
picture similar to diffuse alveolar damage, and its distinction 
from other processes such as preservation (harvest), infectious, 
chemical, drug, and physical injuries is important. 

Evaluation of airway alterations is a difhcult task in TBB 
(transbrorichia! biopsy) inteiprctation, since milammation involv
ing the airways is less specific than perivascular inflammation 
when considering rejection as a diagnosis, in contrast to oilier 
solid-organ transplants the lung is conslanily exposed lo the exter
nal environtiient so low-level chronic inflammation involving the 
large airways often represents non-specific inflammation. ,Soine 
long-term patients have airway inflammation due to large airway 
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Figure 6 Moderate acute cellular rejection with intense mononuclear cell 
infiltrate involving the arteries and the bronchioles. The intervening inter-
stitiura and airspaces are also involved 

alterations such as bronchiectasis, bronchonialacia, and persisteoi 
bacterial colonization (e.g. Pseudomonas species in cystic fibrosis 
patients). Small airway inflammation, particularly when involved 
primarily by a mononuclear cell population, may indicate rejec
tion. However, one should keep in mind that similar appearances 
may be produced by infections; therefore attributing airway 
inflammation to rejection is a diagnosis of exclusion"*'. In mo.st 
instances of ACR the vessels as welt as the airways are involved, 
but there are situations when ihc biopsies only demonstrate 
airway inflammation with activated mononuclear cells typical of 
rejection. The term iymphocytic bronchitis/bronchiolitis (LBB)' 
(grade B) is used to describe this type of inllammation involving 
the airways exclusively (Figure 7)'". It should be recognized that 

the di:iano>iN ot LBB lacks ^ptvitkitv. and an iii!-*s iinub cluilug) 
sliCiiikl hr coiiMii itil as wrll .\' ,i rt̂ rievlion ppne^-. Wheti mfcc-
tiun Is ruled mil, ilie possibk icasoiis toi LBB UKliide {ii rrrar-
Dieut 111 \CP Willi itsolalion ol ih<. peii^ascJai bat M ti tlic 
aiinav iiiHanini.iti,iti. (hi in,i lequalc ^aIllpl̂ î g i.f the perivascular 
Ciunpiincnl. lel l>i'ui>.iu)Lentiic ACR, oi 1.1,1 chi.itiic .iir\\j\ 
iidlammation oi unknov.n si^niti:ance"*'"•" Ihr derision to ueat 
fot lejcction w .̂uM .kpeiid mori- on die i imical Pdiamcrct.-^ 

Hi.lonjlhoiiK'ic dsscssiiH iir r. ilk- ir-o.f ml >nT,.iinv di.igP'^'.tic 
tnelhud m assc%sing lejccti^n. Whii'* tluii,ieO«t»-pic oi npui iwig 
',\edge liiopsk-^ aie onsidered die ^oid >u!ndjra, Iht fe^ocialcu 
inoihiihiy ind the mien'-nc labfii to uhtyin the ii^suc pr^iJude 
loiitine u-e -̂ ŝ an alleMJlivt, dao ,hinii!.liial biopsies tsfc corn 
p-.i-nl) iitdiztd Ptihdp' the in<i.i .ii.,Mrianl |n,int in c\dl'i.iiinc 
tiansbudn iiial biopsies is ilic a^^e* .iiicnt 'il adcijuac} Since ic-
leLiHiii an ! ;>thei allugrali suidiuint', tend lo be p<Ufh\ -md fk,) | 
m nalui >, tiansbiunchul Imtp^es shuuld ^dinple snullirile u e u fo 
obtain alvetilifcd p.iicncinma with ^iiiali .niv.^ys ilemrm.d .md 
lespii.iioij iironcliiiiieM Ji'tiilheniK-rc, since the featuie^ r t 4C'R 
•sutli as pernasculiir and aiiwa>, iiillammaiumi are not eiitiiely 
specific, adequate sauipling must he uhiamed tu idenul\ tiislu-
it.gic teatnies indicating non-rcfcclion pii>cc%sc.>, pjnicuLirl} m-
f'^tiioii iind Ijuiphoproiik'ijtiVL ihsuidfis" *^. 

It IS jeneralh agiced lli.il fue i>i iai> e piece:, ot aLoolated luti^ 
tusuc pri" ide adequate sampling" "̂ '" Fragmenis ul larpe airwdv 
'vall Tf-presfntmL' thr .-ntrv p» mi ol ihc biops) fu^cps .Jiould nut 
b^ counted in the .iSNessinent t<>t adequacy, suicf they ,iie iiul .is 
di.tgik.stii alb, iidorniative. In siiualionb m whith tlic tiaiis-
bioiiehial bn.p-y findings do risa C">ric!atc nidi the chiucd pie-
sciitaimn, a tnoiacus^ opic oi oticn liiits; weil'ie biops*- rniy be 
netessdiy for histopaihulogic af.sc-,«-snienr 

niji.c ine diagnusi^ i>i icjci-tiun î  niadc, cnh.mced immunusup-
picssi.Hi IP >i bt.lus dosf i>l soliimedi'.ll is adniinistcied 
Hi.'tologic lespoiisc IS initially seen with die diTtiiuulioti ol 
perivascuiji infiltit.tes while tUe peiibiotjchndar and iiaeis'iiijl 
itihlwale^ ni ly per^ul Clmicjl rc-punse nttcn pic.xdes histnlogic 
residutuin. v.hich tn^y t.ike mi t'. 4 vieeki .ind. f\en diei f i i b 
idctc resoliPioii binpMCs nui) sh'a^'' ^\idtnec oi p-T-.uar^ injur\ 
' e g uiier%litial s,.anmgi'' . 

the .submucosa extends into the overlying respiratory epitheliunj, resulting in 
focal areas of necrosis 

CHRONIC REJECTION 

Chronic rejection represents the development of an irreversible 
injury to the allograft with permanent functional compromise. In 
lung allografts, chronic rejection manifests as small airway scar
ring (bronchiolius obliterans, OB), large airways bronchiectasis 
and graft atherosclerosi.s"'^*. Injury to the small airways begins 
with a mucosal mononuclear cell infiltrate which, over time, pro
duces luminal occlusion wid) granuladon tissue and dense hya-
linized scar (Figure 8). Like ACR, OB appears to be inimunohigi-
cally mediated and is associated with a CD8+ T cell infiltrate in 
the peribronchial areas with heightened expression of IVIHC class 
I and II antigens in the airway of the allograft-'-'-. Recent studies 
have also demonstrated the possible role of humoral immunity 
with B cell aggregates recognized in developing OB-'*. ACR is 
often seen concurrently with OB, and the recognition of a B cell 
component in refractory ACR, as well as developing OB, leads 
one to speculate whether humoral immunity is a common denomi-
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I "̂ lJ^n.Il!I|Illl|.^ 1 hiiterjr, "-111 ipitjiuniii.d" f'U!. •'> 
I I,II. ;" 'Lriai'Litli e|>ilt«eh.'l .i-iU 

iijK r 1 I At R tind lii,^ iuin< i-t inujt^N^r t-- ,.ir»\a;. inuii; I 'K* 
f.Jtfh; .ifid 'L^iiiLiUd' dKiiihiirif,i1 I't OB ,) |MI ^'iizgrsl- .1 
lifiV u, \(li'' H''z.iidiL^^ f.T rh,' pitc.=;c liKLli.-iiiMii repeated 
!n<.iilt^ m »|.; aiiwd« iiiut»'Ni cotiliihoie I.) Ji ,iupii ni ut i.k liinti 
chu»!ii hj*'.iiiftii Mcmt^i.tiie spilhrlial cell netiosi^ n i \n l ih io 
bla-iK mgKiHlh. l<i<-<. .-.t -.month miU'.lc. UIHI c-ciilo.il 
scamiiir' *"'" -"' In t r r iirs.ii |>h.<se-4 OB the biondiiolar Inn,™ 
IS repLiLcil b} a dvO^e fiyp'icclliiLii Mat iFiguie 9i *ii»Ke OB pu--
Leeds in j feipp.'^ialH liCK-i'jgeiieuir iri.i'iiitr^ ", o lHtn i tkd ^rolt 
• IIIKIC-^ .It* ..iien seen .'vli-ivcnc to dit i \cl> inr'LirneJ i'* -^cll ..« 
ic-Litp el__. iinuiiaL ,uiv j j s \llhi)iJ4h OB K \ | I J I I I S dif e'Cluvn.ti ui 
nlhc! Ldy-LS o< « j r \ ly Hhiosis inLiadnis: i.if,̂ -. h.jn. .tj(iitatiuiu 
jnd isch-iii!i, t ' l i ' patLh'., pr^ili»"iiii iiiih. i.inrithci .'iiint injhr) 
an 1 %v.iririg at^'iiigh!} s ii..!.icirfi-!|> ui iin'niinnki^:u-,dl\ r e l i r e i 
iiirw.i;. i-riCvli'iii i.ri)L.>\> f iiniLal!}. rhc palmoi-tii} tunctnni J--

norrnalilics arc obstructive eaily in the course of OB, and iater 
become restrictive. In contrast to cfiroiiic rejeefioii of the iiver, 
tiie diagnosis of OB docs nol portend iromincn! organ failure, and 
tlie rate of functional deterionilioii is variable. 

While the sniall airways scar are obliterated as a eon.sequence 
of chronic airmai} rejection, the iiUlamed large airways scar and 
paradcvically devchop bronchiectatic changes. This alteration may 
be .seen in non-rejection processes soc'n as chrordc infecfiori and 
aspiration, and therefore lack the specificity to be attributed solel) 
io an airway rejection process**-'•'-

In i-iildilion to the airway damage, many long-term survivors 
slicnv graft arteriosclerosis (GAS) characterized by a myciiibro-
inf'nial proliferation and collagen depositiorr*"". These vascular 
lesions arc patchy, segmenial and circumferential, although a,sym-
nielry is occasionally noted. Trie degree of prohferation cor
responds to grade 2 in ttie Hea th -Edwards classilication of 
pulmonary hypertension (Figure 10). However , the clinical 
significance of these vascular iesions is unclear, since these pa
tients rarely develop pulmonary liypertension and the dcelopi i ieni 
of <j,'\,S does not necessarily correlate with the onset of OB^^. 

.Since the clinical significance of GAS is uncertain, and the large 
airway alterations are non-specitic, the diagnosis of chronic rejec
tion depends largely on the identification of OB. This can been a 
challenge to both the clinician and the patholr>gist. The histologic 
diagnosis of OB requires ihe demonstration of dense submucosal 
scarring of the small airways that may be eccentric, concentfic, or 
associated whh total obliteration of the bronchiolar lumen"'". The 
tr ichrome stain is particularly helpful in this assessment, 
Transbronchial biopsy may establish the diagnosis of OB. and ihe 
sensitivity and specificity are 8 7 % and 9 9 % , respectively-^, 
Nevertheiess. the bronchoscopi.sl occasionally encounters a patient 
with scan-ed and llbrotic lungs, wTiich arc difficult to biopsy due to 
the lack of coiiipliancc. In ihesc cases, despite multiple biiipsics, 
the pieces obtained tend to be miiiiKe and small airways are not 
often sampled. This may further necessitate an open iimg or diora-
coscopic wedge biopsy to assess the possibility of OIi5. 

/* 
' ^^'%-i. .i*v. 

Figure 9 Subtotal inactiv-; broiictnolilis oldin^rans Diminution r,( Itie 
monoiiiiclear cell iiiliitrme leaves UH ecceniric otd scar tissue in tlic bronchio
lar lumen (arrows) 

Figure 10 Graft attiei'O.sclero.sis. Fuhnonary arlery braricti wilt] yn eccentric 
librorny.vuid plaque and a rriiid mononuclear celt iniitlratc produces an en-
liovasciililis 
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Due to these difficulties, diagnostic terms have becE defined to 
describe the maaifestatioiis of OB. Tlie term bronchiolitis obliter
ans (OB) is reserved for histologically proven lesions either by 
biopsy (transbronchial or wedge) or at autopsy. Bronchiolitis 
obliterans syndrome (BOS) is a chnically defined entity of allo
graft deterioration secondary to progressive airway disease with 
no other known causê ''**. A pulmonary function test measuring the 
forced expiratory volume in one second (FEV,) is utilized in 
grading the severity of the airway lesion. BOS does not reqEire 
Mstologic confirmation, bnt patients must demonstrate less than 
80% of baseline FEV, value for this diagoosis to be made. 
Following the diagnosis of OB, patients are treated with enhanced 
immunosuppression in an attempt to quell the active cellular com
ponent of OB to recover some of the pulmonary function deficits. 

INFECTION 

The allograft environment is ideal for the proliferation of oppor
tunistic microorganisms. In addition to enhanced immunosuppres
sion there are a multitude of reasons for the susceptibility, some 
of which arc unique to (he lung allograft. During the terminal 
course of the donor, aspiration resulting in bacterial and fungal 
contamination contributes to a lower 1-year survival of 35% (in 
contrast to 67% for those without early infection)'''. The lung 
transplantation procedure involves anastomoses of the major 
airways and pulmonary arteries, but not the bronchial arteries and 
the peripheral nerves, which are sacrificed. Consequently, the vas
cular supply to the large airways is dependent on the collaterals 
from the pulmonary arteries. With the denervation there is loss of 
mucociliary clearance and cough refiex*-*'. Another reason for 
early infectious susceptibility is the loss of the bronehiah 
associated lymphoid tissue (BALT) secondary to ACR targeting 
the MHC class II antigens on the donor BALT lymphocytes. 
BALT normally provides secretory IgA-mediated humoral 
defense along the airway mucosa, and its compromise and con
stant bombardment by external pathogens through the airways in
crease the chances of early allograft infectiotf^. During the mid 
and late post-transplant course, additional factors contribute to 
graft susceptibility. In single lung transplants the remaining native 
lung may become a nidus of infection and seed the allograft. 
Patients with the primary diagnosis of cystic fibrosis are known to 
have their upper airways and sinuses colonized by Pseudomonm 
species (aeruginosa and/or cepacia), which subsequently infects 
the allograft lung downstream*''^*'''. Unfortunately, these 
Pseudomonm species are often resistant to currently available an
tibiotics and therefore difficult to control. Finally, the parenchy
mal alterations following chronic rejection result in remodeling, 
manifesting as interstitial, septal and subpleural scarring and 
cylindrical bronchiectasis which alter air flow and decrease 
mucus clearance*'^^. These airways are readily colonized by 
Gram-negative rods, particularly Pseudomonas. Under these com
promised circumstances, acute bronchitis and pneumonia is not 
uncommon. 

Specific types of infections are often encountered in the typical 
clinical context mentioned above. Bacterial pneumonia is the 
most common infection in lung transplant recipients, manifesting 
early (withm the first 2 months) or late in the post-transplant 
course''''*''''*. The common types of bacteria include 

Pseudomonas, Staphylococcus, Enterobacter, Enterococcus, 
Streptococcus pneumoniae, Acinetobacter, Hemophilus, and 
Kkbsiella^'^. The early infections are related to aspiration by the 
donor, whereas the later infections are due to parenchymal re
modeling, bronchiectasis, mucus inspissation and primary disease 
such as cystic fibrosis. 

Bronchoalveolar lavage (BAL) is the most efficacious method 
for isolating and specialing bacteria as well as fungal and viral 
organisms. Biopsies are less sensitive and specific, and speciation 
is not possible. Nevertheless, histologic identification of bron
chopneumonia may be made before culture results are available, 
allowing empiric therapy to be instituted. When considering in
fectious processes, determination of the significance of isolated 
microorganisms is an important issue. This depends on multiple 
factors including type of species isolated, colony count, and clini
cal manifestation. The diagnosis of bacterial pneumonia depends 
on the documentation of new fevers, infiltrates on chest radio
graph, and isolation of significant numbers of the organism (gen
erally greater than 100 000)«. 

Nocardiosis is less common, but is nevertheless an important 
bacterial infcelion in the transplant population. These Gram-
positive aerobic, filamentous rods infect tlie immunocompromised 
or others with underlying medical conditions". Eighty-five 
percent of nocardiosis is by N. asteroides and the manifestations 
include bronchopneumonia, abscess formation, cavitation, and 
empyema (Figure 11). Furthermore, the infection may metasta
size to the brain, bone, skin, and subcutaneous tissue. The irregu
larly branching, thin, beaded, filamentous rods are characteristic of 
Nocardia although Actinomyces and Streptomyces should also be 
considered in the differential diagnosis (Figure 12). Nocardia 
may be seen on Gram and Groeott, as well as Fites (modified 
Ziehl-Nielsen) stain, which has been shown to be particularly 
useful. Since Nocardia abscesses often manifest as localized 
lesions, TBB may be ineffective in obtaining diagnosric tissue. 
Under such circumstances, fine-needle aspiration biopsy is often 

Figure 11 Nocardia abscess. Along with bronelKspiieunioi 
abscess fcyiiiation is one (if the common manitesiations of ii 
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with the File's modification of the acid-fast staio 

Fijjurf 13 Fse.udalhtsrki'rin hoyiiii may colonize cavities or produce inva-
. sitive and stain si\f. pneuinoriia imii cnipycma. AJtiiough they resemble Aspergillus species, 

llie idendfie;-iii<w of thin-wslled vesicles .ind icss-aciite-angle brandling are 
rielfi'if- feiUures iri recognizing P. bo\dii 

more effective in sampling the centrally necrotic maierial which 
harbors the organisms. 

Fungal infections are also most coinmoo in the early posl-
transplant period, but may occur any time afterv.'ards. Candida and 
Aspergillus are common offenders and their identification must be 
taken in tlie context of their invasiveness*''™. Candida mainly 
infests the upper tracheobronchial tree with less chance of dis^ 
semination. However, the isolation of AspergiUm may represent 
colonization, allergic fungal response, or invasive disea.se involv
ing the deep parenchyma. Although highly sensitive and specific, 
the BAL culture has a low predictive value** and in consideration 
of the high fataUty from invasive aspergillosis, many cases repre^ 
senting coniaminani and colonization are probably overtreatcd. 
Nonetheless, the current antifungal regimen has been effective in 
decreasing the morbidity and mortahty from fungal disease. 

Pseudallesclieria boydii is ubiquitous in the environment and 
produces an opportunistic infection which mimics aspergillosis 
both clinically and pathologically'^'*-'". 'Idil^er Aspergillus infections, 
the isolation of P. boydii needs to be correlated with the setting 
where it is found. Colonization commonly occurs in the remod
eled pulmonary parenchyma and cavities. On the other hand, in
vasive necrotizing pneumonia with abscess formation and pleural 
involvement with empyema may be associated with hematoge^ 
nous dissemination to the brain, kidney, heart, and thyroid. 
Manifestation as an allergic bronchopulmonary fungal disease has 
been also recently reported. Morphologically, P. boydii and 
Aspergillus are similar, with both showing narrow (2^,5 ^m) 
septate hyphae with acute angle branching. The hyphae of 
P. boydii may show thin-walled vesicles and terminal eonidia and 
these features are helpful in distinguishing it from Aspergillus 
(Figure 13). This distinction has clinical importance as ampho
tericin which is usually used for aspergillosis is not effective in 
pscudallcrscheriasis, whereas miconazole or keloconazolc may be 
effective. 

Among the viral infections, cytomegalovirus (CMV) is the 
most common and important^'^'*. Unfortunately, due to the 

various clinical presentations and methods to detect CMV, 
identiiication must be correlated with disease presentation. CMV-
related illnesses may be subdivided into CMV infection, recog
nizing only the presence of the virus with or without associated 
clinical/pathological manifestations, and CMV disease, with rec
ognizable pulmonary manifestations (i.e. pneumonitis) due to the 
virus*. 

To assess the appropriate risk, both the recipient (R) and donor 
(D) arc tested for circulating CMV antibodies*''. The risk for 
CM'\ ini'et'lion, disease, and relaied death.s varies depending on 
the combination of the R/D serologic status. The bigiies; ri:>k for 
significant disease and death occurs in R D-i- patietits and re
quires the most aggressive anfi-CMV prophylactic regimen. 
Wihie the risk for sigmfieani CMV trifcctiof-, and disease is lowest 
in R-D-- patients, the risk of deaiii is approximately 8%. Tins ts in 
contra'n !o the R-fD- and R+D-i- patieats v»'ho may have a higher 
incidence of infection and disease but whose risk for CMV-
related death is lowest, approximately i-2*.r, perhaps due to ac
quired immunity**. Significant CMV disease occurs rnosi: 
coinmofdy in the first 2--3 months post-transplani, although occa
sional presentation may occur afterwards. Histologjcally, die 
manifestation of CMV pneumonitis ranges from a subtle paichy 
interstitial mononuclear cell infiltrate with rare uiclusions lo 
diffuse interstitial and perivascular neutrophilic and mononuclear 
cell infillrates wiih alveolar damage and numerous (2MV inclu
sions""'^'. The identification of CMV in biopsies shouki be placed 
in context of the patienl^s risk of developing signilicani disease, 
as discussed abo've. .fhc inflanimatory background may be dis
tributed in a perivascular pattern, mimicking ACR"'"'-'". This reif̂  
crates die importance or' obtaiidtig adeipiale sampling to 
demonstraie the diagnostic inclusions. When an isoiuied CMV is 
found in a background lacking inflammation, the inrerpretation 
depends on tlie clinical context. It may represent the eariiesl m-au-
ifestiition of a developing pneumonn Jb or the detection of a latent 
virus; close follow-up is warranted. The detection of CMV by 
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cultiue or Shcll-vu.! a3say idoi..-. •.\ittiiiii! Liiiiicjl .lisciNt ••• iiiH..-
loiii • I oiitiMiiaiii II uiiliL.iitS CVIV itifevtn)n ^VIIIUMII ,1ise,i-r On 
sorh i»Li-;î 'oris (fit dcasi'-i' i-n iic'imeiit v.uuld depend uu ilie 
clinical ^.tuatimi " With the tuneni Hiinu.it iTi;iiiii,i, inoit,,lU} 
i. .fii I'lVJV I'fieiiipiiiiiii HAS nurLe>ll\ derrciticJ. LWIV mvulvc-
locjit kiis 3!'0 bi-eii i\siK.i,jifil ft till ,111 iiitii,:.'.e»l ir.k loi Itî ' do 
»eIopiiient oi i tii.jiiic ain\ay rnn-nun »hroiitiiii)liiis i'W«lfi,iii.,i"s 
The iip-rcgiilatic-n ot HL^. ^las«. II antigen-- f.illowing CMV iiifcL^ 
iioo hw, bccii posUii.iird û  s niL\ li.ii.ism for lis de'elopmenl 
SiiLh avwci.itioijs ciniid ihe dittiiittiun between rtieclinn diid lu-
fedion 

Due io pruphyl.iciu ac)clinii the iiitidciice <>t did iiioibidit) 
ffoiii licipe. simple' piieiinmnu lia\e dinuiiislieil. iNcvtidicli'ss 
ihii^e siibteptiWe p.r-.eiil coiiiiMiiil], m die lirst f-j-^l-iraii-pljnl 
monih aod Ihc lung nw.} bt the oni) ».JIL ot inrcctirsti ' An u«sr.-
ciatiiin with herpes liavlienis ind ••loloni-vd inriib.ilimi has bern 
lulled The hi>.lnlogiv lindmiih e r H S \ pptumoni.i are similar tu 
ihoNC occurring in tithci iiiimiUincoiripioMised patient^"''"' flic 
pneiiTiioniii lencK Io he liuiiii \^i[b exteosi/e necrosis and pics-
eote nf iiitc^ifd vclls wiLH luiidnucbdi yioiiod glass niLiiH.ons 
jiid nteasinnal Cowdn r\pe A mcliKion^ Multnnitleoted giaut 
cells Hith simdai nuclear change- arc alMi cummon fv.miics 
Rapid liL-atiiieiil fisli n\ing its delei1ii>ii is cnnciil d̂  the diNCdsc 
iii,i> be rapid!.' lauil li Iclt •JuchecLcd 

Adciioviru.- I \DVi !ntectiun> have been leported spoiadiidih 
III the hing tiaii>piaiii hieriiiiir''^^-. I'he inatiilesialiotiMangc Irom 
ju jcntc bi(>mIliti\/biojithiiiiili^ tu Jilkisc jheolar damage E'.eii 
in case- ut DAf) j hi«,pelii)'-enln( jeientiiatmn of -e\ere iie^msi-. 
li often noted (Fiijuii. 14 > In oui series nicst of die pdii».n|- hc-
hmgcd Io Ihc [I'-didlrir .t/c t'n.iip'' The-, ici|iiirei! the irilecnoii 
v*ilhin Ihc lliLt i J mondis po^t^iansplailt and e'peiieiHcd i 
lapidl) tat.il c^^uisc Sm«idg) hasopLilic oneieaf iriehi'-!ii.i> are 
vh.i.-a.Terisiic of ADV mietiions jnd. m c;!»cs which rie eqi!i\n-
cal. the wc of iniinuiioiiistoLhemiejl <taiii >ii «• \iih h\b.-idi/ali(>ii 
piobc foi ADV pia\ l»e helpful iFigurr H i . An I'ldeienmn.iie 
nnmhf-r (,| patienis m,p, t„ in AD\' siibclinicolly wiihout ever de-
veiopi.ig disea^'e Ihe 'ciaii.'cly hith iiu-idence in the pi diatru 
pupuiifiHi, in (tiiiTti-i III die aduh pcpiii.itii'n, tiiggcais that ALA' 
pneui111 .ilia iLpfc^ciil> a pniuary milclicii lalhei th^r a icactr.it 
iion I Imse who de\elnp ar.lihodies may dcquiic k stnig imir.uniiy 

The dcpics'ed crlliiLti in.iniinit^ alsi- pio\idc^ an oppmriiiic 
sitting fî t Pih tiritn •.•:<- jni>-c!ioii and, early iii tlic iii-.iiiT\ of lung 
lr.jii-pi.irii.)iuip P'Uipi.m vsuL :aiimi pncuinoiin ipCPi wj% a 
te>uiiiiiji] piehleiH^'' rlcvevei, <viih ihc IIISIIIUIH'O of lA'P | ro 
ptivLiuo (tnltoTiatrii.it' K tl>e ir.eideiite ot f'CP has martedl^, diinin 
ished*"""" \ 'e• erihck ss. some patients aic allergic t̂ . siilfoiuniidc^ 
and III rare instaiircs ptophvla'iis an\ not pmciii the inteciion 

Ihc pattern i4 PCP in tjie JaiiL [ran-planl lecipicni is Nimilji to 
that of other imrpuno^uppreBsed settings The ctos- jppeoran-.e 
iiT ilie lung appears â  hn.rKhopiieumoiiw or iliJln-e ^on^'ilija-
tion lli--tolo^icjl!., tjit-ie la i i.iui'e ot tissue lespuiises finm 
iiincmal alteration, lo EU'itihimaions icspons-c to ilorid diHuse 
al\eolai datnafc Pc'imv alt'eohi exudates jic cnaiacteiistit 
findings in H&E scciions. altliouyh iho appearanec may be mim
icked b\ alveolii libiin, xiiasu-phages and oiher ceOular dchnt.. 
Thereiorc, the Gr.^tort :irdin is mdiFpensable in asses^iag the pos-
.ihilit^ (if PCP. and .hoiihi be a tomponeiit of evej_, F, \L cjluh 

pg\ and lung biops\ wi.rk-up. Ihc l\pical Uiocoti nioiphoiog} 
shoivs cup-shaped L>SI, WHII teiiiuil ioiracystK bodies The dif 

Figure ]4 Adeiiovinis pneumonia typically manifests as a necrotizing tjron-
chocemric pneumonia, fn this .severe case the biie.kgroiiitd shows diffuse alve
olar damage 

ferential diagnoses include Candida, Torulopsis, Coccidioides, 
Histoplasma, and Ciyptosporidia. 

POST-TRANSPLANT LYW1PH0PR0LIFERATI¥E 
DISORDER {PTLDI 

PTLD arising io lung transplant patients is morphologically 
similar to those found in other solid organ transplants*'. Ii con
sists of a proliferation of atypical lymphocytes (usually of B cell 
origin) arising in the background of ovcrimmunosuppression, and 
has a strong association with primary Epslein-Barr virus infec
tion, not reactivation. PTLD occurs early in the post-transplant 
course, generally in the first 3 months. Lung transplant padents 
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have a relaiivdy high incidence of PTLD occiimng in the allo
graft. At our insiiiutioii, FFLD developed iii approAiniarely 7'1 o( 
lung transplanl recipieiils and. of ihesc, approxiraalcly &)% oc
curred in the allografted lung'*'̂ '"'". This may be due to: (a) the alio-
graft hiiig being the primary site of EBV infection, (b) die liigii 
level of iminuiiosuppression as compared to other organ irans-
plants. and (c) donor BALT acting as 'homing' sites for EBV-in
fected host B ceils. 

Morpliologically, PTf.1) produces a niassdike lesion with some 
case.s showing angioiDvasioii. llislologieai classification into 
monomorphous I'urdform population of transformed large cells 
and immunoblasts) and polyniorphous (represeiiiiug die entire 
speclriioi of B cell ditferentiation with small lymphocytes, plasiiia 
ceJIs, large lymphoid cells and immunoblasLs'i subtypes has some 
eorreladon with monoclonal icy in the former and polyclonabty in 
the latter (Figure 16). Wi!h e,xp;m;>i(.>n of the mass, i'oci of neero-
sis appear, leaving viable lymphoid celLs at the periphery (Figure 
17). When these areas are biopsied transbronchially, distinction 
iTom acute cellular rejection may tie difficult, In rhese insiances, 
demonstrating the presence of Epstcin-Barr virus UHcrit mem
brane piotein (EBV-LMP) by irnmunohistochcmistry or 
Epstein Barr virus encoded RNA (EB'ER) by in-situ hybridiza
tion has been shown to be nsefiil in establishing die diagno.sis of 
PTLD. Speciiically. perivascular lymphocytes marking with 
EBV-LMP are found at the peripheral edge.s of PTLD, whereas 
the perivascular lyrnjjhocytes of acute cellular rejeeliori are nega-
iive-*f While EBER in-situ hybridization studies are also infor
mative, it should be cautioned that, due to the high sensitivity of 
the study, positive interpretation should be made only when 
EBER positivily is iound in large atypical lymphocytes. Similar 
principles apply to the interpretation of polymerase chain reac
tion studies, which may deiect very small quantities of EBV 
genomes in patienis without evidence of FTLD''-'. 

DISEASE RECyRRENCE 

In contrast to most lung transplanis, for disease primarily limited 
to the iungs. transplants for systemic diseases are at risk for 

Figure 17 Monomorphous PTLD adjacent to aix:;i of necrosis, Tlic pixiiifcr-
aling ceil population is iir.iformly Iiirge with a complex chromatin pattern. 
Nucleoli arc also rcadilv identified 

recurrence. Of these, sarcoidosis and lymphangioleiomyoniatosis 
(LAMj have been documented to reciir"^"''-. In sarcoidosis, the di-
agnosib of recurrence is first suspected by Ihe ideiiiificaiion of 
noti-casealing granulomas, negative for infectious organisms by 
special stains. Other etioiogies for granulomas must be ruled out 
clin.ically. The granulomas found on the traiisbronchial biopsies 
fend tu be very small and focal; often they may not be present on 
deeper levels of histologic sections. The significance of these re
current granulomas is at present uncertain, since functional com
promise atiribulable to reeiirreiil disease has not been shown. 
Recurrent LAM was seen in a female recipient who had received 
an allograft from a male donor-'-". Interestingly, in-silu hybridiza
tion Y-probe analysis demonstrated the donor origin of the recur
rent smooth muscle proliferation, thus suggesting the possibility 
of a circulating factor promoting the growth of myocytes in the 
padiogcnesis of LAJVl Due to its rarity, the clinical signihcance 
of recurrent LAM is also uncertain. 

Early recurrence of diffuse pan bronchi otitis (f)PB) 10 weeks 
after transplantation has also been reported*. Clinical deteriora
tion wab attributed to the recurrent DPS, and the patient was 
treated with erythromycin, which resulted in resolution of symp
toms over a few weeks. Rare ease reports of giant cell inierstitial 
pneumonia (GfP) have been documented in single-lung transplant 
recipients-'"-*. Since GIP is now thought to be a form of pneurao-
cooiosis secondary to occupational hard metal cxpo_surc, recur
rence suggests the possibility of residual hard metal in the 
remaining recipient lung 'seeding' the donor lung or the hard 
metal precipitating a persistent aiitoimnnine reaction in recipient 
lymphocytcs/monocytes-

Figure 16 Polymorphous PTLD wiili a mixed population of small round, 
plasmacytoid, large, and occasional immunoblaslic lymphocytes 
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56 
Diagnosis and Management of Acute Rejection 
P.M. WAGNER AND H. SHENNIB 

INTRODUCTION 

Lung transplantation is currently offered as treatment to a variety 
of end-stage pulmonary diseases such as emphysema, interstitial 
pulmonary fibrosis, cystic fibrosis, and pulmonary hypertension. 
The most recent Registry report of the International Society for 
Heart and Lung Transplantation reveals that more than 4000 lung 
transplants have been performed worldwide, with a 1-year and 5-
year survival of 75% and 50% respectively'. 

Although early graft failure and technical problems are fre
quently responsible for deaths during the perioperative period, 
mortality during the first 6 months is primarily caused by pul
monary infection or acute pulmonary rejection (APR) of the allo
graft. Considering the fact that the lung parenchyma with its large 
surface area is directly exposed to airborne pathogens, and that its 
immune defense mechanisms are impaired, a high rate of pul
monary infections can be expected. Repetitive local inflammation 
from infection or other reasons might lead to up-regulation of 
MHC class II antigen expression in the donor airway and perivas
cular dendritic cells, thereby increasing its allogenicity, host al-
loreactivity, and the likelihood of graft rejection^. Griffith et al. 
observed within their group of lung transplant recipients that none 
escaped at least one episode of acute rejection within the first 90 
postoperative days, with an average of 2.1 to 3.1 episodes for all 
patients during 20-month follow-upl Similarily, Kriett et al. re
ported 1.5 episodes of APR per 100 patient-days during the first 2 
postoperative months. Rejection-related mortality rates, however, 
vary from 5% to 30%, indicating its clinical relevance and the 
need for adequate managemenf*. 

This chapter reviews issues of diagnosis and management of 
acute rejection after lung transplantation. It summarizes the rele
vance of possible diagnostic tests, including transbronchial biop
sies, the current histological classification, and the impact of 
various therapeutic options on the outcome of acute rejection. 

HISTOLOGICAL CLASSIFICATION AND GRADING OF 
ACUTE PULMONARY REJECTION 

The histological process of lung rejection was extensively studied 
and analysed in animal models by Prop and colleagues''"''. These 

studies were used as the basis for developing a histological 
grading system of the severity of APR. They found that the initial 
immunological response to implantation of a pulmonary allograft 
was an inflammatory reaction localized within the perivascular 
area. If not treated, such infiltrate progressed to expand into the 
pulmonary parenchyma and airways, eventually resulting in ex
tensive vasculitis and hemorrhagic infarction of the lung. When 
lung transplantation became widely accepted for treatment of 
chronic pulmonary disorders, a relatively simple classification 
scheme was required that could easily be taught and reproduced, 
thereby allowing inter-institutional collaborations and compar
isons. Therefore, a Lung Rejection Study Group was organized 
to elaborate a working formulation for classification and grading 
of histopathology found during pulmonary rejection'*. A summary 
of this classification is given in Table I. 

Traditionally, graft rejection had been divided into three forms, 
i.e. hyperacute, acute, and chronic. 

Hyperacute lung rejection, such as necrotizing vasculitis and 
hemorrhage shortly after reperfusion of the graft, has never been 
convincingly reported in the literature. Early graft failure with 
concomitant anti-HLA and or anti-endothelial antibodies has been 
described, and might be due to a similar mechanism'''". Diffuse 
alveolar damage from ischemic injury with neutrophil margina-
tion and migration can resemble forms of subtle, early cases of 
hyperacute rejection and might be confused with this form of 
rejection". 

Acute rejection usually does not occur earlier than 5 days after 
transplantation. It inflicts a dual injury to both vessels and airways 
caused by migrating cells, mostly neutrophils and lymphocytes, 
but involvement of eosinophils and macrophages has also been 
recognized*. Depending on its intensity, these infiltrates are ini
tially limited to the perivascular space (grade I), and can expand 
into alveolar septa along with the larger airways, leading to 
parenchymal necrosis (grade 4) (Table I). 

Chronic pulmonary rejection is defined as a fibrosing process 
primarily affecting the conducting airways and the vasculature, 
loosely termed obliterative bronchiolitis (OB) and graft athero
sclerosis, respectively. The latter corresponds to progressive 
myointimal thickening of pulmonary arteries and veins, resulting 
in a strong correlation with the atherosclerosis seen in the coro-
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Table 1 Working formulation for classification and grading of pulmonary rejection* 

Grading 

A. 
A.O 
A.l 
A.2 
A.3 

Classification 

Acute rejection 
No significant abnormality 
Minimal acute rejection 
Mild acute rejection 
Moderate acute rejection 
Severe acute rejection 

Description 

B. 
B.I 
B.2 

C. 
C.l 
C.2 

Subclass for all A grades 
(a) With bronchiolar inflammation 
(b) No bronchiolar inflammation 
(c) With large airway inflammation 
(d) No bronchioles to evaluate 

Active airway damage without scarring 
Lyiiiphixytic bronchitis 
Lymphocytic bronchiolitis 

Chronic airway rejection 
Bronchiolitis obliterans, subtotal 
Bronchiolitis obliterans, total 

Subclass for all C grades 
(a) Active 
(b) Inactive 

Chronic vascular rejection 

Infrequent perivascular infiltrates 
Frequent perivascular infiltrates around venules and arterioles 
Dense perivascular infiltrate with extension into alveolar septa 
Diffuse perivascular, interstitial, and airspace infiltrates; alveolar pneumocyle damage: 
possible parenchymal necrosis, infarction, or necrotizing vasculitis 

Inflammatory infiltrate only peribronchially/peribronchiolally 

Subtotal or total occlusion of bronchiolar lumen with fibrous scar 

High cellularily of fibrosed area. Low cellularity of fibrosed area 

Fibrointimal thickening of arteries and veins 

* Adapled from the wx)rking formulation of tfic Lung Rejection Study Grtjup** 

nary arteries of a cardiac allograft. However, its impact on graft 
function seems to be minimal'-. 

OB, on the other hand, is the most important Umiting factor of 
long-term survival, affecting at least 30-40% of all patients 3 
years after transplantation". Histopathologically it represents 
dense, irreversible eosinophilic scarring of the terminal and respi
ratory bronchioles, with partial to total obliteration of the lumen'"". 
The underlying etiology of this process seems to be multifactor
ial, and to discuss details of current hypotheses would go beyond 
the scope of this chapter. In brief, it is believed that a repetitive 
inflammatory process of the bronchiolar wall leads to epithelial 
injury with focal denudation and/or fibropurulent exudates within 
the airway spaces. Despite partial epithelial regeneration, narrow
ing or complete occlusion of the airway lumen occurs, due to pro
liferation and granulation of the submucosal myxoid tisssue. Over 
time this tissue may convert into irreversible scarring or be reab
sorbed to some extent. Factors that allow for the reabsorption of 
initial granulation are as yet unclear'\ A correlation between the 
development of OB, however, and the number, frequency and in
tensity of acute rejection episodes has been postulated"'. Non-
rejection-related factors, such as previous pulmonary infections 
and, in particular, cytomegalovirus infection, as well as early is
chemic damage, are believed to increase allogenicity of the graft 
through an up-regulation of MHC class II antigen by various 
inflammatory cells, thereby predisposing it to development of 
chronic graft rejection'^"*. 

Another phenomenon often found in biopsy specimens is a 
lymphocytic bronchitis or bronchiolitis. It represents an airway 
inflammatory process unassociated with airway scarring and 
unassociated with perivascular mononuclear infiltrates. In the pe
diatric population it is believed to represent active acute immuno
logic injury to the pulmonary parenchyma and airways". In other 

cases it is probably a smoldering form of low-grade rejection 
which eventually progresses to a less active variation of OB. It 
can certainly also be found as a result of chronic infection or due 
to denervation of the graft and reduced clearance of inhaled 
pathogens. Its interpretation is therefore difficult, and therapeutic 
consequences have to be related to the overall clinical picture and 
will therefore be discussed in the following section. 

DIAGNOSIS OF ACUTE PULMONARY REJECTION 

Despite progress in our knowledge of mechanisms leading to cel
lular rejection of a pulmonary allograft, prompt and accurate di
agnosis remains a challenge, particularly since no diagnostic 
'gold standard' has been agreed upon, such as is the case for heart 
transplantation-". Reports on the validity of different diagnostic 
methods remain controversial-'^^^ 

As in most other solid-organ transplants, clinical suspicion of 
acute rejection is prompted by non-specific manifestations, such 
as a subjective feeling of being unwell, shortness of breath, 
fatigue and pyrexia, abnormal breath sounds on auscultation, 
fluid retention, hypoxia, and other signs of cardiopulmonary 
dysfunction. All these symptoms are non-specific and usually 
neccessitate investigations to differentiate acute rejection from 
infection. 

Pulmonary function tests (PFT) can be easily obtained, and 
their diagnostic reliability has been extensively studied in the 
heart-lung transplant (HLTx) population. Decreases in FEV,, 
vital capacity, and diffusion capacity were found to have a sensi
tivity of over 80% in detecting acute rejection episodes, espe
cially early after transplantation'^''. However, a decline in FEV, 
has also been observed during infection, resulting in a low 
specificity-'. Recently, a prospective study was performed to 
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evaluate the validity of PFT in single-lung transplant recipients. 
Considering a decrease of more than 15% as relevant, the sensi
tivity and specificity of spirometry as a predictor of acute pul
monary illness were found to be significantly lower than those 
previously reported for HLTx. On the other hand, after single 
lung transplantation the underlying disease of the native lung can 
have significant influence on the diagnostic reliability of spiro-
metric tests. A drop in FliV| was a better predictor in patients 
with pulmonary vascular disease than in those with obstructive 
lung disease-''. An inherent advantage of the FEV, test is the 
ability to perform it at home using portable flowmeters. Currently, 
through telemetry, it is possible to transfer flow-volume curves 
directly via the patient's own telephone to the transplant center. 
Changes in FEV, can then be easily monitored in non-hospital
ized patients, and at any index of suspicion the patient can be 
called for further investigation. This method is currently advo
cated as a screening test and might allow early detection of pul
monary dysfunction. 

Chest radiography remains an essential element of the diag
nostic armamentarium, whether for surveillance or prompted by 
clinical indications. It is still one of the most sensitive tests to 
pick up early stages of any pulmonary pathology; occasionally ra
diologic changes can be detected before the development of 
symptoms, or before a decline in pulmonary function is noted-' '*. 
The observed radiological changes, such as honeycomb structures 
seen mainly in peripheral fields of the lung, pleural effusion, and 
diffuse reticular interstitial markings, show low specificity for the 
diagnosis of acute rejection, and do not permit reliable differen
tiation from pulmonary infections-''. 

It was hoped that computerized tomography of the chest would 
allow more accurate diagnosis of APR. Medina and colleagues 
examined CT .scan findings, such as interlobular septal thicken
ing, air-space consolidation, ground-glass opacities, nodules, 
airway changes, and decreased vascularity, during histologically 
or clinically proven pulmonary rejection or infection. They con
cluded that none of these findings was specific enough to allow 
differentiation between rejection and infection""'. Similarily, 
Loubeyre and colleagues observed that ground-glass opacities had 
a sensitivity of 65% in detecting lung rejection, and were specific 
only to detect acute forms of pulmonary pathology. They con
cluded that detection of ground-glass opacities could at best be 
used as an aid to decide when and where to perform trans-
bronchial biopsies". 

Other methods, such as quantitative perfusion/ventilation scan
ning, have also been examined for their reliability in the diagnosis 
of APR'-. After single lung transplantation, quantitative ventila-
tion-perfusion scanning was reported to show significant changes 
during APR-^\ Again, the pattern of changes seems to be largely 
influenced by the underlying disease in the remaining native lung. 
In patients who receive a single lung for interstitial pulmonary 
disease, acute rejection will primarily reduce the perfusion to the 
lung graft, whereas in patients with primary pulmonary 
hypertension APR seems to reduce ventilation rather than perfu
sion of the graft'''"'*'. However, diagnosis of rejection based on 
changed perfusion or ventilation pattern depends largely on avail
ability of previous studies for comparison. Differentiation from 
infection is difficult, since changes found on the scan can be very 
similar to those during rejection. In a study from the transplant 
group at the University of Munich, reduction in perfusion of the 

allograft was found in only 43% of single-lung transplant recipi
ents during rejection episodes, but this finding reached a 
specificity for rejection of 84%'^ It might therefore be a valid 
tool for long-term follow-up in this particular patient group. 

Reliable differentiation between rejection and infection there
fore requires more definitive and invasive tests. Most studies con
centrate on the use of bronchoscopy, bronchoalveolar lavage 
(BAL) and transbronchial biopsy (TBB). BAL allows collection 
of secretions directly from the relevant pulmonary surface, and is 
considered a major tool to diagnose or exclude pulmonary infec
tion-' '*'". Its usefulness to diagnose rejection is controversial. 
Many studies have attempted to isolate single or combined factors 
within BAL fluid that allow for the differentiation of rejection 
from infection episodes. Morphological analysis of BAL cells 
demonstrated a steady rise in the absolute number of lympho
cytes, together with a persistent but less drastic polymorphonu
clear leukocytosis, during acute cellular pulmonary rejection'"'''. 
Unfortunately, other pulmonary pathologies, such as reimplanta
tion response, pneumonia, and atelectasis, can cause similar al
terations in the lavage cellular profile, making it impossible to 
differentiate between rejection and infection based on conven
tional cell counts-''*". 

Even more sophisticated immunologic methods, such as pheno-
typic and functional analysis of BAL cells, have failed to reveal 
any specific markers for APR. Zeevi and colleagues examined 
quantity and dynamics of T-lymphocyte subsets in BAL cells in 
lung allograft recipients. Although they noticed increases in CDS* 
cells and a parallel increased CD4/CD8 ratio during acute rejec
tion, similar changes were noted during infective episodes, espe
cially during Pneumocystis carinii and CMV infections'*'^-. The 
same dilemma of non-specificity was found for assays that quan
tify cytotoxicity of lymphocytic lavage cells against donor-
specific antigens'"''''. Similarily, efforts failed to correlate 
increased levels of hyaluronic acid in bronchoalveolar fluid 
specifically with episodes of APR"'''. Levels of soluble interleukin-
2 receptor subunits within BAL in single-lung transplant recipi
ents were found to be strongly elevated during APR, but did not 
allow differentiation from similar peaks during bacterial and viral 
pneumonia^''. Therefore, the identification of one or more factors 
that can be easily isolated within the bronchoalveolar lavage fluid 
as a specific marker for acute rejection remains elusive. Perhaps 
the most important ta.sk accomplished by BAL is to rule out the 
presence of infection when adequate deep BAL samples are free 
of pathogens. However, the presence of virus in the BAL fluid 
alone is not diagnostic for interstitial pneumonitis and. particu
larly if observed for the first time since transplantation, requires 
further diagnostic steps. 

More positive results have been published on the validity of 
transbronchial biopsies (TBB) for detection of APR. Although 
some researchers observed low detection rates of APR by 
TBB-- - '• ' \ centers with more experience reported sensitivity and 
specificity to be as high as >90%^''"'. It appears that failure to 
diagnose by TBB was most often related to the absence of repre
sentative or sufficient pulmonary parenchyma gained through the 
biopsy-"^ To obtain optimal quality and quantity of tissue, it has 
been recommended that large alligator bioptomes should be used, 
the number of biopsy samples should be more than nine and biop
sies should be obtained from at least two different biopsy sites^'. 
It is important to keep in mind that, even then, potential pitfalls 
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remain. Although perivascular inflammation with or without lym
phocytic bronchitis is often considered as pathognomonic for 
acute cellular rejection, similar histological pictures have been de
scribed during CMV and Pneumocystis carinii pneumonias". The 
presence of either one of these infections necessitates very cau
tious interpretation of the histopathology of the biopsy, and re
quires close cooperation between pathologist and clinician. 
Limitations for TBB are found within its invasive nature, which 
can lead to complications such as pneumothorax or secondary 
pulmonary infection, as well as bronchial bleeding. These compli
cations are reported to occur in less than \Q% of cases and are 
rarely related to any mortality--. 

Open lung biopsy (OLB) via thoracoscopy or mini-thoraco-
tomy has been used as a last resort in patients when all other tests 
have failed to determine the diagnosis, or a given diagnosis is 
doubted-'"*''. It offers the advantage of obtaining larger quantities 
of pulmonary parenchyma than through TBB, thus reducing the 
sampling error in disease processes with patchy distribution, for 
example in OB^". Recently, the Toronto group published their ex
perience with OLB in lung transplant patients during the past 
decade"'". They found that it was of little value within the early 
postoperative period, but yielded useful information that resulted 
in changed treatment strategy in approximately 30% of patients 
when performed more than 45 days after transplantation. 
Furthermore, it confirmed a su.spected diagnosis in another 32%, 
which is also important since it reassures the medical team in the 
use of ongoing therapy and may prevent the use of 'shotgun' ex
pensive and unneccessary presumptive therapy. The overall com
plication rate is approximately 10%, and morbidity from such 
complications as hemothorax or prolonged air leak with resulting 
empyema can be significant^''^". Therefore, this procedure contin
ues to be useful, but cannot be applied as a routine measure to 
diagnose APR. 

In summary, if pulmonary infection or rejection is suspected in 
lung transplant recipients on the basis of clinical manifestations, a 
new infiltrate on chest radiograph, or a deterioration in pulmonary 
function, bronchoscopy should be performed to obtain samples of 
lung parenchyma for histological examination and bronchoalveo-
lar lavage fluid to exclude infection. If a biopsy is contraindicated 
due to coagulation abnormalities, severe respiratory distress, or 
other reason, or histology is inconclusive, additional investiga
tions as described above become important. Concomitant use of 

selected tests usually allows accurate diagnosis of an acute rejec
tion episode, or at least allows exclusion of infection^''. 
Ultimately, a useful clinical measure for the diagnosis of APR 
remains the response to treatment such as pulsed high doses of 
i.v. methylprednisolone, but one has to keep in mind that a viral 
pneumonia can also improve initially following such therapy, due 
to reduction of its inflammatory process. 

MAINTENANCE IMMUNOSUPPRESSION AND 
PREVENTION OF ACUTE PULMONARY REJECTION 

Recurrent or persistent acute rejection carries a poor prognosis if 
inadequately controlled, and indicates failure of maintenance im
munosuppression. It is for this reason that some comment must be 
made about the standard maintenance regimen and possible ad
junctive salvage immunosuppression. 

Successful organ transplantation was made possible by the 
introduction of drugs that were able to modify the recipient's 
immune response. These drugs suppress reactivity to the allograft 
but, being non-specific, they also suppress other defense 
mechanisms, predisposing the recipient to infection. Immuno
suppressive therapy is regulated by drug toxicity and the presence 
of rejection. The modes of action and toxicity of the most com
monly used agents are outlined in Table 2. 

Currently, most protocols for maintenance immunosuppression 
consist of a triple drug regimen with cyclosporin, azathioprine, 
and corticosteroids. Most transplant programs begin treatment 
pre- or intraoperatively as induction therapy. The protocol u.sed in 
our program is illustrated in Table 3. 

Cyclosporin was clinically introduced in 1981 and has since 
become the cornerstone of maintenance immunosuppression. Its 
pharmacological actions are complex and cannot be fully dis
cussed in this chapter. In brief, cyclosporin acts at an intracellular 
level where, by binding to calcineurin, it inhibits transcription of 
the IL-2 gene. Thereby it reduces production of this cytokine, 
which acts as an important cellular messenger leading to activa
tion and proliferation of T lymphocytes directed against the allo
graft. Through this regulatory mechanism ongoing cellular 
rejection is efficiently suppressed'''. Since direct ineasurement of 
the level of immunosuppression is as yet not possible, blood or 
serum levels of cyclosporin have been correlated with their rela
tive clinical effectiveness. Based on these data the therapeutic 

Table 2 Immunosuppressive drugs: mechanisms of action and toxicities 

Dnii; Mi'L haiiisin of at lion Toxicity 

Cyclospoiine Inhibits Iranscriplion of IL-2 gene; diminishes lL-2 produclion 
and release; blunts aeti\ ation and piolileration of lymphocytes 

A/.athioprine Inhibits nucleic acid synthesis; blocks proliferation of lymphocytes 

Corticosteroids Decreases inflammatory reaction by lysing T lymphocytes and by 
blocking cytokine production and secretion by mononuclear 
phagocytes 

AT<i or ALO Op.soni/es and depletes lymphcK'yte.s 

OKT.̂  Opsonizes or lyses lymphocytes with CD3 receptors that are 
present on all mature T lymphocytes 

Nephrotoxicity; hypertension; neurotoxicity I tremors, 
paresthesia, depression); hepatotoxicity; hypertrichosis; 
gingival hyperplasia 

Leukopenia; pancreatitis; hepatitis; cholestatic jaundice 

Hyperglycemia; hypercholesteroleinia; osteoporosis; 
cataracts; myopathy; peptic ulcer 

Leuko/thrombocytopcnia; fever; arthralgia; serum sickness 

Leukopenia; hypotension; pulmonary edema; aseptic 
meningitis; fever; chills; nausea; vomiting: diarrhea; 
serum sickness 
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Table 3 Immunosuppressive drug regimen (used by (he Montreal Lung Transplant Program) 

Indicalion Immuiuisuppressunt afU'iil Dosage 

Induction and maintenance 

Primary episode or APR 

Steroid-resistant APR 
(after > 2 courses of MP) 

Persistent low-grade APR 

Cyclosporinc 

Azathioprine 

Corticosteroids 

Mcthylprednisolone (MP) 

ATG 
0 K T 3 

Methotrexate 

Preoperative bolus of 2 nig/kg i.v.; postoperative continuous i.v, infusion for tirst 
7 days (1-3 mg/kg per day), then switch to oral/enteral route (p.o.); maintain blood 
level for first 6 weeks at 350-500 ng/iul (monoclonal testing), thereafter at 20()-2,'i() ng/ml 
Preoperative bolus of 2 mg/kg i.v.: po.stoperative 1-3 mg/kg per day i.v., switch lo p.o. 
as soon as Gl tract working; adjust dose to mainlain WBC around 5(X)0/mni' 
Methylprednisolone i.v.: intraoperative ."iOO mg; postoperative 12.5 mg q 8 hours, then 
day 1: 100 mg; day 2: 75 mg; day 3: 50 mg. 
Prednisolone p.o. from day 4 or as soon as Gl tract is working: 1 mg/kg per day 
tapered over 2 months to maintenance dose of 0.1 mg/kg per day 

Bolus of 500 mg/day i.v. for 3 days; followed by increased oral prednisolone 
(I mg/kg per day) tapered to maintenance dose over 2 ^ weeks 

10-15 mg/kg per day i.v. for 10 days, keep WBC > 25(XVmm"' 
5 mg/day i.v. for 10 days 

10 mg p.o. two or three tiines a week in addition lo maintenance inmuinosuppressi\e 
regimen 

APR = acute pulmonary rL-jcclion; i.v. = intravenous. WB(^ - while hlood cell enuiil; Gl = gastrointestinal 

range of serum level has been defined as the range allocated 
between therapeutic extremes, with drug toxicity at one end and 
insufficient immunosuppression with ongoing cellular rejection at 
the other end. Because of individual variability in cyclosporin 
pharmacokinetics, i.e. absorption and metabolic rate, continued 
monitoring of its level is essential to optimize therapeutic 
efficacy^-. 

Azathioprine has been used as an immunosuppressant after 
solid-organ transplantation since the early 1960s. Data collected 
by the Stanford group from their population of heart-lung trans
plant recipients seem to confirm its role in pulmonary transplanta
tion. Patients who had received a dual immunosuppressive 
regimen with cyclosporin and prednisone showed a significantly 
higher prevalence of chronic graft dysfunction than those who re
ceived augmented immunosuppression with azathioprine^'''*. 
Since this was a comparison between historical groups, it remains 
unclear if other factors, such as closer monitoring and surveil
lance, or more aggressive treatment of acute rejection, may have 
contributed to this decline in OB. 

Corticosteroids have played an important role as one of the 
first immunosuppressants known to modern medicine. Their use 
in lung transplantation has been controversial, and has changed 
considerably over the past decade. The first attempts of human 
lung transplantation (between 1963 and 1973) failed due to 
airway dehiscence. During the following period of research, Joel 
Cooper and his colleagues showed, in a canine model of single 
lung transplantation, that corticosteroids exerted a negative 
influence on healing of the bronchial anastomosis'''. This observa
tion led to a recommendation to omit steroids from maintenance 
immunosuppression during the peri- and early postoperative 
period. With growing international experience it became obvious 
that technical surgical aspects are just as important for successful 
healing of the bronchial anastomosis, and that the use of steroids 
for induction and maintenance therapy does not interfere with 
successful pulmonary transplantation^'''^. Although in most trans
plant centers steroids are currently a standard part of perioperative 
and maintenance immunosuppression, dosages and taper schedule 
vary significantly, leaving the question of the optimal regimen 
unanswered. 

In heart transplantation, additional cytolytic induction therapy 
with OKT3, ALT or ATG in combination with standard triple-
drug therapy has been reported to provide excellent intermediate 
survival and delayed onset of the first episode of rejection'̂ '*. Barr 
et al., however, found that such cytolytic therapy does not reduce 
the overall frequency of rejection episodes coinpared with pa
tients receiving triple-drug therapy alone'**. Prolonged administra
tion of such prophylaxis with OKT3 was observed to cause 
sensitization, with formation of human antimouse antibody that 
led to a higher incidence of vascular rejection and reduced sur
vival'''. Induction cytolytic therapy in pulmonary transplantation 
has been successfully used in many centers, with similar results to 
those observed in the heart transplant population'; recently, 
however, it has been discussed controversially"*. Using a standard 
immunosuppressive triple-drug protocol without cytolytic induc
tion, Kriett et al. not only reported excellent survival within their 
lung transplant recipients, but also observed a reduced number of 
viral infections without any significant change in the clinical 
prevalence of rejection"*. This confirmed results of another study 
that reported a siinilar positive experience in pulmonary trans
plant recipients after omission of such rejection prophylaxis''". 

Some patients, however, seem to need higher basic immuno
suppression, since they experience recurrent or ongoing low-
grade rejection. This form of graft rejection has been described as 
a smoldering, continuous process without any clinical symptotiis, 
but is often associated with slowly progressive loss of function"'. 
In these patients, often the only pathology found on pulmonary 
biopsy is a lymphocytic bronchitis or bronchiolitis''"'-. In cardiac 
transplant recipients with low-to-mild grade persistent or recur
rent rejection episodes, low-dose methotrexate therapy (O.I-
0.2 mg/kg three times per week) has been described as a useful 
adjunct to baseline maintenance immunosuppression'''. No results 
have been officially reported for this regimen in lung transplant 
recipients. In the authors' own experience, however, methotrexate 
has been used with a similar regimen (0.1 mg/kg every other day) 
in five cases with persistent grade II pulmonary rejection despite 
previous pulsed steroid therapy. In four of these patients, reversal 
of the process with partial regain of function was achieved. In one 
complicated case of single lung retransplantation (for OB in a 
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previous heart-lung graft) ongoing rejection could not be stopped 
and the patient died 3 months after initiation of methotrexate 
therapy (unpublished data). Side-effects observed during treat
ment were bone marrow depression, impairment of liver function, 
and nausea, all of which were reversible after cessation of treat
ment. Only future trials with a larger number of patients will 
allow us to determine the efficacy and role of methotrexate 
therapy in acute pulmonary rejection. 

To date there has been no randomized, controlled prospective 
study that compares the results achieved by various immunosup
pressive protocols within otherwise identically treated recipient 
populations. Therefore, any decision with regard to the immuno
suppressive regimen to be used for maintenance therapy has to be 
based upon individual experience and conviction. 

CLINICAL SIGNIFICANCE AND TREATMENT OF ACUTE 
PULMONARY REJECTION 

Despite prophylactic and maintenance immunosuppression, pul
monary rejection following lung transplantation has been 
common, and most recipients experience at least one episode that 
requires treatment' " . Acute rejection has been observed as early 
as 3 days and as late as several years after transplantation. The 
highest incidence, however, is during the first 3 weeks''^. The clin
ical features have been described above. Sometimes, especially 
late (>3 months) after transplantation, acute rejection is not ac
companied by any clinical symptoms and can be easily over
looked'''. This is probably of even greater importance when one 
considers that late rejection episodes seem more difficult to 
reverse than those developing within the first weeks post
transplantation''''. Close monitoring of lung transplant patients, as 
discussed above, is therefore essential, since short- and long-term 
adverse effects of undiagnosed rejection include not only acute 
dysfunction but also irreversible loss of functional pulmonary 
parenchyma"* ". Indeed, many studies postulate a correlation 
between persistent or recurrent acute rejection episodes and the 
development of chronic graft dysfunction or O B ' - " " "'"'^•'"'. 
Aggressive therapy is therefore essential. 

Several options are available for treatment of acute rejection. 
The first line of treatment is usually based on increased immuno
suppression with high-dose corticosteroids. The regimen u.sed in 
most centers is 10-15 mg/kg per day of methylprednisolone given 
intravenously as a single dose on three to five consecutive days, 
followed by an increase of oral prednisone to 1-2 mg/kg per day, 
which is tapered to baseline maintenance dosage. Rapidity of 
taper varies from one center to another, and is based on individual 
bias rather than solid data. Slow tapering of steroids over several 
weeks is often applied for higher-grade or recurrent episodes of 
rejection, since it prolongs the period of augmented immunosup
pression and may provide a certain protection against early 
rebound of rejection. However, this may have the drawback of an 
increased risk for infection, in particular of viral origin, as well as 
an increase in the stigmata of long-term steroid usage (see Table 
2). The latter is of particular importance in lung transplant recipi
ents, as many of them have been exposed to long-term use of oral 
steroids even before transplantation. The currently used regimen 
in our program is detailed in Table 3. Most centers report a 
primary success rate with this kind of treatment that ranges from 

90% to 95%. 
Acute rejection episodes that are refractory to treatment with 

15 mg/kg methylprednisolone are considered to be steroid-
resistant. This form of rejection, and another (which is recurrence 
of rejection during tapering of the oral steroid dosage) are per
ceived by many clinicians as having a more ominous prognosis''''. 
Various adjuvants have been proposed to treat such severe forms 
of rejection. These include cytolytic therapy, methotrexate 
therapy, and total lymphoid irradiation''^ ''*'. 

Cytolytic therapy is based on the use of antibodies that are di
rected against lymphocytes, thereby interfering with recruitment 
of these cells for rejection of the graft. The most commonly used 
and commercially available agents are polyclonal, non-selective 
antithymocyte globulins (ATG) and OKT3, a monoclonal anti
body directed against CD3-carrying lymphocytes. Both forms are 
found to be effective immunosuppressants, and reversal rates of 
steroid-resistant acute rejection episodes are reported to be 
60-90%''''. Neutropenia and thrombocytopenia are often-
described side-effects, which are an expression of profound im
munosuppression and can result in life-threatening infections, 
particulary of viral origin. A risk of bleeding and increased costs 
are also associated with the use of these drugs'''*. Cell count-based 
dosing (maintaining a peripheral CD3 T cell level of 50-IOO//Ltl) 
rather than standardized dosing, has therefore been proposed and 
proven to be similarly effective while reducing treatment-related 
morbidity^". Since all of these drugs are of rabbit, murine, or 
equine origin, humoral or allergic reactions are often observed 
during administration, and are attributed either directly to the 
drug or to relea.se of cytokines as a result of T cell lysis. Such 
first-dose-related side-effects are mostly limited to pyrexia, 
nausea, vomiting, diarrhea, hypotension, and bronchospasm. and 
are usually transient and seldom life-threatening'''*. However, car
diopulmonary shock, pulmonary edema, and aseptic meningitis 
have been observed with the use of OKT3, which led to the rec
ommendation to use premedication with intravenous steroids, anti
histamines, and diuretics during the first days of therapy'''''". It is 
important to note that successful OKT3 rescue therapy can be fol
lowed by a rebound of acute rejection in up to 40% of patients, 
requiring further treatment''^''''. This can represent a significant 
therapeutic problem, since sensitization with formation of anti-
0KT3 antibody occurs in up to 40% of the patients, precluding 
repeated use of the same agent or rendering it ineffective''''. In 
view of these potential risks involved with their use. it seems 
clear that cytolytic agents should be reserved for treatment of 
steroid-resistant rejection episodes. 

Information about cytolytic therapy for recurrent or persistent 
rejection in lung transplant recipients is still minimal and often 
anecdotal. The only published study about rejection therapy with 
OKT3 in pulmonary transplantation observed an 89% reversal 
rate in rejection episodes occurring within the first 6 months after 
transplantation. Thereafter, only 30% of the cases responded to 
0KT3 therapy''''. Early in our program we used a non-specific, 
polyclonal antilymphocyte globulin of equine origin produced at 
the University of Minnesota (mALG). Its use was subsequently 
abandoned due to problems with its availability and a perceived 
batch-to-batch variation in its strength. 

We and the Pittsburgh group currently use ATG preparations 
(ATGAM i.v. 10-15 mg/kg/per day for 14 days or RATG i.m. 
5 mg/kg/per day for 5 days) for treatment of steroid-resistant, re-
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current, or severe (grades III and IV) rejection. No published data, 
however, are available with regard to effectiveness or success 
rates of these treatments. Since any extra therapy for acute rejec
tion enhances the overall level of immunosuppression, an in
creased prevalence of infection has to be expected. Bacterial, 
fungal and opportunistic infections consequent to augmented im
munosuppression have been reported. Those of viral origin, espe
cially from herpes simplex and cytomegalovirus, seem to 
predominate'-''. To reduce this risk, some authors recommend an
timicrobial prophylaxis for the duration of rejection treatment*"*. 

Total lymphoid irradiation (TLI) has been reported as another 
possible therapy for steroid-resistant or low-grade smoldering 
acute cardiac rejection with continuous loss of graft function. 
Low-dose radiotherapy (with a total of 8 Gy) is targeted at major 
lymph-node-bearing areas, including the cervical, axillary, media
stinal, periaortic, and iliofemoral nodes, as well as spleen and 
thymus, with shielding of non-lymphoid tissue". It is usually ad
ministered over a 5-8-week period and seems to be well toler
ated, even in the pediatric population, with minimal or no 
increase in infection episodes'-'". The reported success rate in re
versing rejection varies between centers, with a range of 50-70%. 
Another important observation is that the majority of these pa
tients had a drastically reduced rate of further rejection episodes". 
However, experience is still very limited and based on anecdotal 
reports. The group from Newcastle in England applied TLI in 11 
patients with recalcitrant acute rejection and chronic loss of pul
monary graft function resistant to any other form of treatment. In 
seven of these patients the process came to a standstill, but only in 
four of these seven was a gain of previously lost pulmonary func
tion observed (P.A. Corris, personal communication). To deter
mine the role of TLI as treatment for resistant pulmonary 
rejection, further results have to be awaited. 

With successful therapy of acute rejection, clinical signs such 
as fever, shortness of breath, adventitial lung sounds, etc., usually 
disappear rapidly. It is important to note, however, that radiologi
cal and histological signs tend to persist longer than clinical 
symptoms. This time period varies, but seems to correlate with 
the severity of the histological rejection grade. In severe cases, 
residual fibrosis of alveolar spaces and terminal airways can be 
observed. 

NEW IMMUNOSUPPRESSANTS AND THEIR 
POTENTIAL ROLE 

As discussed above, the main disadvantage of cyclosporin in its 
classical formulation is the individual variation in its absorption 
and metabolism. Furthermore, blood concentration levels do not 
neccessarily reflect the adequacy of immunosuppression, which 
could be partially responsible for an increased risk of acute and 
chronic rejection''*. A new microemulsion formulation of cy
closporin, called 'Neoral', might overcome some of these short
comings. Absorption is increased by 20-30%, and maximum 
concentration by 30-60%, and day-to-day variability is almost 
halved"" ' . An international randomized prospective study in 
renal transplant recipients with this substance not only confirmed 
these data, but also found a reduced graft rejection rate when 
compared to patients treated with classical cyclosporin"'*. The 
incidences of hypertension, malignancies, and infection, on the 
other hand, were not increased. 

In cystic fibrosis patients with potential malabsorption syn
drome, this drug might be of particular advantage. In our initial 
experience in this transplant population we have been impressed 
with the responses to Neoral in patients who hitherto had 
difficulty in maintaining adequate blood cyclosporin levels. 
Currently, first clinical trials have been initiated in various lung 
transplant centers, but long-term data are not available as yet. 

Tacrolimus (FK506) is another immunosuppressive drug that 
has been introduced clinically recently. Its mode of action, 
efficacy, and toxicity profile are similar to cyclosporin. In a US 
multicenter trial in liver transplant recipients, similar graft and 
patient survival was observed when compared to those achieved 
with cyclosporin. The incidence of acute, resistant, and refractory 
rejection, however, was significantly lower''*. It also seems to 
have the potential to reverse cyclosporin-resistant rejection with 
concurrent reduction in dosage of prednisone*". Experience with 
it in lung transplantation is limited to very few institutions. 
Preliminary reports are mainly from the Pittsburgh group, where 
FK506 has been used in combination with prednisone and aza-
thioprine since 1991 in selected patient groups' (Chapter 10). Their 
results indicate that these patients tend to have a lower incidence 
of acute rejection with a similar spectrum of side-effects' '**'-. 

Hopes that this drug will lead to a reduction in the prevalence 
of OB or chronic graft dysfunction have not yet been confirmed. 
Follow-up, however, averages less than 12 months and does not 
allow a definite answer to this specific problem. Therapeutic drug 
monitoring can be achieved mainly through measurement of 
whole blood levels. Correlation between these levels and clinical 
events seems not as clear as with cyclosporin, since significant 
overlap of toxicity and rejection can occur. Large international 
multicenter trials are currently under way in heart and lung trans
plant recipients, and will hopefully provide further understanding 
of efficacy, toxicity, and monitoring of this agent. 

A third immunosuppressant that has recently reached clinical 
phase II trials is mycophenolate mofetil. Its mode of action re
sembles that of azathioprine rather than cyclosporin. It inhibits 
the enzyme that synthesizes guanosine monophosphate (GMP), 
which is required for the production of nucleic acids*-. This being 
an essential step for lymphocyte metabolism, it causes a profound 
inhibition of all strains in these cells. Since most other cells 
possess a salvage pathway for GMP synthesis, this inhibition is 
relatively specific*-. 

The only clinical data available to date derive from renal, 
hepatic, and cardiac transplantation. In most protocols, mycophe
nolate has been used as a substitute for azathioprine in combina
tion with cyclosporin and prednisone. A decrease in incidence 
and severity of rejection episodes, as well as a decreased require
ment for anti-rejection therapy, have been reported in all 
studies*'*''. It also showed potential for reversal of renal graft re
jection that had been found resistant to corticosteroids and anti-
lymphocytic products*"". In pulmonary transplantation, however, 
this drug has not yet been tested. Due to observed in-vitro an
tiproliferative properties, it might be of particular benefit to lung 
transplant patients with OB*''. 

Two other agents, namely rapamycin and leflunomide, with 
recognized immunosuppressive action, are currently being tested 
in various experimental studies to evaluate their potential role in 
transplantation, but are as yet not available for clinical trials 
(Chapter 70). 
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COMMENT 

Acute pulmonary rejection is one of the most important causes of 
morbidity following lung transplantation. Hardly any lung trans
plant recipient seems to escape at least one episode of rejection. 
Accurate and prompt diagnosis is still a clinical challenge, in 
particular since pulmonary infections often mimic clinical and 
even histological features of rejection. Use of all diagnostic tools, 
including bronchoscopy with bronchoalveolar lavage and trans-
bronchial biopsy, allows differentiation between rejection and 
infection in most cases. Thoracoscopic or open-lung biopsy can be 
a useful and safe intervention in cases in which the diagnosis 
remains obscure despite all other tests, or when rapid deterioration 
of the patient allows insufficient time for routine examinations. 

Close surveillance of lung transplant patients is indicated not 
only because untreated acute rejection leads to sudden organ dys
function, but also because data are increasing to indicate that the 
development of chronic pulmonary graft dysfunction is correlated 
to the number and severity of acute rejection episodes*'. Since 
acute rejection can occur without any detectable clinical symp
toms, the important question about the role of TBB as a tool of 
surveillance has to be answered. In experienced hands, and fol
lowing the above-mentioned strategy, TBB continues to be a safe 
procedure and a reasonably specific means to diagnose acute pul
monary rejection--^•'^''. Most recent data from the largest series of 
pulmonary transplants published by the Pittsburgh group indicate 
that surveillance TBB might lead to a reduction in late morbidity 
and mortality. This group observed that TBB helped to pick up 
acute and chronic forms of rejection at an earlier stage, which 
reduced the severity of the disease process and significantly im
proved the results of treatment. Although previous studies from 
smaller patient groups did not confirm this view, it has been 
shown that a more aggressive diagnostic approach leads to detec
tion of acute rejection episodes that might have been otherwise 
missed, or detected only at a later stage. Inasmuch as increased 
frequency and severity of APR episodes lead to chronic graft 
dysfunction, it seems logical that better monitoring of acute rejec
tion by surveillance biopsies (with, consequently, earlier and im
proved treatment) should result in a reduction in late mortality. 

What remains to be defined is the optimal therapy for asympto
matic patients who have histological evidence of low-grade acute 
rejection. In other transplant patients, such as heart transplant re
cipients, evidence is accumulating to indicate that untreated 
minimal or mild rejection may lead to long-term loss of graft 
function*"*. Based on these data, and on the observation that sever
ity of acute rejection and development of OB may be correlated, 
we and others"'' believe that every documented episode of rejec
tion should be treated with therapy adjusted to its severity. 
Augmentation of maintenance immunsuppression may be ad
equate for treatment of minimal, clinically inapparent, or recur
rent low-grade rejection. This can be achieved by increasing oral 
steroids, adding inhaled steroids or low-dose methotrexate, or al
tering immunosuppression altogether with FK506 or mycopheno-
lic acid. However, intravenous pulsed high-dose steroid therapy 
or antilymphocytic therapy should continue to be the standard for 
treatment of severe or recurrent rejection. Recognizing that more 
aggressive therapy of rejection might lead to increased problems 
with infection, which is in itself a risk factor for early and late 
mortality, more aggressive monitoring and infection prophylaxis 
become necessary. 

The development of better immunosuppressive agents that se
lectively suppress allogeneic influences while allowing intact 
humoral and cellular immunity to fight invading microorganisms 
will help to reduce this problem. Induction of a chimeric state 
between donor and recipient is another promising approach, since 
it could accomplish at least a partial tolerance of the graft, which 
might help to decrease severity and prevalence of rejection 
episodes'"'. 
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Infection After Lung Transplantation 
/./.. PARADIS 

INTRODUCTION 

Infection remains the most common cause oi' morbidity and mor
tality after lung transplantation (LTx)' \ Of the 402 lung allograft 
procedures that were performed in 386 recipients at the 
University of Pittsburgh between 1982 and 1 July 1995, 187 allo
grafts (47%) in 180 recipients (47%) failed (Table 1). Because 
some infections were due to more than one type of organism (e.g. 
bacteria ^\\i^ Aspergillus), 115 infectious organisms were respon
sible for the failure of 97 (52%) allografts in 86 (48%) recipients 
that failed primarily due to infection. However, since 1989, in
fection has declined significantly from 46% to 32% as an etiol
ogy, from 80% to 53% as a cause of allograft failure, and from 
85% to 54% as a cause of recipient death. This occurred because 

of the cumulative effect of a small decline in the prevalence of 
each type of infectious organism as a cause of allograft failure. 
Because infection has been the primary cause of failure in 
53-54% of the grafts that have failed since 1989, it still remains 
the principal and unacceptable cause of allograft failure and death 
after LTx. 

Infection has been the principal etiology (35%) of allograft 
failure (58%) and death (60%) in the first year after LTx at the 
University of Pittsburgh (Table 2) and at other centers'* •". 
Infection has also been the principal etiology (40%) of allograft 
failure (74%) and death (70%) more than 1 year post-transplant 
(Table 2). Thus, infection has been the primary cause of allograft 
failure at all times after LTx. 

Infectious complications in LTx recipients at the University of 
Pittsburgh have occurred twice as frequently as in cardiac, hepatic 

Table 1 Causes of lung allo};rari failure before and after 1 .lanuary 1989 
at the University of Pittsburgh 

< I9H9 
11(7,) 

> !9H9 
n (Vr) 

Tokil 
n (%) 

Table 2 Causes of lung allograft failure in the first year and later than 
1 year post-transplant at the University of Pittsburgh 

< / yeiir > I year 
II ('7,) 

Touil 

Inteclion due to: 
Bacteria 
Fungus 
Virus 
Other 

ARDS/DAD 
Ischemic lung injury 
Ischemic airway injury 
Hemorrhaec 
Acute rejection 
Obliterative bronchiohtis 
Primary graft failure 
Unknown 
Other 

Total 

Infeclion/etiology 
Infection/recipient death 
Infection/graft failure 

47 
1 

1 

9 
6 
3 

12 
1 

12 
3 
0 

10 

103 

19(17) 
9 ( 9 ) 

13(12) 
6 (6 ) 

47/103 (4ft) 
47/S.'S (85) 
47/59 (80) 

1 OSQ h v 

ARI3S/DAD = adult respiratory distress syndri)m( 

68 

36 
12 
5 

16 
9 

25 
10 
10 
19 

210 

32(16) 
1.^(6) 
21(10) 

2 (1 ) 

68/210(32)" 
68/1: 
68/1; 

analysis, 
•/diffuse a 

25 (54)* 
28 (53)-

115 
51(16) 
22(7) 
34 (11) 

8(3) 
45 
18 
8 

28 
10 
37 
13 
10 
29 

313 

115/313(37) 
115/180(64) 
115/187(61) 

iKcolar damage. 

Infection due to: 
Bacteria 
Fungus 
Virus 
Other 

ARDS/DAD 
Ischemic lung injury 
Ischemic airway injury 
Hemorrhage 
Acute rejection 
Obliterative bronchiolitis 
Primary graft failure 
Unknown 

Other 

Total 

Infection/etiology 
Infection/recipient death 
Infection/allograft failure 

Abbreviations as for Tabic 1. 

78 
35 
14 
25 

4 
42 
18 
7 

25 
9 
4 

13 
4 

20 

220 

78/220(35) 
78/130(601 
78/1.34(58) 

37 
16 
8 
9 
4 

3 
0 
1 
3 
1 

yy (-̂ 5) 
0 
6 

9 

91 

37/93 (40) 
37/.50(74) 
37/53 (70) 

115 
51 
22 
34 

8 
45 
18 
8 

28 
10 
37 
13 
10 

29 

313 

115/313 1.37) 
115/180(64) 
11.5/187(61) 
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or renal allograft recipients who have received nearly the same 
immune suppression"* ^. While the first 14 heart-lung transplant 
recipients experienced an average of 3.0 infections/recipient, the 
figure for cardiac, hepatic or renal recipients was 1.41, 1.83 or 
0.98 infections/recipient, respectively^-^ At Stanford University, 
lung recipients experienced an average of 2.4 infections/recipient, 
while heart recipients experienced 0.47 infections/recipients'''. 
While infection has been the primary cause of death in <20% of 
long-term cardiac recipients, it has been the primary cause of 
death in 74% of long-term lung recipients (Table 2)**. Possible 
reasons for these differences include the fact that the lung 
allograft (a) is continuously exposed to the external environment, 
(b) has impaired mucociliary clearance''", and (c) provides an 
HLA-incompatible microenvironment where the alveolar 
macrophages and lymphocytes of the recipient live in the alveoli 
of the donor'^. 

A total of 1173 significant infections have occurred in 367 'at-
risk' lung recipients (survival 5=2 days) who have been followed 
for 278 270 days post-transplant between 1982 and 1 July 1995, 
at the University of Pittsburgh (Table 3). This is an average of 
3.23 infections/recipient, 0.43 infections/100 days of observation, 
or 0.0012 infections/100 days of observation/recipient. The lungs, 
mediastinum and pleural spaces have been the initial and/or only 
site for 70% of all infections (data not shown). Bacteria have been 
the most common organism, with pneumonia, bronchitis or sepsis 
having caused 62% of all infections. 

When the infectious complications of the 64 recipients who re
ceived allografts prior to 1989 were compared to those of the 303 
recipients who received allografts later, the number of infec
tions/100 days of observation did not change (0.38 vs 0.45) but 
the number of infections/recipient (5.05 vs 2.85) and the number 
of infections/100 days of observation/recipient (0.0059 vs 0.0015) 
both decreased. Since 1989 the proportion of infections due to 

bacterial pneumonia, bronchiectasis and Pneumocystis (PCP) de
creased significantly (42% vs 22%) while those due to cy
tomegalovirus (CMV), bacterial bronchitis and Clostridium 
difficile increased significantly (23% vs 42%). Bacterial bronchi
tis and CMV infection, however, have not changed over time 
when examined as a proportion of at-risk recipients (63% vs 52% 
and 52% vs 45%, respectively). Only infection due to C. difficile 
appears to have truly increased in frequency over time. This has 
most probably been due to the interval recognition of this agent as 
a pathogen, and also to the increasing use of antibiotics as pro
phylaxis of bacterial infections. The most significant finding is 
that the rate of infection (as defined by days of observation post-
transplant) has not changed over time, but that defined by the 
number of infections/recipient has decreased, primarily because 
of a decrease in the number of episodes of bacterial pneumonia. 

The risk of infection has been much higher in the first year 
post-transplant and 72% (859/1173) of all infections have 
occurred during that time (Table 4). This is not surprising since 
fresh surgical wounds are present, more intense invasive moni
toring is required, and immune suppression is maximal during the 
first year post-transplant. The infections that occur primarily in 
the first year are CMV, bacterial sepsis, C. difficile and infections 
located in the mediastinum and pleural spaces. The infections that 
occur primarily later than 1 year post-transplant are bacterial 
bronchitis and bronchiectasis. All other infections are equally 
likely to occur at any time. The prevalence of late infection in 
lung recipients at 1.48 infections/recipient is 7.8 times greater 
than that reported for cardiac recipients, who experienced 0.19 
late infections/recipient". Thus, whether comparing (a) early or 
recent experience or (b) early or late post-transplant periods, in
fection remains the most common cause of morbidity (Tables 3 
and 4) and mortality (Tables 1 and 2) after LTx, despite a de
crease in the prevalence of pneumonia due to bacteria and PCP. 

Table 3 Types ur infectiuus complication after lung transplantation berore and after 1989 at the University of Pittsburgh 

< IW9)i('}i) > !9H9tH'A) Total n ('i i 

Baclcrial pneumonia 
Bacterial broncliitis 
Bronchiecla.sis 
Fungal inl'eclion 
Cytomegalovirus 
Pneiimiicyxlis 
Lymphoprolil'erative disease 
Herpes simplex 
Viral hepatitis 
Other viruses 
Mediastinitis 
Empyema 
Bacterial sepsis 
Sinusitis 
C. diflhile colitis 
Other 

Total infections 

At-risk recipients 
Days of observation 

Inlections/recipient 
Infections/l(K) days of observation 
Infcclions/iecipient/IO() days of observation 

97 130,1 
40(12) 
1.1(4) 
IX(7) 
. « ( I 0 ) 
24(7) 
6(2) 

12(4) 
2 ( < l ) 
5 (2) 

I I (3) 
4(1) 

.U(IO) 
7(2) 
2(4) 

12 

120 

64 
8.") 146 

3.05 
0.38 
0.0059 

170(20)* 
160(19)' 

6 (< I) 
50(6) 

136(16)* 
11(1)' 
16(3) 
43(5) 

9(1) 
39(5) 

3 (< I) 
8(1) 

100(9) 
23(3) 
59(7)-
20 

853 

303 
193 124 

2.85 
0.45 
0.0015 

267(22) 
200 117) 

19(2) 
68 (6) 

169(14) 
35 13) 
22(3) 
.55 (5) 
II II) 
44 (4) 
14(1) 
I 2 l l ) 

134 111) 
-W(3) 
61 (5) 
32(3) 

1173 

367 
278 270 

3.23 
0.43 
0.0012 

' p < O.O.s compared tu tx:t'(trc 1^89 (ly ehi-squarc. 
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Tabic 4 Types of infectious complication in the first year and later than 1 year post-lung transplantation at the University of Pittsburgh 

< / year n (9i) > I year n ('7i \ 

75(231 
89(27) 
13(4) 
19(6) 
19(6) 

11 (?) 
S(2) 

9(3) 
2(< 1) 
19(6) 
0(0) 
0 (0) 
31 (9) 
13(4) 
10(3) 
12 

327 

222 
261 994 

1.48 
0.13 
0.0006 

Total n 

Bacterial pneumonia 
Bacterial bronchitis 
Bronchieclasi.s 
Fungal infection 
Cytomegalovirus 
Pneumoi-ystis 
Lymphoprolireralive disease 
Herpes simplex 
Viral hepatitis 
Other siruses 
Mediastinitis 
Empyema 
Bacterial sepsis 
Sinusitis 
C. difficUe colitis 
Other 

Total infections 

At-risk recipients 
Days of ohservation 

Infections/recipient 
Infections/KM) days of ohservation 
Infections/recipient/ICX) days of ohservation 

192(22) 
111(13) 
6(4) 

49 (6) 
150(18) 
24(3) 
17(3) 
46 (5) 
9(1) 
25(3) 
14(2) 
12(1) 

103(12) 
17(2) 
51 (6) 
20 

846 

367 
16 276 

2..34 
5.28 
0.1438 

267 

200 
19 
68 
169 
35 
22 
55 
II 
44 
14 
12 

1.34 
30 
61 
32 

1173 

367 

278 270 

3.23 
0.43 
0.(X112 

SURVEILLANCE FOR INFECTION 

Prior to transplantation (in the recipient) and at the time of trans
plantation (in the donor), the serologic status of recipient and 
donor for CMV; Epstein-Barr virus (EBV); varicella virus; 
herpes simplex virus (HSV); Toxoplasma; hepatitis A, B and C; 
and human immunodeficiency (HIV) type 1 virus are determined. 
Sputum for cultures and stains for bacteria and fungus are ob
tained every 3 months from candidates with septic lung disease. A 
transplant procedure can be performed when Pseudomonas 
species are sensitive to more than one class of anti-pseudomonal 
antibiotics, or ii Aspergillus species are not present in re.spiratory 
tract secretions. 

At the time of transplantation, specimens for cultures and stains 
for fungi and bacteria are obtained from airways of both donor 
and recipient'''"'. This information is useful in assessing the sus
ceptibility of the recipient to develop infection with bacteria or 
fungus posttransplantation. Another aerobic and fungal sputum 
culture is obtained prior to extubation. Chest radiographs are ob
tained daily, with the frequency decreasing to once or twice a 
week by the end of the initial hospital stay. Fiberoptic bron
choscopy with bronchoalveolar lavage (BAL) and transbronchial 
lung biopsy (TBBx) is performed at least once, and as often as 
weekly, during the initial hospital stay, every 3 months during the 
first year, every 4 months during the second year, twice a year 
thereafter, and whenever infection or rejection in the allograft is 
suspected'•". Recipients record their spirometry at home and report 
any consistent, unexplained >10% decrease in the FEV, over a 
1-2-week period"*. If a decrease in home spirometry is confirmed 
by spirometry in a pulmonary function laboratory, a re-evalua
tion, which includes a bronchoscopy with BAL and TBBx, is per
formed at the transplant center. 

BACTERIAL PNEUMONIA 

Definition 

The diagnosis of bacterial pneumonia has been made by: (a) the 
presence of a new or predominant organism by Gram stain of 
the sputum in association with fever or new or increased radio
graphic infiltrates, (b) histologic criteria, or (c) the presence of 
>10'' cfu/ml of cultured BAL fluid and/or >5% of BAL cells 
containing intracellular bacteria'*' -''. 

'Prophylactic' antibiotic regimens 

Although still the most common infectious complication after 
LTx, there has been a significant decrease since 1989 in the 
prevalence of bacterial pneumonia (a) as a proportion of all infec
tious complications (38% vs 20%; Table 3), (b) as a proportion of 
at-risk recipients (78% vs 33%; Table 5) and (c) in regard to the 
number of episodes/at-risk recipient (1.50 vs 0.56; Table 5). This 
coincides with the introduction of an antibiotic regimen tailored 
to the results of aerobic cultures of the donor and recipient 
airways obtained at the time of transplantation'^"" and with the 
introduction of TBBx to distinguish between diffuse alveolar 
damage, infection and/or rejection'^'" "'. Prior to 1989. recipients 
received only cefamandole 1 g every 8 h for 72 h post-transplant. 
Since that time, recipients without pretransplant septic lung 
disease have received clindamycin and ceftazidine immediately 
post-transplant. If the recipient and donor airway cultures are 
sterile, these antibiotics are stopped at 72 h post-transplant. If 
they contain oral flora organisms, clindamycin is continued for 10 
days. If they contain Staphylococcus, clindamycin is continued, 
and vancomycin is added to complete a 10-day course if the 
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Table 5 Morbidity and mortality of bacterial pneumonia at the University of Pittsburgh before and after 1989 

< /y,sy > IW9 Total 

At't'ected rccipicnls/al-ri.sk recipienls 
Episodcs/at-risk recipient 
Episodes/afrected recipient 
Mortality/episode 
Mortalily/at-risk recipient 
Mortalily/atfected recipient 

50/64 (7X%) 
97/64 (1.50) 
97/50 (L94) 
10/97(10''*) 
10/64(17%) 
10/50(20%) 

101/30.'! (?!?,%)' 
170/303(0.56)* 
170/101 (1.701 
23/170(13%) 
23/303(8%) 
23/101 (23'7() 

151/.367(41%) 
267/367 (0.73) 
267/151 (1.7K) 
33/269(12%) 
33/367(9%) 
.33/151 (22<;i) 

" />< ().()(M)I compared lii bclftre 19S9 bv chi-squarc analysis. 

Staphylococcus is methicillin-resistant. If these cultures contain 
Gram-negative organisms, clindamycin is discontinued, cef
tazidime is continued, and another antibiotic with Gram-negative 
coverage is added to the regimen. Alternatively, the ceftazidime 
and clindamycin may both be discontinued and two new culture-
directed antibiotics with Gram-negative coverage are adminis
tered for 10 days. 

For recipients with septic lung disease, three or four antibiotics 
active against Pseudomonas aeruginosa and/or Burkholderia 
cepacia are begun immediately pretransplant and continued for 
two full weeks or longer until a positive clinical outcome is 
certain. The choice of antibiotics is based on the antibiotic sensi
tivities of the organism(s) present in the sputum of the recipient 
pretransplant. These recipients also receive less immune suppres
sion. The level of cyclosporin or tacrolimus is maintained at ap
proximately half of that in the non-infected recipient. 
Azathioprine and corticosteroids are withheld unless more than 
two episodes of histologically documented acute rejection occur, 
or unless corticosteroids are necessary to avoid corticosteroid-
induced adrenal suppression (secondary to pretransplant use of 
corticosteroids). With this approach the prevalence of bacterial 
pneumonia in the first 2 weeks post-transplant has decreased 
significantly from 47% to 9% (Table 6). 

Prevalence 

The prevalence of bacterial pneumonia has also decreased 
significantly between postoperative days (POD) 15 and 180 after 
LTx. This is beyond the perioperative period (i.e. POD 1-14) 
where an effect due to the antibiotic regimen employed (accord
ing to the results of cultures obtained from the airways of the 

Table 6 Change in the prevalence of bacterial pneumonia before and 
after 1989 at different time periods after lung transplantation at the 
University of Pittsburgh 

Piisl-lransplanl 
lime inlemils 

< 14 days 
15-90 days 
91-180 davs 
181 365 davs 
1-2 years 
2-3 years 
3-4 years 
> 4 years 

< 19X9 
nl'7<) 

30/64(47)-
21/57(37) 
12/40 (.W) 
6/36(17) 
7/33(21) 
9/31 (29) 
5/29(17) 
7/26(27) 

> /y«y 
n /%; 

28/.TO3 (9) 
50/.3()2(17) 
20/253 (8) 
23/219(8) 
.34/189(18) 
7/128(5) 
4/66 (6) 
3/27(11) 

P-value 

< 0.0001 
().(K)08 
0.0001 
n.s. 
n.s. 
().(K)03 
n.s. 
n.s. 

• Data expressed as number of episodcs/at-risk recipients. 

donor and recipient at the time of transplantation) would not be 
expected. 

This reduction in the prevalence of bacterial pneumonia 
between POD 15 and 180 is most probably due to the use of 
bronchoscopy with BAL and TBBx to distinguish between 
diffuse alveolar damage, infection and/or acute rejection. 
Information gained from bronchoscopy has avoided empiric 
pulses of augmented immune suppression to treat clinical rejec
tion, and has allowed for lower levels of maintenance immune 
suppression when rejection has not been present. Less 
immune suppression reduces the risk of bacterial 
pneumonia. 

Relationship with obliterative bronchiolitis (chronic 
lung rejection) 

Between 6 months and 2 years post-transplant the prevalence of 
bacterial pneumonia has been between 8% and 21%. and this has 
been unaffected by advances in the care of recipients. This is the 
period of time, however, when lung recipients are most at risk of 
developing obliterative bronchiolitis (OB)""*. This complication 
is a significant risk factor for developing bacterial pneumonia or 
bronchitis >90 days post-transplant (Table 7). In the 291 recipi
ents who survived >90 days post-transplant, pneumonia occurred 
twice as frequently in recipients with OB compared to those 
without OB (1.03 vs 0.53 episodes/recipient). Bronchitis occurred 
five times more frequently in recipients with (as compared to 
those without) OB (1.12 vs 0.21 episodes/recipient). In the 155 
recipients who survived >2 years post-transplant, pneumonia oc
curred twice as frequently in recipients with OB (1.01 vs 0.45 
episodes/recipient), and bronchitis occurred three times more fre
quently in those with OB (1.15 vs 0.38 episodes/recipient). Thus, 
both early and late after LTx, the majority of the episodes 
of pneumonia and bronchitis due to bacteria have occurred in 
recipients with chronic rejection. 

Additionally, the number of recipients who developed pneumo
nia or bronchitis due to bacteria was affected by the presence of 
chronic rejection. For the 291 recipients who survived >90 days 
post-transplant, pneumonia developed in 50% of the recipients 
with OB, but in only 30% of recipients without OB (p=0.001) 
(Table 7). Bronchitis occurred in 54% of recipients with OB, but 
in only 21 % of those without OB (p<0.0001). For those recipients 
who survived >730 days post-transplant, pneumonia developed in 
50% of those with OB, but in only 32% of those without OB 
(p=0.02). Similarly, bronchitis developed in 56% who developed 
OB but in only 29% without OB (p=0.0008). Thus, both early and 
late after LTx, significantly more episodes occurred and more re-
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cipients experienced bacterial pneumonia and/or bronchitis when 
chronic rejection was present. 

It is also true, however, that many recipients with OB do not 
develop pneumonia or bronchitis and, conversely, many recipi
ents without OB do develop these infections. For recipients who 
survived >90 days post-transplant, 50% of those with OB have 
never developed pneumonia and 30% of those without OB have 
developed pneumonia. Similarly, for recipients who survived >90 
days post-transplant, 46% of those with OB never developed 
bronchitis and 21% of those without OB have experienced at least 
one episode of bronchitis (Table 7). 

Specific bacterial infections 

Pseudomonas aeruginosa and Staphylococcus aureus, either 
alone or in combination with other organisms, have been 
responsible for the majority of the episodes of pneumonia and 
bronchitis that have occurred at all time points post-transplant 
(Table 8). P. aeruginosa was the agent responsible for 35% and 
38% of the episodes of pneumonia and bronchitis, respectively, 
that occurred in recipients who survived >90 days post-transplant 
(Table 8). P. aeruginosa was the agent responsible for 37% of the 
episodes of pneumonia and 37% of the episodes of bronchitis that 
occurred in recipients who survived >730 days post-transplant. 
S. aureus was responsible for 20% and 22% of the episodes of 
pneumonia and bronchitis, respectively, that occurred in recipi
ents who survived >90 days post-transplant. This organism 
caused 18% and 19% of the episodes of pneumonia and bronchi
tis, respectively, that occurred in recipients who survived >730 
days post-transplant. These two organisms have been responsible 
for 55-60% of all of the episodes of pneumonia and bronchitis 
that have occurred in these recipients. 

The likelihood that P. aeruginosa was the agent responsible for 
an episode of pneumonia or bronchitis, however, was unaffected 

Table 7 Relationship of bacterial pneumonia (BP) and bacterial 
bronchitis (BB) to chronic rejection (CR) in recipients who survived > 90 
days or > 2 years post-transplant at the University of Pittsburgh 

Sun'ival 

Bacterial pneumonia 
CR+ 
CR-

Total 

Bacterial bronchitis 
CR+ 
CR-

Total 

Episodes/rec 

> 90 days 

110/107= 1.03 
98/184 = 0.5.^ 

208/291 =0.71 

120/107 = 1.12 
.^8/184 = 0.21 

1.58/291 =0.-54 

ipieni 

> 2 years 

19m = 1.01 
35/77 = 0.45 

114/155 = 0.74 

90/78= 1.15 
29/77 = 0.38 

119/155=0.77 

Bacterial pneumonia 
CR+, BP+ 
CR+, BP-
CR-, BP+ 
CR-, BP-

Tolal 

Bacterial bronchitis 
CR+, BB+ 
CR+, BB-
CR-, BB+ 
CR-. BB 

Total 

Affected recipi 

> 90 dayx 

.54 (19)-
53(18) 
56(19) 

128(44) 

291 (100) 

58 (20)* 
49(17) 
38(13) 

146 (.50) 

291(100) 

•ems ('i) 

> 2 years 

39(25)-
39(25) 
25(16) 
52(34) 

1.55(100) 

44(28C 
-34(22) 
22(14) 
55 (.36) 

155(100) 

' p < 0.05 by i;hi-square analysis. 

by the presence of chronic rejection (Table 8), Pneumonia or 
bronchitis due to P. aeruginosa occurred in 33-35% of the 
episodes when OB was present, and in 3 9 ^ 7 % when it was not 

Table 8 Episodes of pneumonia or bronchitis due to Pseudomonas aeruginosa and Staphylococcus aureus in recipients with or without chronic rejection 
(CR) who survived > 90 or > 730 days post-transplant al the University of Pittsburgh 

Pneumonia in recipients who survived > 90 days 
CR+ 
CR-

Tolal 

Pneumonia in recipients who survived > 730 days 
CR+ 
CR-

Total 

Bronchitis in recipients who survived > 90 days 
CR+ 
CR-

Total 

Bronchitis in recipients who survived > 730 days 
CR+ 
CR-

Total 

Pseudomonas aeruf>inosa 
n (%) 

29(33) 
17(39) 

46(35) 

20(34) 
8(47) 

28 (37) 

37(35) 
17(45) 

54 (38) 

28(35) 
11 (44) 

39 (37) 

Slaplnlococciis aureus 

20(22) 
6(14) 

26(20) 

13(22) 
1(6) 

14(18) 

27(25) 
5(13) 

32 (22) 

19(24)-
1 (4) 

20(19) 

Total 
It (7c) 

49/89(55) 
2.3/43 (53) 

72/132(55) 

3.V.59(56) 
9/17 (53) 

42/76(55) 

64/106(60) 
22/38(58) 

86/144(60) 

47/80 (59) 
12/25(48) 

59/105 (.56) 

' p = 0.05 compared to no chronic rejection by chi-square. 
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present. For unclear reasons, however, S. aureus was more clearly 
associated with OB. Pneumonia or bronchitis due to this organism 
occurred in 22-25% of the episodes in which OB was present, 
but it was the causative organism in only 4-14% of the episodes 
in which OB was not present. Thus, although P. aeruginosa has 
been the most common organism responsible for episodes of 
pneumonia or bronchitis, it is equally likely to occur in recipients 
with or without chronic rejection. S. aureus has been the second 
most common cause of pneumonia or bronchitis, and it has been 
more frequently observed in recipients with OB. Thus, any bacte
rial infection, particularly that due to S. aureus, occurring >90 
days post-transplant, suggests the co-presence of chronic rejec
tion. An evaluation to detect this process should be performed 
after the infection has been treated (because the inflammation 
caused by infection can result in pulmonary function and histo
logic changes that make OB difficult to identify clinically and 
histologically). 

Because of the association of OB with recurrent airway and 
parenchymal bacterial infection, bacteria in the airways of recipi
ents with OB have been treated with 'prophylactic' antibiotics. 
Recipients with oral flora or methicillin-sensitive Staphylococcus 
organisms receive oral cephalexin 500 mg four times daily, and 
those with sensitive P. aeruginosa receive oral ciprofloxacin 
500 mg twice daily and aerosolized tobramycin 80 mg three times 
a day for 10 days/month. Aerosol colistin (30-75 mg two or three 
times a day) is substituted for tobramycin when the Pseudomonas 
organism(s) is (are) resistant to tobramycin. Occasional recipients 
receive intravenous (i.v.) antibiotics 10 days/month to suppress 
infection/colonization by organisms resistant to the above mea
sures. The reduction in the prevalence of bacterial pneumonia 
more than 2 years post-transplant from 17-29% per year before 
1989 to 5-11% per year since 1989 (which is statistically 
significant between 2 and 3 years post-transplant) is most proba
bly due to these measures (Table 6). 

Multiple antibiotic-resistant strains of P. aeruginosa and/or 
Burkholderia cepacia have been defined as organisms sensitive 
to < I class of antipseudomonal antibiotics (such as an aminogly
coside, third-generation cephalosporin, fluoroquinolones, an
tipseudomonal penicillin, carbapenems or monobactams). These 
multiply antibiotic-resistant bacteria are thought to be markers of 
increased morbidity/mortality. In the Toronto series, 46% of re
cipients with B. cepacia in their pretransplant sputum died, 
whereas none of the recipients with only P. aeruginosa in their 
pretransplant sputum died of infection due to this organism post-
transplant'". One uncontrolled study has suggested an improved 
outcome for recipients with cystic fibrosis who undergo pretrans
plant maxillary sinus antrostomy with repeated sinus lavage with 
tobramycin""'. Other perform such procedures plus ethmoidec-
tomy only if clinically significant sinus infections occur in the 
post-transplant period. 

Although the prevalence of early and late episodes of bacterial 
pneumonia has decreased significantly since 1989, bacterial pneu
monia still occurs in 33% of lung recipients, each affected recipi
ent averages 1.7 episodes, and each at-risk recipient averages 0.56 
episodes of bacterial pneumonia (Table 5). Additionally, there is a 
relationship between the use of 'prophylactic" antibiotics and the 
development of antibiotic resistance^'^*. The use of clindamycin 
has also been implicated in the subsequent development of ente
rocolitis due to C. difficile*''. Bacterial pneumonia has been 

treated with culture-specific antibiotics for at least 2 and some
times up to 4 weeks, depending on the rate of clinical resolution. 
Additionally, the levels of immune suppression are reduced mod
estly. Usually, the target blood level of cyclosporin or tacrolimus 
is reduced by about 33%, azathioprine is held until clinical recov
ery is apparent, and the dose of corticosteroids is reduced to 
levels necessary to prevent a hypoadrenal state. 

The results from this treatment approach as assessed by mortal
ity have not changed over time. The mortality per episode 
(10-13%) and per affected recipient (20-23%) before and after 
1989 have not changed significantly (Table 5). Bacterial pneumo
nia remains a fairly lethal disease with a mortality of 12% per 
episode, 9% per at-risk recipient, and 22% per affected recipient. 
Thus, while this infection can usually be avoided, accurately diag
nosed and reliably treated in most recipients, there is room for 
new strategies both in prevention and in treatment. 

CYTOMEGALOVIRUS (CMV) 

Definition 

As in any host, CMV in LTx recipients is a pathogen with protean 
manifestations'" " . Nevertheless, clinical illness due to CMV can 
be defined by the presence of an infection, syndrome or disease, 
which may or may not be symptomatic. CMV infection has been 
defined by the presence of CMV in cultures obtained from any 
body site in the absence of symptoms and cytologic or histologic 
changes typical of CMV. CMV syndrome has been defined as a 
positive culture for CMV from any body site, plus symptoms 
typical of CMV infection, usually associated with leukopenia and 
>3% atypical lymphocytes in the peripheral blood smear, but 
without cytologic or histologic changes typical of CMV. CMV 
disease has been defined by the presence of a positive culture of 
CMV obtained from any body site plus the presence of intracellu
lar inclusions typical of CMV in cells or tissue obtained from any 
body site. Symptomatic CMV disease has included the findings 
associated with a CMV syndrome. In the following discussion, 
the few episodes (n=5) of CMV syndrome in the University of 
Pittsburgh experience have been included with the group with 
CMV disease, because these occurrences were treated as though 
disease was present. 

Prevalence 

Using these definitions the prevalence of CMV illness has been 
47%, with 169 episodes in 359 allografts in 350 recipients who 
survived ^ 1 4 days post-transplant at the University of Pittsburgh 
(Table 9). It has accounted for 14% of all infectious complica
tions, and has been the next most common pathogen encountered 
after bacteria (Table 3). CMV has been recovered as early as the 
first day post-transplant and has caused disease as early as 16 
days post-transplant. Mean and median occurrences were 48 and 
41 days post-transplant, respectively, before the use of ganci
clovir for prophylaxis. Because of the effectiveness of ganciclovir 
prophylaxis, CMV illness now occurs significantly later (p<0.001 
by Mann-Whitney) with a mean and median occurrence at 141 
and 131 days post-transplant, respectively, which is almost 
always after the prophylaxis has stopped. Nevertheless, CMV 
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Table 9 Effect of prophylaxis with ganciclovir or CMV-negative blood 
products on the prevalence of CMV illness after lung transplantation at 
the University of Pittsburgh 

Allografts at risk 

Infection 
Disease 

Pneumonia only 
Gastrointestinal only 
Disseminated 

Syndrome 

Illness (total) 
Infection/allograft 
Discase/allograft 
Illness/allograft 

No 

94 

16 

24 
3 
6 
0 

49 
17% 
35% 
52% 

Prophylaxis 

Yes 

265 

59 

41 
5 

10 
5 

120 
22% 
2 3 % * 
45% 

Total 

359 

75 

65 
8 

16 
5 

169 
2 1 % 
26% 
47%r 

' p = 0.0!^ compared ti> no prophylaxis by chi-squarc. 

illness is still usually an early infection, as 89% of all episodes 
have occurred in the first year post-transplant (Table 4). De-novo 
CMV pneumonia, however, has occurred as late as 2338 days 
post-transplant, and CMV infection has occurred as late as 1533 
days post-transplant. As it accounts for 6% (Table 4) of all infec
tions that have occurred >1 year post-transplant, CMV can never 
be excluded from the differential diagnosis, especially since treat
ment with ganciclovir is very safe and effective. 

Of the 169 episodes of CMV illness, 75 (44%) have been due to 
infection, 94 (46%) have been due to disease, and 15 resulted in 

death (Table lOA). The majority (84%) of the episodes of 
infection have occurred in seropositive recipients (R+). The 
majority (62%) of the episodes of disease have occurred when 
the donor was seropositive (D+). The majority (73%) of 
deaths have occurred in seronegative recipients (R-), especially 
when the allograft came from a seropositive donor (R-D+) (47%). 

Seronegative recipients who received lungs from seronegative 
donors (R-D-) have had the lowest risk of infection (6%), disease 
(16%) and illness (22%), but their risk of death from CMV has 
been significant (5%) (Table lOB). R-D-i- recipients have had the 
lowest risk of infection (4%) but the highest risk of disease (47%) 
and death from CMV (9%). R+D- recipients have had the highest 
risk of infection (38%) and the lowest risk of disease (17%) and 
death from CMV (<1%). R+D+ recipients have had an intermedi
ate risk of infection (29%) and disease (31%), but their risk of 
death from CMV has been low (1.3%). 

Episodes of CMV illness most likely represented disease when 
recipients were seronegative (R-) (at 72% for R-D-, and at 90% 
for R-D+ recipients) (Table IOC). These episodes were also more 
likely to result in death (19%) as compared to when the recipient 
was seropositive (R+) (2%). The majority (69%) of the episodes 
of CMV illness in R-i-D- recipients represented infection, whereas 
the likelihood of infection or disease was equal in R+D+ recipi
ents. This information is similar to that previously reported^' " . 
The sites of occurrence of CMV disease and infection have been 
biased by a tendency to evaluate the lung allograft more fre
quently and intensively compared to other organs. Nevertheless, 
the allograft has been the overwhelming primary site of CMV 
illness, with 85% of the episodes of CMV disease arising in the 

Table 10 Prevalence and severity of CMV illness by pretransplant recipient (R) and donor (D) serologic status for CMV at the University of Pittsburgh 

A: Number of at-

Serolo^ir status 

R - D -
R D+ 
R + D -
R+D+ 
Unknown 

Total 

H: Proportion of 

Seroloiiie status 

R - D -
R-D+ 
R + D -
R+D+ 
Unknown 

Total 

C: Proportion of 

Serologic status 

R - D -
R-D+ 
R + D -
R+D+ 

risk reel •pients and episodes of CMV infection. 

Recipients at risk 

82 
75 

107 
75 
20 

.\59 

at-risk recipients who experienced an . 

episode. 

Recipients at risk 

82 
75 

107 
75 
20 

359 

disease. 

Infection 

5 
4 

41 
22 

3 

75 

episode of. 

Infection 

6 
5 

38 
29 
15 

21 

Y of CMV illness that resulted in infection. 

Infection f%) 

5/18 1281 
4/39(10) 
41/59(69) 
22/45 (49) 

illness and deaths 

Disease 

13 
35 
18 
23 

5 

94 

due 

or died as a result of, CMV 

(%) Disease 

16 
47 
17 
31 
25 

26 

disease or death 

Disease (%) 

13/18(72) 
35/39 (90) 
18/59(31) 
23/45(51) 

to CMV 

illness 

' (%) 

Illness 

18 
39 
59 
45 

8 

169 

Illness (7,) 

22 
52 
55 
60 
40 

47 

Deaths {'it 

4/18(22) 
7/39(18) 
1/59(2) 
1/45(2) 

Deaths 

4 
7 
1 
1 

15 

Deaths i7f) 

5 
9 
1 
1 

10 

4 
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allograft either as isolated CMV pneumonitis (/j=65) or as part of 
a disseminated process (n=16) (Table 9). 

Clinical features 

Signs and symptoms of lung disease have ranged from none (with 
normal oxygenation and a normal chest radiograph) to fever, 
dyspnea, hypoxemia and diffuse radiographic infiltrates. Because 
the clinical presentation of CMV pneumonitis can be similar to 
that of acute rejection, these entities can be reliably distinguished 
from each other only by TBBx and BAL. In two instances, CMV 
pneumonitis has resulted in severe alveolar hemorrhage with 
hemoptysis. 

The organ next most likely to be involved has been the gas
trointestinal tract. In 8% of affected recipients the only site of 
disease has been in the colon and/or stomach. Another 17% of af
fected recipients also developed gastrointestinal disease as part of 
a disseminated illness. Symptoms associated with gastrointestinal 
disease have included anorexia, nausea, vomiting, weight loss, 
abdominal pain and/or diarrhea. 

In the vast majority, CMV disease has been a single event that 
appears to have established or re-established long-lasting immu
nity. However, recurrent CMV disease has occurred in six recipi
ents, one of which was due to ganciclovir resistance. In the other 
instances the recipient's immune system appears to have been 
unable to generate an effective immune response against this 
organism'". 

Detection and diagnosis 

Advances in detection and diagnosis have improved the prognosis 
of CMV infection after transplantation. The greater use of en
doscopy with biopsy of the allograft or the gastrointestinal tract 
has increased the rate of detection of CMV disease with minimal 
morbidity and no mortality to the recipient'^ Whereas conven
tional cultures on foreskin fibroblasts often required weeks to 
become positive, the shell vial assay and culture have allowed de
tection of virus antigen in 48 hours in the majority of specimens 
where a significant virus burden has been present''"^'. Cytologic 
examination of BAL cells for the detection of the typical cyto-
pathic effects of CMV has been a rapid and specific (but not sen
sitive) assay to detect CMV disease in cancer patients and in lung 
and bone marrow recipients' '^'. 

The significance of detecting CMV-specific pp65 protein by 
immunofluorescence with monoclonal antibodies on peripheral 
blood neutrophils and monocytes is being evaluated clinically*^*'. 
This protein appears to be associated with active virus replica
tion, which would indicate active CMV infection*''. The advan
tages of this assay are that it is quantitative, rapid, easy to 
perform, and sensitive and specific for CMV. In fact it appears to 
be more sensitive than the shell vial method for the detection of 
CMV in blood neutrophils*''. The clinical characteristics of the 
assay, however, are not quite as reliable (when compared to con
ventional culture) with a sensitivity of 87%, specificity of 92%, 
negative predictive value of 98%, and positive predictive value 
of 65%. Additionally, events in the allograft do not always mirror 
those in peripheral blood. CMV pneumonitis has been observed 
when the CMV pp65 antigen assay performed on peripheral blood 

leukocytes was negative (personal experience). Nevertheless, the 
assay has merit, and the correlation of its clinical characteristics 
(for the detection of CMV pp65 protein in BAL cells of lung re
cipients) with the presence of CMV infection and disease by con
ventional methods should be evaluated. 

The polymerase chain reaction to detect CMV has not gained 
wide acceptance because it is more complicated, expensive, and 
time-consuming compared to the methods discussed above***''. 
Additionally, the assay is probably too sensitive to be useful clini
cally because it appears to detect latent virus, which is usually not 
a concern clinically. 

Treatment 

Advances in treatment have also improved the prognosis of CMV 
disease after LTx. CMV disease has been treated with ganciclovir 
(5 mg/kg twice a day i.v.) for 2 full weeks with the dose adjusted 
for renal function. Compared to historical controls at the 
University of Pittsburgh, who received no therapy or only acy
clovir, this regimen has significantly reduced the mortality of 
CMV disease from 45% to 7%. 

Prevention 

Advances in prevention have been due to the use of: (a) CMV-
negative blood products for R - D - recipients and of (b) ganci
clovir in all other combinations of seropositive donors/recipients. 
These efforts occurred because CMV illness and disease had been 
a major source of morbidity post-LTx with a prevalence of 52% 
and 35%, respectively, in the absence of prophylaxis (Table 9) 
and because CMV appeared to increase the risk of allograft rejec-
{jof,56.7(v72 Gene products of CMV appear to block the ability of 
cyclosporin to inhibit interleukin-2 (IL-2) transcription^'. 
Restoration of IL-2 production despite the presence of cy
closporin could result in normal T cell function with resultant al
lograft rejection. With prophylaxis the prevalence of CMV 
disease has decreased significantly from 35% to 23% (Table 9). 

In R - D - recipients the use of CMV-negative blood products 
has significantly decreased the prevalence of CMV disease from 
75% to 9% (Table 11). Some CMV illness has continued to occur 
in this group, possibly because of false-negative CMV antibody 
titers in some allograft donors/recipients and/or blood donors. 
Three episodes of CMV disease occurred after retransplantation 
where large amounts of CMV-negative blood products were used. 

Table 11 EITecl of CMV-negative blood products on risk of primary 
CMV illness in seronegative donors and recipients at the University of 
Pittsburgh 

R-D-Recipienls 

Infection 
Disease 

Illness 

Unknown 

8 

0 
6(75%) 

6(75%) 

Bliiod product 

Nciiative 

74 

5 
7 (y%)*t 

12 (16*)! 

* InduiJes ihrcc rc-transplants. 
t p < 0.002 compared to CMV unknown blood products by chi-square. 
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It is likely that these episodes were transmitted from blood prod
ucts that were not obtained from truly CMV-negative donors. 
Perhaps ganciclovir prophylaxis should also be used in retrans-
plant R - D - situations. 

Since ganciclovir has been so effective in treating CMV 
disease, a variety of mostly ganciclovir-based regimens have been 
administered for variable periods of time post-transplant to at-risk 
recipients (i.e. seropositive donor and/or recipient) to try to 
prevent CMV disease'"*'''. Acyclovir (800 mg three times daily) 
from POD 7 to 90 in 11 recipients was compared to a short course 
of ganciclovir (5 mg/kg twice a day) from POD 5 to 19, followed 
by 5 mg/kg daily from POD 20 to 26, followed by acyclovir 
800 mg three times daily until POD 90 in 13 recipients'^ By 140 
days post-transplant the prevalence of CMV illness with acyclovir 
(91%) was similar to that of historical controls who received no 
prophylaxis. The ganciclovir-treated group, however, experienced 
significantly fewer episodes of CMV illness (38%) compared to 
the acyclovir-treated group. In a second study, ganciclovir (as ad
ministered in the previous study'^) was compared to a longer 
course of 5 mg/kg twice a day from POD 5 to 19 followed by 
5 mg/kg a day until POD 9 0 ' \ A significant advantage for the 
longer course of ganciclovir was observed for up to 1 year post-
transplant (50% vs 15%). However, when recipients were fol
lowed for 2 years post-transplant, no significant differences were 
observed between shorter and longer durations of ganciclovir pro
phylaxis due to additional episodes of CMV illness that occurred 
later in the longer-duration prophylaxis group (58% vs 42%). 

The effect of prophylaxis with ganciclovir as assessed by level 
of risk (defined by donor and recipient pretransplant serologic 
status for CMV) has also been evaluated'^''^. The highest-risk 
group of recipients are those at risk for primary infection (R-D+), 
and they have received the most intensive prophylaxis regimens 
(Table 12). The most aggressive regimen has been a 90-day 
course of ganciclovir at the University of Pittsburgh. The only 
effect of this regimen was to significantly delay the onset of CMV 
illness from a mean and median of 60 and 51 days post-transplant 

to 135 and 126 days post-transplant, respectively. It did not affect 
the location or severity of the disease that developed once the pro
phylaxis was stopped. When the data from all of the prophylaxis 
regimens from different centers are combined, the prevalence of 
CMV disease was not significantly different between the group 
that received some kind of prophylaxis (67%) compared to the 
group that received no prophylaxis (87%). Hence, no regimen has 
yet been demonstrated to adequately protect R-D+ recipients 
from CMV disease. 

In recipients at risk of CMV reactivation (R+), the following 
observations regarding prevalence and effect of prophylaxis can 
be made from the combined data from several centers''''"' (Table 
13). The overall prevalence of disease has been 25%, and this was 
significantly higher in R+D+ recipients (at 36%) compared to 
R+D- recipients (at 20%). The prevalence of CMV disease was: 
(a) 38% in the absence of prophylaxis and not significantly differ
ent in R+D+ recipients (46%) compared to R+D- recipients 
(21%); (b) significantly lower (22%) with any type of prophylaxis 
compared to those who received no prophylaxis (38%); and (c) 
significantly higher in R+D+ recipients (34%) compared to R+D-
recipients (20%) despite prophylaxis. 

At the University of Pittsburgh the prevalence of CMV disease 
in the 2 years following completion of a course of prophylaxis 
was 25% in R+ recipients who received one of three regimens 
that contained at least 2 weeks of ganciclovir (5 mg/kg twice 
daily) from POD 7 to 21. This was not significantly different from 
the prevalence of 31% in historical control recipients who re
ceived no prophylaxis. Compared to controls, all three regimens 
modestly decreased the prevalence of CMV disease in R+D+ re
cipients, and this achieved statistical significance for the R+D+ 
recipients who received ganciclovir for 90 days post-transplant 
(10% vs 63%). All regimens except acyclovir for 90 days in 
R+D- recipients significantly (p<0.05 by Mann-Whitney) 
delayed the emergence of CMV illness from a mean and median 
of 44 and 39 days without prophylaxis to 214 and 154 days post-
transplant with prophylaxis, respectively (data not shown). Thus. 

Table 12 Prevalence of CMV disease in R-D+ recipients with different prophylaxis regimens 

Kegimen 

Ganciclovir 

Acyclovir 

Immunoglobulin 

R-D+ recipients 

Disease 

Prevalence 

5/ L/mis^'' 

P O D 0 - * 14: 
5 mg/kg b.i.d. 

POD 15 -> Disease 
onset: 
600-2400 mg q.d. 

2 0 0 ^ 0 0 
mg/l(g per week for 
2-4 weeks 

8 

8 

100% 

Toronlo'^ 

n = 5 
P O D O - ^ 14: 
10 mg/kg q.d. 
POD 1 5 ^ 9 0 : 
5 mg/kg three 
times a week 

H = 2 
POD 0 ^ 90: 
2400 mg q.d. 

n = 11 
POD 7, 14: 
150 mg/kg 
POD 30, 45, 
60, 75, 90: 
100 mg/kg 

11 

6 

559r 

Newcastle'" 

None 

POD 0 ^ 90: 
600 mg q.d. 

POD 0 ,7 , 14, 
21 ,28 ,49 : 
100 mg/kg 

9 

5 

56% 

Seallle^'' 

P O D O ^ 14: 
5 mg/kg b.i.d. 
POD 1 5 - » 4 3 : 
5 mg/kg 
5 days/week 

None 

None 

6 

3 

50% 

Pill.tburgh 

POD 7 ^ 2 1 : 
5 mg/kg b.i.d. 
POD 22 -t 90: 
5 mg/kg q.d. 

None 

None 

22 

15 

68% 

Tola! R.x 

54 

36 

61% 

PiltshurgU 

None 

None 

None 

10 

8 

80% 

SI Louis^'' 

None 

None 

None 

5 

5 

100% 

Tolul No. R.X 

15 

13 

87% 
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any type of prophylaxis appears to confer some resistance to 
CMV disease, especially in R+D+ recipients. These recipients do 
have a significant risk of CMV disease (36%), although it is inter
mediate to that of R-D+ recipients (87%) and R+D- recipients 
(20%). The primary effect of prophylaxis in R+ recipients is to 
significantly delay the emergence of CMV illness. 

In summary, the use of CMV-negative blood products in R - D -
recipients is mandatory, and is the only prophylaxis necessary in 
this group (Table 11). In recipients at risk of reactivation infection 
(R+) and especially of primary infection (R-D+). no prophylaxis 
regimen has conclusively demonstrated a benefit in CMV disease 
prevention. All ganciclovir-based regimens, however, delay the 
emergence of CMV disease until after the greatest risk of acute 
rejection has passed. This is beneficial because acute rejection can 
be treated more aggressively when coexistent or emergent CMV 
disease is not a concern. Recipients can also cope better with the 
effects of CMV when they have more fully recovered from the 
non-specific effects of the transplant procedure (i.e. weakness, 
fatigue, anorexia, etc.). Ganciclovir as a single agent at a dose of 
5 mg/kg twice a day for 2 weeks followed by 5 mg/kg a day is re
markably effective at preventing CMV disea.se as long as it is ad
ministered daily. The problem arises when ganciclovir stops. 
Recently, oral ganciclovir has been demonstrated to be as 
efficacious as i.v. ganciclovir in preventing progression of CMV 
retinitis in AIDS patients*". Perhaps R-D+ recipients should 
receive lifelong prophylaxis with oral ganciclovir. 

FUNGAL INFECTION 

The prevalence of fungal infection in lung recipients has been 
15% at Stanford University*', 13% at the University of Toronto-, 
and 22% at Loyola University*-. At the University of Pittsburgh 
the prevalence of fungal infection has been 19%, with 68 infec
tions caused by 71 fungal organisms in 359 allografts in 350 re
cipients who survived ^ 1 4 days post-transplant (Tables 14 and 
15). Three infections have been due to two different types of 
fungi. A little more than one-third (38%) of these infections have 
been due to Candida species, and nearly half (45%) have been 
due to species oi Aspergillus. Fungal infection has accounted for 
6% (68/1173) of all infectious complications and has been equally 
likely to occur within the first year or >1 year post-transplant 
(Table 4). It has caused the failure of 22 allografts (11%); 14 fail
ures (64%) occurred within the first year post-transplant (Table 
2). These infections have occurred as early as 6 days and as late 
as 2917 days (6.5 years) post-transplant. As the median occur
rence is only 52 days post-tran.splant, the majority of these infec
tions have occurred early after transplantation. 

Prevalence 

The prevalence of fungal infection before the availability of 
fluconazole, itraconazole, or aerosol amphotericin for prophylaxis 
was 20% (with 37 infections in 185 at-risk recipients) (Table 15). 

Table 13 Prevalence of CMV disease in R-t- recipients with different prophylaxis regimens 

Retiimen St Umis^'' Tiiranlo Pillshurgh 

Ganciclovir None None 

Acyclovir None None None 

Imniunoglo- None None None 
bulin 

R+D+ 5 8 
recipients 
Disease (%) 1 (20) 5 (63) 

R + D - 24 
recipients 
Disease (%) .^(21) 

R+ 8 .i 32 
recipients 
Disease (%) 6 (60) 1 (20) 10(31) 

ToUll 
No. R.X 

None 

None 

None 

13 

6(46) 

24 

5(21) 

45 

17(38) 

Tiironld'^ 

n = b R+D+ 
6 R + D -
P O D O ^ 14; 
10 mg/kg q.d. 
POD 1 5 ^ 9 0 ; 
5 mg/kg 
three times 
a week 

H = 4 R+D+ 
6 R + D -
POD 0 -> yO: 
2400 mg q.d. 

n = 32 
POD 7, 14: 
150 mg/kg 
POD 30, 45, 
60, 75. 90; 
100 mg/kg 

10 

6 (60) 

22 

7 (32) 

32 

13(41) 

Newcastle^" Seullle^'' 

None 

POD 
0 ^ 9 0 : 
600 mg 
t|.d. 

16 

4(25) 

19 

1(5) 

35 

5(14) 

POD 0 -> i 
."i mg/kg b.i 

POD 15 -^ 
5 mg/kg 5 
day.s/week 

None 

None 

15 

5 (33) 

14; 
i.d. 

43; 

Piltshurgh 

POD 
7 ^ 2 1 ; 
5 mg/kg b.i.d. 

POD 
22 -^ 90; 
24(K) mg q.d. 

None 

7 

2(29) 

13 

2(15) 

20 

4 (20) 

Pillshu rgh Piushurf;h 

POD 
7 ^ 2 1 ; 
5 mg/kg 
b.i.d. 
POD 
22 -^ 50; 
5 mg/kg 
q.d. 

None 

None 

25 

10(40) 

22 

5 (23) 

47 

15(32) 

POD 
7 ^ 2 1 ; 
5 mg/kg b.i 

POD 
2 2 ^ 9 0 ; 
5 mg/kg 
q.d. 

None 

None 

10 

1 (lO)' 

19 

4 (21) 

29 

5(17) 

Tolal R.X 

i.d. 

6 8 " 

23(34) 

95 

19(20) 

I78 ' 

.W(22) 

Tolal Ml 

sr" 

29 (.36) 

119 

24 (201 

223 

56(25) 

';) < 0.05 compared lo none by chi-squarc. 
" p < i).i)5 compared lo R+D - recipients tiy elii-square. 
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Table 14 Etiologic agents and time of occurrence of fungal infections 
after lung transplantation at the University of Pittsburgh 

n (%) 

Etiologic isolciles 
Candida species 
Asperf>illu\ species 
Mucor 
Cryplococcus 
Phialophoni repens 
PseudaUt'Scheria species 
Tonilopsis 
Trichophylin 
Dactyiaiia f>allopuva 

Total 

Time of occurrence in da\s posl-lransplunt 
Mean ± 1 SD 
Median 
Range 

27 (38) 
32(45) 

1 
I 
1 
4 
3 
1 
1 

71 

371 ± 6 9 5 
52 
6-2917 

Table 15 Prevalence, site and mortality of fungus infections with or 
without prophylaxis at the University of Pittsburgh 

Recipients 
Infection sites 

Disseminated 
Lung 
Airwav 
Gl 
Brain 
Skin incision 
Mediastinum 
Pleura 
Aorta, pulmonary artery anastomosis 
Skin 
Breast 
Blood 

Mortality 

Prophy 

No (%) 

185 

13(35) 
13 
3 
0 
0 
1 
1 
2 
3 
0 
0 
1 

37 (20) 

18(10) 

'laxis 

Yes {'7c) 

165 

1 (3)-
10 
9 
2 

3 
1 
1 
2 

0 
1 
1 
0 

31 (19) 

7 (4) -

Tolal(%) 

350 

14 
23 
12 
2 
3 
2 
2 
4 
3 
1 
1 
1 

68(19) 

25(7) 

* p < 0.05 compared to no prophylaxis by chi-squarc. 

All of these infections, except one episode of septicemia and one 
infection in an incision, originated in the allograft. By the time of 
diagnosis, 35% of these infections had disseminated to other body 
sites, particularly within the thorax, such as the mediastinum 
(one), pleural space (two) and aortic anastomosis (three)". Fungal 
infection was highly lethal (49% mortality). Eleven (30%) of 
these infections were recognized only at autopsy. 

'Prophylaxis' and treatment 

It was noted, however, that the fungus culture of respiratory tract 
secretions (sputum or BAL) obtained within 2 weeks before a di
agnosis of a fungal infection was always positive whenever true 
infection was present («=8), and was always negative when infec
tion was absent (Table 16). Because of this observation, any 
fungal isolate from respiratory tract secretions has since been 
promptly treated with anti-fungal agents. If a culture from the 

airways of the donor or recipient contains Candida, fluconazole 
(400 mg orally or i.v. daily) has been administered until 4 weeks 
have elapsed since the last positive culture. If Aspergillus has 
been recovered, aerosol amphotericin (5-15 mg three times daily) 
and/or oral itraconazole (400-600 mg daily) have been adminis
tered. When the itraconazole blood level drawn 1-A hours after a 
dose had risen 3^8 /iig/ml, which was usually within 7-10 days, 
the amphotericin was usually discontinued. Itraconazole is contin
ued for 6-12 months after the last positive culture. When the risk 
of Aspergillus infection was high (i.e. symptoms present, abnor
mal chest radiograph. <POD 90 or chronic rejection present) or it 
was not possible to use itraconazole, these isolates have addition
ally usually been treated with i.v. amphotericin (<0.6 mg/kg per 
day) until the itraconazole blood level was therapeutic and/or the 
clinical outcome was improving. 

Since the introduction of this regimen, 31 infections due to 31 
fungal isolates have occurred in 165 at-risk recipients for a preva
lence of 19% (Table 15). The majority of these infections (68%) 
originated in the allograft, all but one infection was detected ante-
mortem, and only one infection (3%) disseminated to other body 
sites by the time of diagnosis. Seven (23%) were fatal. The nine 
airway infections included five episodes of ulcerative tracheo
bronchitis due to Aspergillus, and all were treated successfully"'. 

As compared to the era before prophylaxis, the prevalence of 
fungal infections has not changed (20% vs 19%), but the likeli
hood of dissemination has decreased significantly from 35% to 
3%, and the risk of death has decreased significantly from 10% to 
4%. This is particularly significant since the frequency of isola
tion of fungal organisms from the respiratory tract has increased, 
most probably due to the increasing use of 'prophylactic' antibac
terial antibiotics. Treating all fungal isolates from the allograft 
has resulted in many instances of treating contaminants, 
insignificant infection, and/or 'colonization' because the predic
tive value of a positive culture was only 16% (Table 16). 
Nevertheless, this approach appears to be justifiable because the 
mortality from this infection has decreased significantly, and this 
is most likely a consequence of this intervention. 

Relationship with obliterative bronchiolitis (chronic 
rejection) 

Just as with bacterial pneumonia and bronchitis that occur late 
after transplantation (Table 7), there also appears to be a relation
ship between late fungal infection in the allograft and chronic al
lograft rejection (Table 17). Luckily, only 8% of the recipients 

Table 16 Reliability of a fungus culture of respiratory secretions to 
detect fungus infections in lung recipients at the University of Pittsburgh 
in the pre-prophylaxis era 

Culture 

Positive 
Negative 

Sensitivity 
Specificity 
Positive predict 
Negative predic 

ive value 
live value 

Present 

8 
0 

100% 
92% 
16% 

100% 

Infection 

Absent 

41 
398 
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Table 17 Relationship of fungal infection in the allograft to chronic 
rejection (OR) in recipients who survived > 90 days or > 2 years 
post-transplant at the University of Pittsburgh 

f-'urii;iis infection 

CR+ 
CR-

Total 

Episode/recipienl 

Sunival > 90 tlays 

16/107 = 0.15 
8/134 = 0.04 

24/291 =0.08 

Sun'iviil > 2 years' 

6/78 = 0.08 
2/75 = 0.03 

8/155 = 0.05 

who survived >90 days and 5% of the recipients who survived >2 
years have developed fungus infection in the allograft. However, 
66% of the fungal infections that developed >90 days post-trans
plant and 75% of those that developed >2 years post-transplant 
occurred in recipients with OB. The infection rate was three to 
four times greater in recipients with OB (0.08-0.15 for OB+ 
versus 0.03-0.04 for OB- recipients). This relationship between 
OB and increased risk of fungal infection may be due to: (a) a 
direct effect of an inability of airways damaged by OB to clear 
inhaled fungal spores, (b) an indirect effect of the increased use of 
antibacterial antibiotics used to treat the airway bacterial infec
tion that is also associated with OB, or (c) the use of augmented 
immunosuppression to treat OB. Thus, any fungal infection in the 
allograft >90 days post-transplant should raise a suspicion that 
OB is also present. 

PNEUMOCYSTIS INFECTION 

The overall prevalence of this infection in patients who survived 
>2 weeks post-LTx has been low at 8% (Table 18). Its prevalence 
before prophylaxis was employed was 7 !%''•'. Its prevalence with 
prophylaxis with either (a) one single-strength trimethoprim-
sulfamethoxazole tablet twice or three times per week or (b) 
dapsone 100 mg orally three times per week for recipients who 
are allergic to or intolerant of sulfonamides has decreased 
significantly to 4%. An episode of infection has almost always 
been associated with non-compliance with prophylaxis. 

The majority (69%) of these infections have been detected by 
surveillance BAL procedures in asymptomatic recipients. Clinical 
pneumonia occurred in seven cases (20%), and the infection was 
subclinical in four (11%). This infection has occurred as early as 
POD 13 and at any time thereafter. With mean and median occur
rences of 433 and 166 days post-transplant, respectively, most 
infections (?i=25) have occurred within the first year post-
transplant. 

Table IS Prevalence of Pneumocystis (PCP) infection with and without 
prophylaxis after lung transplantation at the University of Pittsburgh 

Prophylaxis 

No 

Recipients at risk 21 
Recipients with PCP 15(71%) 
Infections 19 

Yes 

338 
14(4%)' 
16 

Total 

359 
29 (8%) 
35 

' p < O.IKK)! compared to no prophylaxis by chi-square. 

EPSTEIN-BARR VIRUS (EBV)-INDUCED 
LYMPHOPROLIFERATIVE DISEASE (PTLD) 

The prevalence of this infection has been 4% at Papworth 
Hospital with three infections in 67 heart-lung transplant recipi
ents"''. It has been 7% at the University of Pittsburgh with 22 in
fections in 325 recipients who survived >30 days post-
transplant'*''**". Eleven episodes (50%) occurred 43-120 days 
post-transplant and 17 (77%) within the first year. Five recipients 
developed PTLD after the first year. Where serology for EBV 
from both donor and recipient was available, six infections oc
curred in R-D+ recipients (27%), two infections occurred in 
R+D+ recipients (9%), and one infection occurred on POD 554 in 
a R - D - recipient. Three R-D-i- recipients have never developed 
PTLD. The initial site of involvement was the allograft in 16 
(73%) recipients, lymph nodes in two recipients, the gastrointesti
nal tract in three, and the brain in one. PTLD disseminated to 
multiple organs in six recipients. 

The first affected recipient was treated with chemotherapy and 
died 45 days later from bacterial sepsis from a bowel perforation 
secondary to a regressing focus of PTLD. The autopsy revealed 
persistent disseminated PTLD and disseminated Cryptococcus in
fection. The initial treatment for all other affected recipients has 
been a major reduction in immunosuppression (by withdrawal of 
corticosteroids and azathioprine and an approximate 75% reduc
tion in the dose of cyclosporin or tacrolimus) until clear evidence 
of regression was present"''. Thirteen patients (59%) achieved a 
remission of all clinically evident disease although, of these, one 
subsequently developed recurrent PTLD, one died of bacterial 
pneumonia, and six developed OB which was fatal in four. Thus, 
there are five remaining recipients (24%) treated only with a tem
porary reduction in immune suppression, who are without PTLD 
or other complications. 

The PTLD did not remit with decreased immunosuppression in 
eight recipients. One received no further therapy and died of bac
terial pneumonia and disseminated PTLD. A second died immedi
ately after retransplantation. Three were treated with alpha-
interferon'"'. The PTLD remitted in two, but one of these devel
oped severe acute rejection which necessitated retransplantation, 
and OB developed in the second allograft. One recipient did not 
respond to alpha-interferon and was retransplanted without 
further sequelae. Three recipients received radiotherapy for what 
was thought to be localized disease. These died from (a) dissemi
nated PTLD and bacterial sepsis, (b) disseminsited Aspergillus in
fection after chemotherapy for disseminated PTLD (PTLD was 
not found at autopsy), and (c) OB (PTLD was localized and did 
remit after radiation therapy) respectively. Overall, the mortality 
has been 50% but that due directly to PTLD has been 23%. 

Thus, PTLD occurs in about 4-7% of LTx recipients usually 
(a) in the first 120 days post-transplant, (b) in recipients at risk of 
primary infection, and (c) with the allograft being the initial site 
of involvement. While remission can be achieved in most with 
decreased immunosuppression alone, morbidity and mortality are 
significant. 

OTHER VIRUSES 

Lung recipients are at risk for significant infection with herpes 
simplex virus (HSV). The prevalence of this infection at 
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Papworth Hospital has been 18% with six episodes of pneumoni
tis, one of which was fatal". However, acyclovir effectively pre
vents serious HSV infection. At the University of Pittsburgh no 
HSV infections have occurred in seronegative recipients who re
ceived an allograft from a seropositive donor (R-D+) when 
treated with acyclovir (400 mg orally three times daily for the first 
3 months). Some episodes of mucocutaneous infection due to 
HSV have occurred after prophylaxis has stopped. 

At the University of Minnesota the prevalence of infection with 
the paramyxoviruses, parainfluenza (PIV), and respiratory syncy
tial virus (RSV), has been 21%, with 19 infections in 18 of 85 at-
risk recipients'^. All were associated with signs and symptoms of 
lower respiratory tract involvement, and nine were also associ
ated with signs and symptoms of upper respiratory tract infection. 
Nine infections (11%) were due to RSV. Only one RSV infection 
was associated with a transient but significant decline in spirome
try, and one untreated RSV infection was fatal. RSV infections 
were seasonal - all occurred between January and June with the 
peak incidence in February. Ten infections (12%) were due to 
PIV, five of which were associated with a significant decline in 
spirometry. There was no seasonality associated with this infec
tion. Fourteen infections were treated with ribavirin, which was 
tolerated by all and efficacious in most patients. 

A few episodes of infection due to adenovirus, influenza, and 
Coxsackie virus'-^ have been reported. At the University of 
Pittsburgh, four of five infections with adenovirus were fatal. All 
other infections of these types have resolved without specific 
treatment. 

MYCOBACTERIA 

Candidates for LTx should receive intradermal skin tests to PPD, 
Candida and mumps, but the appropriate response to a positive 
PPD pretransplant is not clear. The practice at the University of 
Pittsburgh has been to treat those who react to PPD with isoniazid 
(INH) for 1 year before and 1 year after LTx. Infections due to 
Mycobacterium tuberculosis have been rare at all centers. Only 
eight cases have been reported'*'* •** and all have involved the allo
graft between 2 and 20 months post-transplantation. Infections 
isolated to the allograft have all been treated successfully, but two 
disseminated infections were fatal. The prevalence of M. tubercu
losis infection at the University of Pittsburgh has been <I%, with 
only one infection in 299 recipients who survived >60 days post-
transplant. This single episode occurred in a single-lung recipient 
who developed pulmonary and pleural tuberculosis from a pan-
sensitive isolate 64 days post-transplant, while receiving INH pro
phylaxis for a positive pretransplant intradermal PPD skin test. 
The diagnosis was made by recovery of the organism in two se
quential BAL specimens separated in time by 2 months. 
Remission was achieved by eliminating azathioprine, lowering 
the doses of corticosteroids and tacrolimus, and treating the infec
tion with INH, pyrazinamide (PZA), and ethambutol for 1 year. 
(Rifampin was not used, because of the difficulty of maintaining 
adequate blood levels of cyclosporin or tacrolimus with its con
current use.) Remission has continued for >1 year without antitu
berculosis therapy. One further double-lung recipient with 
unsuspected M. tuberculosis in the native lungs had no recurrence 
post-transplant after treatment with INH and PZA (for 4 months) 
followed by INH and ethambutol (for 8 additional months). 

Atypical mycobacteria have been isolated in several instances 
from BAL specimens in asymptomatic recipients at the 
University of Pittsburgh. Treatment has been withheld and no re
cipient has developed disease. M. chelonae infection, however, 
has occurred in a heart-lung recipient about 6 months post-trans
plant'^. This recipient developed OB 2 months after the organism 
was isolated, and died 2 months later from OB and persistence of 
infection, despite the aggressive use of appropriate antibiotics. 
Thus, infection with atypical mycobacteria is a rare but possible 
event. 

INFECTION IN THE NATIVE LUNG 

After single LTx a diseased native lung is left in proximity to the 
allograft. When this lung becomes infected, the infection can be 
transmitted to the allograft or systemically. Infections in the re
maining native lung due to Pseudomonas, Nocardia and espe
cially Aspergillus have occurred and some have been transmitted 
to the allograft. The principles of treatment of these infections 
include a reduction in immunosuppression, administration of ap
propriate antibacterial or antifungal therapy, and consideration of 
surgical resection of the infected native lung'**''. With the in
creasing popularity of single LTx, infection arising in the native 
lung and transmitted to the allograft will be a more frequent 
occurrence. 

INFECTION TRANSMITTED FROM THE DONOR LUNG 

The observation that the presence of bacteria in the airways of the 
donor lung at the time of transplantation was significantly associ
ated with early bacterial infection in the allograft led to the 
concept that the donor could transmit infection to the recipient'^ 
This was subsequently demonstrated in a canine model'^. While 
inocula into the lung of lO'' colony-forming units (cfu) of 
Streptococcus pneumoniae did not cause pneumonia in normal or 
even immunosuppressed dogs, inocula of only 10' cfu given to 
donors resulted in pneumonia in all recipients. Thus, a minimally 
infected donor lung appears to be very susceptible to the subse
quent development of bacterial pneumonia in the immunosup
pressed recipient. In the canine model, treatment of infected 
donors with antibiotics prevented pneumonia from occurring in 
the recipients. In the human situation, broad-spectrum antibiotics 
are begun preoperativeiy and adjusted postoperatively according 
to the results of cultures taken from the airways of the donor at 
the time of transplantation. This is the most likely reason for the 
marked decrease in the prevalence of early bacterial pneumonia at 
the University of Pittsburgh (Table 6) and for the low rate of early 
infection at Papworth Hospital, where only two of 19 early infec
tions in 125 heart-lung recipients (2%) were felt to be donor-
acquired"*. It is also suspected that fungi in the airways of the 
donor carry a high risk of causing fungal infection in the recipi
ent. Hence, such isolates are commonly 'prophylactically' treated. 

In this era where CMV-negative blood products are employed 
with any seronegative recipient (R-), it is evident that allografts 
from CMV-seropositive donors (D-i-) very effectively transmit 
CMV disease to the recipient (Table 12). In fact, prevention of 
this transfer from the donor is a challenge yet to be solved. It also 
appears that the majority of the episodes of EBV-induced PTLD 
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that occur as a consequence of primary infection result from 
transmission of EBV virus from the donor lung to the recipient. 
Preventing or ameliorating this transfer is another challenge for 
the future. As has been demonstrated for tuberculosis'̂ "*, the donor 
is probably capable of transmitting any type of infection to the 
recipient, including hepatitis C and the human immunodeficiency 

COMMENT 

Although infection as a cause of morbidity (Table 3) and mortal
ity (Table 1) has decreased significantly, it remains the primary 
cause of morbidity and mortality after LTx. The advances that are 
responsible for the decline in the toll exacted by infection include 
the use of: (a) antibacterial and antifungal agents to treat organ
isms in the airway of the donor at the time of transplantation and 
when OB is present, (b) CMV-negative blood products when the 
donor and recipient are seronegative (R-D-), (c) ganciclovir to 
treat CMV disease, (d) ganciclovir for at least 2 weeks post-
transplant when the recipient is seropositive (R+), (e) antifungal 
agents when fungi are recovered from the allograft, (f) trimetho
prim-sulfamethoxazole or other agents to prevent Pneumocystis 
infection, (g) frequent bronchoscopy with BAL and TBBx to 
assess the allograft'^-*\ and (h) fewer empiric pulses of aug
mented immunosuppression to treat clinical rejection. The im
provement in survival after LTx over the past decade has been 
largely due to the advances made in the control of infection. 

Challenges still remain! As the current trend is of increasing 
immunosuppression to try to prevent or ameliorate acute rejec
tion, and thus try to prevent the subsequent development of OB^-, 
our challenge will be to prevent an upsurge in post-transplant in
fections. The optimum regimens (a) to prevent and treat bacterial 
and fungal infections, (b) to prevent CMV disease in R-D+ recip
ients, and (c) to prevent EBV-induced PTLD are still to be dis
covered. The current approach of treating so many bacterial and 
fungal isolates is not cost-effective in today's environment of cost 
containment, and may well promote the development of antibi
otic resistance. Thus, although much has been accomplished, 
much remains to be done to minimize the morbidity and mortality 
related to infection after lung transplantation. 

References 
I Dauber HH. Parudis IK, Duninier JS. Infectious complicalions in puImonar>' allo-

gratt recipients. In; Cirossman R, Muurer J. editors. Pulmonary consideration in 
transplantation clinics in chest medicine. Philadelphia, PA; Saunders; I98();22;29l. 

2, MaurerJR. Tullis H, Grossman RH et al. Inreclious complications lollowing iso
lated lung transplantation. Chest. 1992:101 ;1056. 

3, Paradis IL. Will iams P. Infections alter lung transplantation. In: Sarosi GA. 
Trulock EP, editors. Infectious complications of transplanialion. Seminars in respi
ratory infection. Philadelphia. PA; Saunders; 1993;8:2()7. 

4- Dummcr JS, Hardy A. P<;x>rsaltar A. Ho M. Early infections in kidney, heart and 
liver transplant recipients on cyclosporin. Transplantation. I983;36:259, 

5. Dummer JS. Montero CG. Paradis IL et a!. Infections in heart-lung transplant re
cipients. Transplantation. iySf>;41:725. 

6. Hoftlin JM, Pota.sman I. Baldwin JC c/ al. Infectious complications in heart trans
plant recipicnls receiving cyclosporin and corlicosleroids. Ann Intern Med. 
1987:llKi:2()9. 

7. Br(K)ks RG. Hofflin JM. Jamieson SW. Stmson EiB. Rcmingtim JS. Infectious com
plications in heart-lung transplant recipients. Am J Med. 1985:79:412. 

8. Hoscnpud JD. Hcrshbcrger RH, Pantcly GA et al. Late infection in cardiac allo
graft recipients: profiles, incidence and outcome. J Heart Lung Transplant . 
1991; 10:380. 

9. Mancini MC, GrilTith BP, Tauxe WN. Assessment of ciliary function in the tra
cheobronchial tree of the hear t - lung transplant recipient. Surg K>rum. 
I987;38:3(H). 

10. Dolovich M. and the Toronto Lung Transplant Group. Muco-ciliary function in 
patients following single lung or lung-heail transplantation. Am Rev Respir Dis. 
I987:(35;A363. 

11. Shankar S. Fulsham L, Read RC d al. Mucociliary function after lung transplanta
tion. Transplant Proc. 1991:23:1222. 

12. Read RC. Shankar S. Rutman A et al. Ciliary beat frequency and structure of recip
ient and donor epithelia following lung transplantation. Eiur Respir J 1991 ;4;796, 

13. Horve P and the Paris-Sud Lung Transplant Group. Impuinnent of bronchial mu
cociliary clearance in long-term survivors of heart-lung and double-lung transplan
tation. Chest. 1993; 103:59. 

14. Paradis IL, Marrari M. / e e v i A et al. HLA phcnotypc of lung lavLigc cells follow
ing heart-lung transplantation, J Heart Transplant. 1985:4:422. 

15. /-cnati M, Dowling RD, Dummer JS et al. Inllucnce of donor lung on the develop
ment of early infections in heart-lung transplant recipients J Heart Transplanl, 
1990:5:502. 

(6. Dowling RD, Zenati M, Yousem SA ei al. Donor-transmitted pneumtmia in experi
mental lung allografts. Successful prevention with donor antibiotic therapv. 
J Thorac Cardiovasc Surg. 1992;I03:767, 

17. Guilingcr RA, Paradis IL, Dauber JH ft al. The importance of bronchoscopy with 
transbronchiaJ biopsy and bronchoalveolar lavage in the management of lung 
transplant recipients. Am J Respir Crit Care Med. 1995:152 ;2031. 

18. Martinez JAB, Paradis IL, Dauber JH et al. Spirometry values in stable lung trans
plant recipients. Am J Respir Cril Care Med. (In press). 

19. Thorpe JH, Baughman RP, Frame 1^'. Wesseler T . \ . Stancck JL. Bronchoalveolar 
lavage for diagnosing acute bacterial pneumonia. J Infecl Dis. 1987:155:855. 

20. Kahn HW, Jones JM. Diagnosing baclerial infection by hronchoaKeolar lavage. 
J Infecl Dis. 1987;I55:862. 

21 . Chaslre J. Fagon JY, Soler P et al. Diagnosis of nosocomial pneumonia in intu
bated patients undergoing ventilation: comparison oi the usefulness of bron
choalveolar lavage and the protected specimen brush. Am J Med 1988:85 499. 

22. Johanson WG. Seidenleld JJ, Gomez P, de los Santos R. Coalson JJ. Bacterittlogic 
diagnosis of nosocomial pneumonia following prolonged mechanical ventilation. 
Am J Respir Dis. 1988.137:2.59. 

23. Torres A, de la Bellacasa JP, Xaubert A et al. Diagnostic value of quantitative cul
tures of bronchoalveolar lavage and telescoping plugged catheters in mechanically 
ventilated patients with baclerial pneumonia. Am Rev Res[iir Dis. 1989:140:306. 

24. Meduri GU. Chaslre J. The staiidardi/alion o\ bronchovcopic techniques for venii-
lalion-associated pneumonia. Chest. 1992:1()2:557S. 

25. Chaslre J. Fagon JY. Soler P, et al. Quaniitication of BAL cells containing intracel
lular bacteria rapidly identiiies venlilated patients with nttsoconiial pneumonia. 
Chest. 1989:95:190S. 

26. Neiderman MS. Torres A, Summer W. Invasive diagnostic testing is not needed 
routinely to manage suspected ventilator-asscKialed pneumonia. Am J Respir Cril 
Care Med. I994;I50;565. 

27. Chaslre J. Fagon JY. Invasi \e diagnostic testing should be routinely used to 
manage ventilated patients with sus[x:cled pneumonia. Am J Respir Cnt Care Med. 
1994; 150:570. 

28. Marquette CH, Copin MC, Wallet F et al. Diagnostic tests for pneumonia in venli-
laled patients; prospective evaluatitm of diagnostic accuracy using histology as a 
diagnostic gold standard. Am J Respir Cn t Care Med, 1995; I 51 ;1878. 

29. Chaslre J, Fagon JY, Bornel-Lecso M et al. H\atuation of bronchoscopic tech
niques for Ihe diagnosis of nosiKttmial pneumonia. Am J Respir Cril Care Med. 
1995:152:231, 

30. Stover DE. Zaman MB. Hajdu SI cr al Bronchoalveolar lavage in the diagnosis of 
diffuse pulmonary intilfratcs in the immunosuppressed host. Ann Intern Med. 
1984:101:1. 

31. Broaddus C, Dake MD. Stulharg MS el al. Bronchoalveolar la\'age and 
iransbronchial lung biopsy for the diagnosis of pulmonary infections in the ac
quired immunodchciency syndrome. Ann Intern Med. 1985:102:747. 

32. Pisani RJ. Wnghl AJ. Clinical utility of bronchoalveolar lavage in immunocom
promised hosts. Mayo Clin Pr(K. I9*)2:67;22l. 

33- Higenboltam T, Stcwarl S, Penketh A, Wallwork J. Transbronchial lung biopsy for 
the diagnosis of rejection in heart- lung transplanl patients. Transplanlalitm, 
I988;46:5.32. 

34. Yousem SA. Paradis IL, Dauber JH, Cinffilh GP. Ffficacy of iransbronchial lung 
biopsy in the diagnosis of bronchiolitis obliterans in heart-lung transplant recipi
ents. Transplantation. I989;47;893, 

35. Yousem SA, Paradis IL, Griffith BP. Can iransbronchial lung hiopsv aid in ihe di
agnosis of bronchiolitis obliterans in lung transplant recipients? Transplunlation. 
1994:57:151. 

36. Paradis IL, Duncan SR. Dauber JH et al. Distinguishing between infection, rejec-
lion and the adult respiratory distress syndrome after human lung iransplanlaiion, 
J Hcan Lung Transplant. 1992:1 l ;232s ' 

37. Paradis L Yousem S. Griffilh B. Airway obstruction and bronchiolitis obliterans 
after lung transplantation. In: King TL, editor. Clinics in chest medicine, 
Philadelphia, PA; Saunders; 1993:24:751. 

38. Maurcr JR. Lung transplanialion bronchiolitis obliterans. In: Hpler GR. editor, 
Disea.ses of ihe bronchioles. New York: Raven Press; 1994:275. 

540 



INFECTION AFTER LUNG TRANSPLANTATION 

39. Sncll GI. dc Hoyas A, Krajden M. Winton T. Maurer JR. Pseudomomis ccihuid in 70. 
lung iran.splanl rccipicnls with cysiic libmsis. Chest. I993;i03:466-

40. Lcwislon N, King V. Umclsu I) ct al. Cystic (ibrosis patients who have undergone 
hcarl- lung trunsplanlatioii benefit IVoni maxillar) sinus antrostoniy and repeat 71 . 
sinus lavage. Transplant Proc. 1991:23:1207. 

41 . McGowan JE. Anti-microbial resistance in hospital organisms and its relation to 72. 
amihiolic use. Rev Intcel Dis. 19K3;5:1033, 

42. Sanders WE. Sanders CC. Inducible /^-lactamases: clinical and epidemiologic im
plications tor use of newer cephalosporins. Rev Infect Dis. 1988:10:830. 73. 

43. Peterson LP. Quick JN, Jensen B ci al. Emergence of ciprofloxacin resistance in 
nosocomial methiciIlin-resistant ,V. cmrcit.\ coloni /a t ion. Arch Intern Med, 
1990:150:2151. 74. 

44. Trucksis M. Hooper DC. Witlfson JS. Emerging resistance lo fluoroquinolones in 
staphykKocci: an alert, {Editorial) .Ann Intern Med. 1991:1 14:424. 

45 . Chow JW. Fine MJ, Shales DM et al. F.nierfthaclcr bacteremia: clinical features 75. 
and emergence oi' antibiotic resistance during therapy. Ann Intern Med. 
1991:115:585. 

46. Ncu HC. The crisis in antibiotic resistance. Science. 1992:257:1064. 76. 
47. Kunin CM. Resistance to anti-microbial drugs. A worldwide calainitv. Ann Intern 

Med. 1993:118:557, 
48. Meyer KS, Urban C. Bagan JA, Bcrger BJ. Rahal JJ, Nosocomial outbreak of 77. 

Klebsiella infection resistant to late-generation ccphalospt)rins. Ann Intern Med. 
1993:119:353 

49. Pear SM. Williamson TH. Beltin KM, Gerding DN. Galgiani JN. Decrease in 78. 
nt>socomiaI Closlridiiiin (/('//iri/c-associated diarrhea by restricting clindamycin 
use, Ann Intern Med. 1994:120:272. 

50. Wel le rTH. The cytomegalovirus: ubiquitous agents with protean clinical findings. 79. 
N Engl J Med. 1971:285:203. 267, 

51 . Dumincr JS. White LT. Ho M el al. Morbidity of cytomegalovirus infection in re
cipients of heart or heart-lung transplants who received cyclosporin. J Infect Dis. 80. 
1985:152:1182. 

52. Burke CM, Glanville AR. Macoviak J.A el al. The spectrum of cytomegalovirus in- 81. 
feci ion following human heart lung transplantation. J Heart Transplant. 
1986:5:267. 

53. Duncan AJ. Dummor JS. Paradis IL el al. Cytomegalovirus infection and survival 82. 
in pulmonary transplant recipients. J Heart Lung Transplant, 1991J 0:638. 

54. Maurer J. Tullis E, Scavuz/o M. Patterson GA. Cytomegalovirus infection in iso- 83. 
latcd lung transplant recipients, J Heart Lung Transplant. 1991,10:647. 

55. Smyth RL. Scott JP. Bory.siewic/ LK c/ al. Cytomegalovirus infection in 84, 
heart-lung transplant recipient.s: ri.sk factors, clinical associations and response to 
treatment, J Infect Dis. 1991; 164; 1045. 

56. Duncan SR, Paradis H., Yousem SA et ui Sequelae of cytomegalovirus 85. 
pulmonary infections in lung allograft recipients. Am Rev Respir Dis. 
1992;146:1419, 

57. littinger NA. Bailey TC, Trulock EP el al. Cytomegalovirus infection and pneu- 86. 
monitis. Impact after isolated lung transplantati(m. .Am Rev Respir Dis, 
1993:147:1017. 

58. Zcevr A, Uknis MH. Spichty KJ ci al. Proliferation of cytomegalovirus primed 87. 
lymphocytes in bronchoalveolar lavage from lung transplant patients. 
Transplantation. 1992:54:635. 

59. Gleavcs CA. Smith TF. Shuster EA, Pearson GR. Comparison of standard lube 88. 
and shell vial cell culture techniques lor the detection of cytomegalovirus in clini
cal specimens. J Clin Microbiol. 1985:21:217. 

60. Paya CV. Wold AD. Smith TF. Detection of cytomegalovirus infections in speci- 89. 
mens other than urine by the shell vial assay and conventional tube cell cultures. 
J Clin Microbiol. 1987:25:755. 

61 . Paradis II.. Grgurich Wl-, Dummer JS, Dekker A. Dauber JH. Rapid detection of 90. 
cytomegalovirus pneumonia from lung la \age cells. Am Rev Respir Dis. 
1988:138:697, 

62 Crawford SW, Bowdcn RA, Hackman RC el al Rapid detection of cy- 91 . 
tomegulovirus pulmonary infection by bronchoalveolar lavage and centrifugation 
culture. Ann Intern Med. 1988:108; 180. 92. 

63. Emanuel D. Peppard J. Stover D el al. Rapid immunodiagnosis of cytomegalovirus 
pneumonia by bronchoalveolar lavage using human and murine monoclonal anli- 93. 
Wxlics. Ann Intern Med. 1986:104:476. 

64. van der Bij W. Schinn J. Torensma R ei al. Comparison between vircmia and anli-
genemia (Or detectit)n of cytomegalovirus in blood. J Clin Microbiol. 94. 
1988:26:2531. 

65. Gerna G. Revello MG, Percivalle F̂  et al. Quant i treat ion of human cy- 95. 
tomegalovirus viremia by using monoclonal antibodies to different viral proteins. 
J Clin Microbiol. 1990;28:2681. 96. 

66. Ho M. Cytomegalovirus: biology and infection. New York; Plenum; 1991. 
67. Erice A. Holm MA. Gil! PC ei al. Cytomegalovirus (CMVi anugencmia assay is 97. 

more sensitive than shell vial cultures for rapid detection of CMV in polymor
phonuclear bkxKl Icukwylcs. J Clin Microbiol. 1992;30;2822. 

68. Cussol SA, Poon MC. Pal R cl al. Primer-mediated enzymatic amplihcalion of ey- 98. 
tomegalovirus (CMV) DNA. Application to the early diagnosis of CMV infection 
in marrow transplant recipients. J Clin Invest. 1989:83:1 109. 99. 

69. Jiwa NM. Gemcrt GW. Raap AK et al. Rapid detection of human cytomegalovirus 
DNA in peripheral hkKKl leukocytes of viremic transplant recipients by the poly- 100. 
merase chain reaction. Transplantation. 1989:48:72. 

vonWillebiand E, Pcttcrsson E. Ahouen J. Hayry P. CMV infection. Class II 
antigen expression, and human kidnev allograft rejection, Traiisplaniaiitin. 
1986:42:364 
Khoury E, Percira L. Greenspan F'S. Induction of HLA-DR expression on ihyiord 
follicular cells by cytomegalovirus infection in vilro. Am J Pathol. 1991; I 38; 1209. 
Bando K. Paradis IL. Konishi H ei al. Obliterative bronchiolitis after lung and 
heart-lung transplantatioit: An analysis of risk factors and management, J Thorac 
Cardiovasc Surg. 1995:110:1. 
Geist LJ. Monick MM. Slinski MF, Hunninghake GW. Cytomegalovirus immedi
ate early genes prevent the inhibitory effect of cyclosporin A on interleukin 
2 gene expression. J Clin Invest- 1992:90:2136. 
Duncan SR. Paradis IL. Dauber Jl l el al. GancicUnir prophylaxis tor cy
tomegalovirus infections in pulmonary allograft recipients. Am Re\ Respir Dis, 
1992:146:1213. 
Duncan SR, Grgurich WF. lacono AT et al. .\ comparison of ganciclovir and acy
clovir to prevent cytomegalo\irus alter lung transplantation. ,'\m J Respir C r̂it Care 
Med. 1994:150:146. 
Bailey TC. 1 rulock FP. Flttinger N, \ et al. Failure of prophylactic garrcichn ir to 
prevent cvtomegalosirus disease in recipients of lung transplarrls. J Infect Dis. 
1991:165:548. 
Maurer JR, Snell G, de Hoyos A. Kesten S, Winton T. Outcome of lung transplan
tation using three different cvtomegalovirus prophylactic regimens. Transplant 
Proc. 1993:25:1434. 
Gould FK. Freeman R, Ta\ lor CF! et al. Prophylaxis and management o\' cy
tomegalovirus pneumonitis after lung transplantatron: review ol experience in one 
center. J Hear! Lung Transplant. 1993:12:695. 
Kelly JL, Albert RK. Wood DF.. Raghu G. Ffficacy of a 6-week prophylactic gan
ciclovir regimen and the role of serial cylomegalo\i ius antib<Kly testing in lung 
transplant recipients. Transplantation. 1995:59:1 144. 
Drew WL, Ives D. Lale/.ari JP et al. Oral ganciclovir as maintenance treatment for 
cytomegalovirus retinitis in patients with .AIDS, N Kngl J Med. 1995:333:615. 
Kramer MR. Denning DW. Marshall SF et al. CIcerative tracheobronchitis after 
lung tian.splantation. A nevv form of invasive aspergillosis, .Am Rev Respir Dis. 
1991:144:552. 
Yeldandi V, Laghi V. McCabe M.A et al. A.\peri;illus and lung transplantation, 
J Heart Lung Transplant, 1995:14:883, 
Dowling RD, Baladi N. Zenati M ei al. Disruption of the atntic anastomosis after 
heart-lung transplantation. Ann Thorac Surg, 1990:49:1 18 
Gry/ari S. Paradis IL. Zeevi A el al. Unexpectedly high incidence of Pfje/imccv.vVfv 
carinii infection alter heart-lung transplantation: implications tor lung detense and 
allograft survival. Am Rev Respir Dis. 1988:137; 1268. 
Gray J. Wreghitt TG. Pavel P el al. Flpsteln-Harr virus infection in heart and 
hear t - lung transplant recipients; incidence and clinical impact. J Heart Lung 
Transplant, 1995:14:640. 
Armitage JM. Kormos RL, Stuart S el al. Posl-transplani lymphoprolifeiative 
disease in thoracic organ transplant patients: ten years of cyclosporin-based im
munosuppression. J Heart Lung Transplant, 1991:10:877. 
Randhawa PS. Yousem SA, Paradis IL et al. The clinical spectrum, pathology and 
clonal analysis of Epstcin-Barr virus-associated lymphoprolilcraiive disorders in 
heart-lung transplant recipients. Am J Clin Pathol. 1989:92; 177, 
Nunley D, Dauber J, lacono A el al. len year experience with post-transplant lyiii-
phoproliterative disease tollov\ing lung transplantation. .Am Rev Respir Crit Care 
Med 1994:149:A73I. 
Slar/1 TE. Porter KA. Iwalsuki S et al. Reversibility of lymphomas and lympbo-
profifcrative lesions devefoping under c \c losporin steroid therapy. Lancet. 
1984:1:583. 
Shapiro RS. Chauvenet A. McGuire W, Pearson A, McGlava P. Treatment of M 
cell lymphopioliferati\e disorders v^ith interleron-a and intravenous gamma gk>bu-
lin. N Engl J Med. 1988:318:1334. 
Smyth RL. Higenbotlam TW. Scott JP et al. Herpes simplex virus infectitm in 
heart-lung transplant recipients. Transplantation. 1990:49:735, 
Wendt CH, Fox JMK. Hertz Ml. Paramyxovirus infection in lung transplant 
recipients, J Heart Lung Transplant. 1995:14:479. 
Wreghitt TG. Taylor CED. Bahatvala JE. Bryant J, Wallwork J. Concurrent cy 
tomegalovirus and coxsaekie B virus infections in a heail-lung transplant recipient, 
J Infect, 1986:13:51, 
Carlscn SE, Bergin CJ. Reactivation of tuberculosis in a donor lung after transplan
tation. Am J Radiol. 199();L54:95, 
Dromcr C, Nasbcf S, Velly J, Martigne C. Courand L. Tuberculosis in transplanted 
lungs. J Heart Lung Transplant. 1993; I 2:924. 
Miller RA. Lanza LA, Kline JN, Geist LI. Mvctfhaeteriiwt lubereulosis in lung 
transplant recipients. Am J Respir Crit Care Med. 1995:152:374. 
TrukKk EP, Bolman RM. Genton R. Pulmonary disease caused by Mynthaeterium 
cheUmae in a heart-lung transplant recipient with obliterative bronchiolitis. Am 
Rev Respir Dis. 1989:140:802. 
Colquhoun IW, Gascoigne AD, Gould K, Corns PA, Dark JH. Native pulmonary 
sepsis after single lung transplanlatiim. Chest. 1991:52:319. 
Horvalh J. Dummer S. Loyd J et al. Infection in the transplanted and native lung 
after single lung transplantation. Chest. 1993:104:681. 
Ciulli F, Tamm M. Dennis C ct al. Donor-transmitted bacterial infection in 
heart-lung transplantation. Transplant Proc. 1993:25:1155, 

541 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

101. Gottesdiener KM. Transplanted infections: donor-to-host transmission with the al- 103. Simtmds RJ, Holmberg SD. Hurwitz RI. et ai. Transmission of human immuno-
lograft. Ann [ntem Med. 1989;110:1(K)I. deficiency virus type 1 from a seronegative organ and tissue donor. N Rngl 

102. Pereira BJG. Milford EL, Kirkman RL el ul. Prevalence of hepatitis C virus RNA J Med. 1992:326:726. 
in organ donors positive for hepatitis C antibody and in the recipients of their 
organs. N Engl J Med. 1992:327:910. 

542 



58 
Management of Complications of the Airway 
H. DATE AND G.A. PATTERSON 

INTRODUCTION 

In the first 15 years after the first human lung transplantation by 
Hardy, in 1963, there were no long-term survivors despite some 
45 such procedures. Of those patients who survived more than 2 
weeks, the majority died as a result of bronchial dehiscence'. 
Lung transplantation (LTx) is unique among solid-organ trans
plants in that the systemic arterial blood supply is not routinely 
re-established at the time of implantation. Without reconnection 
of the bronchial arterial circulation, airway viability is exclusively 
dependent on a vascular supply by retrograde collateral flow from 
pulmonary to bronchial circulation. Parenchymal pulmonary 
pathology due to poor graft preservation, pulmonary edema, in
fection and rejection may impair pulmonary microvascular circu
lation and reduce this retrograde flow during the critical early 
postoperative period. 

Based on a series of laboratory investigations by J.D. Cooper and 
his colleagues, routine use of omentopexy- and avoidance of high-
dose perioperative corticosteroids'" were thought to be key stra
tegies for the first successful human LTx in 1983"*. However, recent 
studies have demonstrated that omentopexy is not essential and 
early postoperative corticosteroids do not impair airway healing. In 
1991 the San Antonio group demonstrated that acceptable airway 
healing could be expected without omentopexy, with the use of a 
telescoping technique, in a group of patients receiving routine peri
operative corticosteroids^ Improvements in patient selection, pres
ervation methods, surgical technique, and postoperative care 
including better immunosuppression, have reduced the incidence 
of airway complications. However, airway complications remain a 
significant cause of morbidity. Experienced centers have recently 
reported the incidence to be in the range of 7-14%^*. 

TECHNIQUE OF BRONCHIAL ANASTOMOSIS 

Donor and recipient bronchial preparation 

Great care should be taken to avoid unnecessary mobilization of 
the donor and recipient main bronchi. Peribronchial nodal tissue 
is left intact. The main bronchus of the donor is shortened to two 

rings proximal to the upper lobe take-off. The recipient's main 
bronchus is transected just proximal to its bifurcation. 

Bronchial anastomosis 

The technique of bronchial anastomosis is undoubtedly important. 
The ideal technique of bronchial anastomosis is controversial and 
varies from one center to another, yet results appear similar even 
when different techniques are employed. 

Our experience did not show a significant difference in the rate 
of airway complications between end-to-end and telescoped anas
tomoses. Similarly, there was no difference in complication rate 
whether it was the donor or recipient bronchus that was intussus-
cepted. We recommend the use of end-to-end or telescoping tech
nique depending on the difference in bronchial size between 
donor and recipient. It is critical to maintain the natural configura
tion of these bronchi. When the bronchial sizes are equivalent we 
use an end-to-end anastomosis by either simple interrupted or 
figure-of-eight sutures. For a small left bronchial anastomosis we 
recommend simple interrupted sutures. When the discrepancy in 
bronchial size is obvious, we use a telescoping technique employ
ing figure-of-eight sutures. 

Bronchial wrapping 

Coverage of the bronchial anastomosis with healthy tissue may 
improve donor bronchial circulation and contain a bronchial leak, 
should a dehiscence occur. However, no difference has been ob
served in the airway complication rate when various types of 
bronchial wrapping are compared. A prospective randomized 
study recently reported by Khaghani et al^' has demonstrated that 
the incidence of bronchial anastomotic complication after single 
LTx is not affected by wrapping the anastomosis with either 
omentum or an internal mammary artery pedicle. Our current 
standard is to cover the anastomosis with peribronchial nodal 
tissue or mediastinal fat. This is very easy to accomplish in most 
patients. Furthermore, this technique interposes healthy tissue 
between the bronchial and pulmonary artery anastomoses. 
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Bronchial artery revascularization 

The Harefield'-* aod Bordeaux'" groups have both reported suc
cessful bronchial artery revascularization for en^bloc double LTx 
with tracheal anastomosis. We remain unconvinced regarding its 
benefit in patients uodergoing single and indeed bilateral sequen
tial single LTx". Daly and his colleagues from the Mayo Clinic'' 
have reported a small scries of patients undergoing revasculariza
tion following single LTx. We await with interest the long-term 
follow-up of these patients, to determine whether or not such 
revascularization will have any impact on the development of 
oblitcrative bronchiolitis, as has been suggested. 

PREDICTORS OF AIRWAY COMPLICATION 

Wc have recently completed a detailed review of our LTx experi
ence with respect to airway complications. We evaluated 32 
various ciieical factors to identify predictors of airway complica
tion of 348 bronchial anastomoses performed in 229 single 
(SLTx) and bilateral (BLTx) recipients'^. Factors evaluated were: 
(a) recipient factors (age, sex, diagnosis, preoperative steroid 
liistory, preoperative steroid use); (b) donor factors (age, sex, 
PaOj, ischemic time); (c) operative factors (type of transplant, 
side of transplant, requirement for cardiopulmonary bypass, type 
of bronchial anastomosis, suture material, type of wrapping); 
(d) postoperative factors (PflOj, mean systemic pressure, mean 
pulmonary artery pressure, cardiac output, peak airway pressure -
all measured on arrival in the intensive care unit - use of 
prostaglandin El , percentage of allograft perfusion measured by 
quantitative VQ nuclear scintigrapiiy, duration of mechanical 
ventilation, early maintenance steroid use, number of 3-day 
courses of bolus methylprednisolone therapy, total dose of bolus 
methylprednisolone, the first day of bolus methylprednisolone, 
type of cytolytic therapy, transbronehial biopsy-proven acute 
rejection of grade A2 or greater, cytomegalovirus status, biopsy-
proven cytomcgalovira.s pneumonia). 

Airway complications occurred more often following SLTx 
than after BLTx (14.4% versus 7.1%, p <0.05). Modified mattress 
sutures (13.7%) were associated with more frequent compHca-
tions than were simple interrupted sutures (6.6%) or figure-of-
eight sutures (5,5?o) (j? <0.05). Airway complications were 
less commonly encountered in patients ventilated <7 days 
(7.6%) in comparison to patients ventilated >7 days (18.6%) 
(p<0.01). 

Patients receiving SLTx for pulmonary fibrosis and pulmonary 
hypertension have a longer requirement for mechanical ventila
tion as a result of allograft dysfunction'". This may compromise 
collateral bronchial flow more seriously than occurs in bilateral 
grafts in which allograft dysfunction is less commonly encoun
tered. This may explain why complications were more common 
in SLTx bronchial anastomoses than in BLTx anastomoses. The 
relationship between allograft dysfunction and airway complica
tion is further suggested by the fact that airway complications in
creased as the period of mechanical ventilation was prolonged. 
We do not believe that mechanical ventilation in and of itself pre
disposes to increased incidence of airway complications. Indeed, 
Yokomise and his colleagues'^ have previously demonstrated that 
positive end-expiratory pressure augments retrograde collateral 
bronchial mucosal flow. 

A modified mattress suture technique more readily achieves the 
desired intussusception and avoids potential for an obstructive 
fiange of invaginated cartilage that may occur when a standard 
horizontal mattress suture is employed^. However, no strength is 
provided to maintain apposition of the overlapped cartilages 
(Kgurc 1 A). On the other hand, a ligure-of-eight suture provides 
firm strength to maintain apposition between the overlapped carti
lages (Figure IB), although it is somewhat more difficult to 
achieve complete telescoping. 

Perioperative steroid use did not affect airway integrity in our 
experience. It appears that immunosuppression with corticos
teroids may actually enhance donor bronchial viability. The 
Hannover group repctrted improved bronchial blood flow in 
porcine lung allografts when prednisolone was added postopera
tively'*. Whether this is due to better control of rejection leading 
to improved microvascular pulmonary collateral flow or a direct 
effect to enhance local angiogcnesis is not known. We currently 
accept for LTs patients receiving prednisone <20 mg/day preop-
crativcly, and administer methylprednisolone 0.5 mg/kg per day 
immediately after LTx. 

CHRONOLOGIC INCIDEN 
COMPLICATIONS 

AIRWAY 

Three experienced centers have recently reported the incidence of 
airway complication to be in the range 7-14%'"^l The chronologic 

Figure t .4: Mcxiiticd mattress suture. This tecfiniquc holds tlic rings of tlic 
smaller airway to the mucosal surface of the larger airway to avoid potential 
for an obstructing flange of invaginated cartilage. However, no strength is 
given between the two overlapped cartilages. B: Figure-of-eigtit suture. Firm 
strength is given between the two overlapped cartilages although it is more 
difficult to achieve telescoping. (From ref. 13) 

544 



MANAGEMENT OF COMPLICATIONS OH THE AIRWAY 

incidence of airway complications at our center was evaluated by 
separating the recent 229 LTx procedures into three groups: phase 
I, the first 77 transplants; phase II, the next 76 transplants, and 
phase III, the most recent 76 transplants. The airway complication 
rate was significantly reduced to 4.0% in phase III from 10.9% in 
phase I and 14.3% in phase II. No significant technical change 
was made between phases II and III, but postoperative immuno
suppressive therapy and rejection monitoring differed signifi
cantly between these two phases. 

In phase III, low-dose corticosteroid administration from day 1, 
along with induction cytolytic therapy, was routinely employed. 
Rejection therapy by bolus injection of methylprednisolone (MP) 
was mainly based on histologic evidence (transbronchial lung 
biopsy) rather than on clinical diagnosis (such as fever, cough, 
shortness of breath, decrease of arterial oxygen tension). These 
results suggest that the significant improvement in airway healing 
in phase III is likely due to better maintenance of immunosup
pression and rejection surveillance. Fujimura et al.''' have re
ported that healing of the bronchial anastomosis in canine LTx 
correlates closely with the incidence or degree of allograft rejec
tion. We believe it is important to give fimely but not excessive 
MP for the treatment of acute rejection, since pulmonary-to-
bronchial collateral flow will be impaired by infection as well as 
rejection. 

DIAGNOSIS OF AIRWAY COMPLICATIONS 

TTie majority of airway complications are first identified by bron-
choscopic assessment. Patients routinely undergo initial broncho-
scopic evaluation before leaving the operating room and again 
immediately prior to extubation. In our program, routine surveil
lance bronchoscopies are performed at 2-3 weeks, 2, 3, 6, and 12 
months and annually thereafter. It is common to observe a ring of 
whitish slough at the anastomosis at 1-3 weeks. This usually 
heals without requiring clinical intervention. Significant dehis
cence may result in massive air leak (if a chest tube is still in 
situ), pneumothorax, pneumomediastinum, and/or atelectasis with 
obstructive pneumonia. New symptoms of stridor or wheeze 
should initiate bronchoscopic evaluation, which may reveal a late 
stricture or the development of a malacic segment. 

MANAGEMENT OF AIRWAY COMPLICATIONS 

Bronchial dehiscence 

Patchy areas of superficial necrosis of donor bronchial epithelium 
are commonly observed. These areas usually heal without compli
cation. Full-thickness necrosis may be more problematic. Our ex
perience suggests that membranous wall defects generally heal 
without requiring clinical intervention, whereas cartilaginous 
defects often result in some degree of late stricture. 

Most major airway dehiscences are satisfactorily drained into 
the airway at the time of first presentation. Significant dehiscence 
associated with massive air lead, pneumothorax, atelectasis with 
obstructive pneumonia, or pneumomediastinum should be 
managed expectantly. The first treatment is adequate drainage by 
a pleural or mediastinal tube. If the lung remains completely ex
panded with adequate drainage, the leak will automatically seal 

and the airway may heal without significant stenosis. Surgical re
vision of an early anastomotic dehiscence should be undertaken 
only if conservative measures fail, and an adequate length of 
donor airway is available for resuturing'**. 

For BLTx recipients with a unilateral dehiscence, ipsilateral 
pneumonectomy is an option and has been employed success
fully. Retransplantation has been carried out but, in view of the 
donor shortage, is rarely a practical option. It is important to em
phasize that even major areas of bronchial dehiscence will heal 
with adequate drainage. 

We have observed significant dehiscence in 15 anastomoses in 
12 patients. Five patients, including two who underwent retrans
plantation, died of this complication. In another five patients chest 
and/or mediastinal tube placement permitted satisfactory closure 
of the leak. In a further recipient a silastic stent was placed 26 
days after transplantation with a satisfactory result. In one, sudden 
death from unknown cause occurred 3 days after chest tube 
placement. 

Bronchial stenosis 

Chronic airway stenosis should be treated when it causes sputum 
retention, cough, obstructive pneumonia, or deterioration in pul
monary function. A bronchial stricture is generally managed by 
dilatation with serial rigid bronchoscopes. Under general anesthe
sia the tip of the rigid bronchoscope is passed through the steno
sis. One should feel a 'pop-through' sensation. Proximal right 
main bronchial strictures can easily be managed in this way, as 
there is usually a length of donor airway into which the tip of the 
bronchoscope can be passed. However, more distal strictures or 
distal left main strictures can be very difficult to dilate using rigid 
instruments. In these situations we have used dilating balloon 
catheters which can easily be passed through the suction channel 
of a 5.8 mm fiberoptic bronchoscope. Repeated and frequent di
latation (every 7-10 days) will often maintain patency until a 
granulating stricture is covered by mucosa, resulting in perma
nent patency. Web-like stenoses can be managed by laser, but 
great care needs to be taken not to injure the vital normal distal 
donor airway. 

When repeated dilatation fails to maintain adequate patency we 
use silastic endobronchial stents preferentially''*. The stent is 
mounted on the tip of a rigid bronchoscope together with a 
pushing tube'" (Figure 2). With the patient under general anesthe
sia the bronchoscope is maneuvered into the stenotic segment. 
With the pushing tube to hold the stent in place the bronchoscope 
is then withdrawn. Proper placement of the stent is confirmed by 
fiberoptic bronchoscopy. DeHoyos and Maurer-' reported that in
sertion of stents has resulted in dramatic improvement in pul
monary function. Although endobronchial stents are usually well 
tolerated, a few complications may occur after their insertion. 
Proximal displacement is relatively common and requires reposi
tioning. Mucus plugging is avoided by daily use of A'-acetylcys-
teine inhalations. Granulation tissue growing around the end of 
the stent may also cause airway obstruction. Stents placed for 
stricture are usually required only temporarily. After several 
months the airway seems to obtain a degree of rigidity without the 
stent in place. Wire mesh stents (Gianturco) are useful for malacic 
strictures completely lined by epithelium--. They can be placed 
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Figure 2 Silicone slcn! nioiinled fiti Ihe tip t>f .i rigid bronciioscofve. A 

segment from an endotracheal iiibe h;is been used as a siicatli around the brofi-

choscopc proxiinai to ihc proslhe'iis. This sheath is held in place while the 

bronchoscope is wiiharawn- preventing withdrawal of the stent with the broii-

ciwiscope. (Froii! rcf. 20) 

across the upper lobe otifice wit.houl causing occlusion. However, 
they should not be used in the presence of active granulation, as 
fhe growrh oi'gfarnilation throogh tlie interstices causes a stricture 
^\-iihiri ihe stent. 

Schafers ei a/.'-' have reported surgical treatmeni for airway 
cotTipiications, Sleeve resection of a stenotic segment was per
formed in selecied cases. 

We have observed .significant stenosis in 18 anastomoses in 17 
patients after LTx. All but one patient were successfully managed 
by conscrvaiive thcrap)-'. such as dilatatton (17 patients), stent in
sertion ( l ! paiiems), and/or laser therapy (four patients). One 
BLTx. recipient developed complele obstruction in a broricln.is ur̂  
tennedius which couid noi be adequately treated by endoscopic 
means. Nonetheless, even in this circumstance the middle and 
lower lobes remain inflated, presumably by collateral ventilation. 

COMMENT 

.Meticiiious surgical lechriique and rigorous postoperalivc care 
have .significanrty reduced the incidence of airway complication 
following LTx. .At our center the iticideiice is now 4%. The rnâ ^ 
jorily of airway complications can be succcssfplly treated and arc 
rarely fatal. 
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59 
Diagnosis and Management of Bronchiolitis 
Obliterans 
J.M. KRIETTAND S.W. JAMIESON 

INTRODUCTION 

The most common cause of late death after lung transplantation 
has been a progressive and unrelenting deterioration in pulmonary 
allograft function related to the development of obliterative 
airway disease. In the transplantation literature this entity has 
been referred to as bronchiolitis obliterans, obliterative bronchi
olitis, chronic rejection and, most recently, bronchiolitis obliter
ans syndrome. Although the etiology of bronchiolitis obliterans 
remains unclear, it most likely represents a manifestation of 
chronic lung rejection. The current approaches to the diagnosis 
and management of bronchiolitis obliterans are reviewed below. 

HISTORICAL PERSPECTIVE 

The problem of bronchiolitis obliterans was not recognized during 
the initial clinical experience with single lung transplantation prior 
to the 1980s. The reason for this was that the vast majority of pa
tients had died within the first 2 months after lung transplantation 
due to pulmonary infection or acute rejection'. However, the clini
cal course of the lone patient who did survive more than 3 months 
does appear consistent with a diagnosis of bronchiolitis obliter
ans-. This patient developed a gradual decline in lung function and 
gas exchange, and subsequently died of Pseudomonas and fungal 
sepsis 10 months after single lung transplantation. Post-mortem 
examination showed no evidence of acute rejection, but revealed 
abnormalities in the airways with fibrosis. 

The clinical, functional, radiographic, and histologic features 
of obliterative airway disease after lung transplantation were first 
recognized during the early experience in combined heart-lung 
transplantation at Stanford University-'"'. Five of the initial 14 sur
vivors developed progressive deterioration in lung function with 
evidence of bronchiolitis obliterans on lung biopsy^. Although 
case reports indicated that augmented immunosuppression may 
slow progression of pulmonary dysfunction'"", the prognosis for 
long-term survival in the patients with bronchiolitis obliterans 
was quite poor. In 1987 the Stanford group reported a 50% inci
dence of obstructive airway disease following heart-lung 
transplantation'. 

Bronchiolitis obliterans was the indication for the first 
heart-lung retransplantation, performed by the senior author at 
Stanford University in 1984^*. In this particular case the early 
postoperative course after heart-lung transplantation in 1981 had 
been complicated by a systemic cytomegaloviral infection. 
However, the patient recovered and remained well until an 
episode of bacterial pneumonia occurred 36 months after 
transplantation. 

Subsequently, progressive dyspnea on exertion and deteriora
tion in pulmonary function ensued. The diagnosis of bronchiolitis 
obliterans was confirmed by open lung biopsy. Further studies 
demonstrated abnormalities of the pulmonary and coronary vas
culature with small-vessel occlusion, peripheral pruning of pul
monary arterioles and diffuse triple vessel coronary artery 
disease. Despite treatment with high-dose steroids, bronchodila-
tors, and antibiotics the patient's condition rapidly deteriorated. 
After 2 months of mechanical ventilatory support successful 
heart-lung retransplantation was performed. 

As the worldwide experience with heart-lung and lung trans
plantation accumulated from the later half of the 1980s to the 
present time, the significance of bronchiolitis obliterans in limit
ing the long-term survival of lung recipients became even more 
apparent. Early reports suggested a lower incidence of late allo
graft dysfunction due to obliterative airway disease after single 
and double lung transplantation as compared to the experience 
with heart-lung transplantation; however, this initial optimism 
has been proven unfounded. In 1993 an ad-hoc committee of the 
International Society for Heart and Lung Transplantation recom
mended a standardized nomenclature of bronchiolitis obliterans 
syndrome and a severity classification based on degree of deterio
ration in pulmonary function with or without histologic evidence 
of bronchiolitis obliterans'-^. 

CURRENT INCIDENCE 

Clinical and/or histologic evidence of bronchiolitis obliterans has 
been reported in 11-54% of lung recipients surviving more than 6 
months after transplantation""'-. Differences in patient survival 
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intervals and in the definition of bronchiolitis obliterans in reports 
from individual transplant centers account for the variability in 
the reported incidence of'bronchiolids obliterans. 

The relationship between survival inten.'al after transplantadoo 
and the frequency of significant allograft dysfunction (defined as a 
greater than 20% reduction from baseline FEV|) in our scries of 85 
lung transplani procedures at the University of California, San 
Diego, is shown in Figure L As survival interval after transplanta
tion lengthens, the percentage of surviving lung recipients with ev
idence of a significant deterioration in lung function increases. The 
percentage of our lung recipients with bronchiolitis obliterans .syn
drome stage 1 or greater was 14% at 1 year and 32% at 2 years 
after transplantation. At 4 years after lung transplantation over 
50% of surviving recipients demonstrated a greater than 20% re
duction from peak FEV, with 43% of all survivors showing a re
duction in FEV| of greater than 40% (includes BOS stage 2 or 3). 

A recent review of the entire Stanford experience for 
heart-lung transplantation reported actuarial rates of freedom 
from bronchiolitis obliterans of 71% at 1 year, 51% at 5 years, 
and 42%' at 10 years'^'. The Papworth experience with heart-lung 
transplantation in children suggested a higher incidence with an 
actuarial freedom from bronchiolitis obliterans of 37% at 3 years 
after transplantation-". In a scries of 44 double lung transplant 
procedures in patients with cy.shc fibrosis actuarial freedom from 
bronchiolitis obliterans was 59% at 2 years^-. 

Bronchiolitis obliterans has been the most common cause of 
late death in heart-lung and lung transplant recipients surviving 
more than 6 months after transplantation^''"-'. The International 
Society for Heart and Lung Transplantadon Registry data indi
cate that over 50% of all late deaths were related to bronchiolitis 
oblitcrans'-l In our series at the University of California, San 
Diego, 10 of 14 late deaths (71%) have been directly related to 
the development of bronchiolitis obliterans syndrome. 

PATHOGENESIS 

Bronchiolitis obhteraos is a histopathologic term which describes 
a non-specific pattern of airway injury characterized by fibrosis 
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Figure t Percentage of recipients witli bronchiolitis obliterans syndrome by 
survival interval after lung transplantation 
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I,-- ut^ioerans Airway akLralioo and obliterjtne auway disease 
hj \c been unitonii findings in experimirntdl rnodeK of lunp dllo-
iijii-.pLintjiion " Imreascd expn-ssion iif MIU' l i - , II .lUlmrns 
Mil huiiichiolai epithelium and lyiophntvtes ot pulinondiy ally-
uiafl^ ha-, been leported" '" lniniun»<i)toliiioioinciric analy-is ot 
penpheral Wood h mphsK'ytes h.o indic.n^o .\ di-.T!iiit phenot\ptc 
piofile m patients with brimchiohtH obfitriaiis sjinlrotiie t-hara^-
ICM/ed by ihe disappearance ul t'DI'.'+ B cells, a decicase m 
i"l)4^/< 'DK+ ijtni, and an increase m cyti.temc effector T ctlls'" 

The developinenl o| cralL loleiance uidj hi ihc iiicchanom 
vhieh accounts fi-r Uie absent e • T bronchiotins oMilerans ins'>me 
heart-lung and huig revipients 3t hillow-up iiitervab heyond 5-10 
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tiochimcrisin. Iht pieseute of doiioi-deri\ed cell- iii latiou^ 
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tissues and blood of the recipient, is associated witii a low risk for 
bronchiolitis obliterans. Lung recipients with bronchiolitis obliter
ans demonstrated less microchimerism, as well as greater donor-
specific alloreactivity, than recipients without bronchiolitis 
obliterans^"^'. In addition, donor antigen-specific hyporeactivity 
has been correlated with improved long-term allograft outcome"*-. 
In a series of 23 lung recipients surviving at least 1 year after 
transplantation, none of eight recipients showing hyporeactivity 
developed obliterative bronchiolitis, whereas six of the 15 recipi
ents who remained responsive to donor antigens developed bron
chiolitis obliterans. 

RISK FACTORS ASSOCIATED WITH BRONCHIOLITIS 
OBLITERANS 

Frequent or persistent acute lung rejection and infection have 
been identified as the most significant risk factors associated with 
subsequent development of bronchiolitis obliterans after lung 
transplantation'*. Three or more episodes of clinically and histo
logically defined acute rejection within the first 3 months and 
acute lung rejection episodes occurring after the first month have 
been more frequent in the patients who developed bronchiolitis 
obliterans syndrome"*'"•*^"'"*. The occurrence of organizing pneu
monia with acute lung rejection, which may indicate a more 
severe acute rejection episode, has been associated with a six-fold 
increase in the risk for development of bronchiolitis obliterans'*''. 

Experimental and clinical evidence supports a synergistic role 
for infection in the development of chronic airway disease'"^^. 
The majority of lung recipients who develop bronchiolitis obliter
ans syndrome have had an episode of lower respiratory tract in
fection within the preceding weeks or months^'". Factors which 
may contribute to progressive airway injury in lung recipients 
with infection include an impaired iinmunologic response to in
fection related to chronic immunosuppression, an altered cough 
reflex due to denervation and abnormalities in mucus clearance 
which may increase susceptibility of infection, and bronchiectasis 
resulting in an increased risk of recurrent infection in patients 
with bronchiolitis obliterans. 

An association between bronchiolitis obliterans and 
cytomegalovirus (CMV) infection, specifically CMV pneumoni
tis, has been reported"'•^''. One year after lung transplantation 
CMV-ncgative recipients showed significantly better pulmonary 
function than the CMV-positive recipients. In addition, within the 
CMV-positive group a significantly higher incidence of bronchi
olitis obliterans was evident in those patients with CMV pneu
monitis''*'. Immunologic studies have demonstrated up-regulation 
of donor-specific antigen alloreactivity associated with CMV 
infection.''^ 

DIAGNOSIS 

Clinical presentation 

The clinical presentation in lung recipients with bronchiolitis 
obliterans syndrome is quite similar to that of patients with 
chronic obstructive pulmonary disease; however, the time scale 
may be telescoped into a period of months rather than years. In 
almost all cases a deterioration in pulmonary function is evident 

prior to the onset of symptoms. The common symptoms include a 
persistent cough, which may be productive of mucopurulent 
sputum, and worsening dyspnea with exertion. Increasing exer
tional dyspnea may rapidly progress to the need for assisted venti
lation within a period of a few weeks to months. Recurrent 
pulmonary infections are very common in patients with bronchi
olitis obliterans. In the patients with marginal pulmonary function 
such infections may result in a rapid deterioration in clinical 
status with acute pulmonary failure and death. 

Functional assessment 

The changes which occur in pulmonary function after heart-lung 
and lung transplantation have been well described. A gradual im
provement in pulmonary function is typical during the first 6-12 
months after heart-lung and lung transplantation^'* ''". A mild-to-
moderate restrictive ventilatory defect is evident early after trans
plantation, with reduced total lung capacity (TLC) and forced 
vital capacity (FVC), probably related to decreased chest wall 
compliance rather than intrinsic lung dysfunction. This restrictive 
defect improves during the initial 6 months to 1 year following 
transplantation. 

Although a transient acute deterioration in pulmonary function 
may occur with acute rejection, infection, and airway anastomotic 
stenosis, appropriate treatment of these complications generally 
reverses the functional abnormalities immediately. In contrast, 
serial pulmonary function testing in lung recipients who develop 
bronchiolitis obliterans syndrome reveals a significant and pro
gressive reduction in lung function. 

The great variability in time interval from transplantation to 
onset, as well as the rate of deterioration in pulmonary function 
for lung recipients with bronchiolitis obliterans syndrome, is 
demonstrated in Figure 2. In some patients a relentless and rapid 
decline in function occurs. Other patients with clinical evidence 
of bronchiolitis obliterans may remain relatively clinically stable 
and show a more gradual decline in pulmonary function. 
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Figure 2 Variability in survival interval to onset and rale of deterioration in 
FEV| in recipients with bronchiolitis obliterans syndrome: retx. retransplanta-
tion; d, death 
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Table I Clinical staging system for bronchiolitis obliterans syndrome (OB) 

FEV, results Biopsy results 

Stage 0 

Stage I 

Stage 2 

Stage 3 

FEV| more than 80"?̂  of baseline valtie" 

FEV, = 66-807< of baseline value 

FEV'i = 51-65% of baseline value 

FEV, less than 50% of baseline value 

(a) Without pathological evidence of OB 
(b) With pathological evidence of OB 
(a) Without pathological evidence of OB 
(b) With pathological evidence of OB 
(a) Without pathological evidence of OB 
(b) With pathological evidence of OB 
(a) Without pathological evidence of OB 
(b) With pathological evidence of OB 

' Baseline value defined as the average of two previous highest consecutive measurements of FEV,. 

The standardized system for the classification of bronchiolitis 
obliterans syndrome based on serial measurements of forced ex
piratory volume in 1 second (FEVi) and histological evidence of 
bronchiolitis obliterans, as developed by the International Society 
for Heart and Lung Transplantation'-, is shown in Table 1. The 
expected baseline level of peak improvement in lung function is 
variable, depending on both the type of transplant procedure and 
the primary lung disease. For heart-lung and double lung recipi
ents pulmonary function generally returns to normal levels. In 
single-lung recipients with emphysema the expected peak in 
FEV I ranges between 50% and 70% of normal. 

Characteristically, the development of bronchiolitis obliterans 
is associated with combined obstructive and restrictive changes 
in pulmonary function^""*'*''. Forced vital capacity (FVC) and 
FEV| fall in parallel, with the fall in the flow-dependent FEV, 
being more pronounced. Total lung capacity (TLC) falls rather 
than increases, indicating that air trapping does not occur. Indices 
of flow, including the ratio of forced expiratory flow at 50% of 
FVC (FEF5,/FVC), the mean expiratory flow rate between 25% 
and 75% of vital capacity (FEF25_75), and specific airway conduc
tance (iGavi) may be more sensitive than lung volumes in the de
tection of bronchiolitis obliterans syndrome. 

Gas exchange generally remains normal until the later stages of 
obliterative bronchiolitis-"'. With progression of the obliterative 
airway disease arterial hypoxemia and depressed alveolar-arterial 
oxygen gradients are found uniformly. Hypocapnia is charac
teristic until the final stage, when carbon dioxide retention occurs. 

Hemodynamic evaluation in long-term survivors has demon
strated that normal pulmonary arterial pressure, pulmonary vascu
lar resistance, cardiac output, and ventricular function are 
possible after heart-lung and lung transplantation'"". In parallel 
with obliterative airway disease, pulmonary arterial involvement 
may be detected from increasing pulmonary hypertension and 
pulmonary vascular resistance. 

Radiographic features 

The great variability of the chest radiographic findings in lung re
cipients with bronchiolitis obliterans syndrome is demonstrated 
in Figure 3. Common radiographic findings include interstitial 
infiltrates, micronodular opacities primarily involving the lower 
lung zones, and peripheral patchy air-space disease. However, in 
some patients with severe deterioration in lung function the chest 
radiograph may not show significant changes until infection 

supervenes^ 

High-resolution CT scanning may be a more sensitive indicator 
of the early parenchymal and airway changes related to bronchi
olitis obliterans'*'"'''. Examples of serial CT scans in patients with 
and without bronchiolitis obliterans syndrome are shown in 
Figure 4. Common indicators of bronchiolitis obliterans on high-
resolution CT scan include peribronchial and interstitial 
infiltrates, pleural and interlobar septal thickening, and evidence 
of central and/or peripheral bronchiectasis. However, these CT 
scan findings do not appear specific in differentiating between the 
various parenchymal complications including acute rejection, in
fection, and bronchiolitis obliterans''\ 

Pulmonary arteriography may show pruning of the distal pul
monary vessels, consistent with obliterative changes of the pul
monary arterial tree''. The development of bronchiolitis obliterans 
may also be detected on radionuclide lung scans in single-lung 
recipients with pulmonary hypertension by an increase in ventila-
tion-perfusion mismatch. In the heart-lung recipients, similar to 
the chronic rejection seen in heart recipients, coronary angiogra
phy may reveal evidence of diffuse coronary artery disease. 

Histologic and immunologic studies 

Bronchiolitis obliterans is characterized histologically by a 
fibrosing inflammatory process involving the terminal and res
piratory bronchioles^. The earliest histologic abnormalities consist 
of ulcerations of the bronchiolar epithelium with granulation 
tissue containing necrotic epithelial and polymorphonuclear cells 
within the airway lumen. More organized mucopolysaccharide-
laden 'Mason bodies' may form onion-skin-appearing plugs 
within the airway lumen, associated with epithelial thinning and 
squamous metaplasia. 

Progression of these abnormalities results in submucosal 
fibrosis with replacement of the bronchiolar smooth muscle wall, 
interruption of the elastic lamina, and eventual total obliteration 
of the bronchioles by scar tissue. In association with the histo
logic changes in the airways a concentric fibroelastosis of the 
intimal surface and muscular hypertrophy of the pulmonary arte
rioles has been described. Intimal thickening may also be evident 
in the pulmonary venules. 

Lung biopsy, by transbronchial or open techniques, for a histo
logic confirmation of bronchiolitis obliterans, is not routinely per
formed or necessary. However, biopsy may prove useful in the 
identification of other potentially reversible causes of late allo
graft dysfunction, including acute rejection, infection, recurrence 
of the primary lung disease, or post-transplant lymphoprolifera-
tive disease. 
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Figure 3 Speclruin of chest radiographic findings with bronchiolitis ohlifcrans syndroiric. A; Doiib!e-lung recipienl iii ! year and 4 years sricr transplantation. 
Radiograplis show no change in lung fields witii development of slight hyperinfiaiioii B; Left-single-lunu recipienl widi etupliyscma at 1 year and 4 years after 
transplantation. Radiographs show progressive air-space disease in left lower lung field 

The reported sensitivity of tlic transbronchial biopsy technique 
ill the diagnosis of obliterative bronchiolitis lias been liighly vari
able. A high false-negative rate has beeo reported'^, although, the 
University of Pittsburgh reported histologic confirmation of oblit
erative bronchiolitis by transbronchial biopsy in 87% of cases'*. 
In addition, acute bronchitis/bronchioUtis with submucosal granu

lation tissue and a predominance of lymphocytic and plasma cell 
infiltrates on biopsy may be of predictive value for later develop^ 
ment of bronchiolitis obliterans^"^. 

Analysis of the cellular content and function from bronchoalve-
olar lavage has not proved significantly helpful in the diagnosis of 
bronchiolitis obliterans-*. A diagnosis of acute rejection or infec-
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Figure 4 Seri.tl CT scans m ? sjngte-lung rccipiciu witli bn:nchio!itis obliterans syndrome A: Normal C 
later, demoiistratiiig iricreasiiig hronciiicclasis and parcnchyuia! cluinges 

T S'.-ari 4 itmnlhs after transpldnlsiioi!. B: CT scan 1 year 

tion may be suggested by an increase in neutrophils and a de
crease ID pulmonary macrophages. T lymphocytes activated to 
respond to donor-speeilic HLA antigens may be demonstrated; 
however, their preseoce is not necessarily indicative of bronchi
olitis obliterans. Recent data suggest that assessment of donor-
specific antigen reactivity may identify the subgroup of lung 
recipients at highest risk for the development of bronchiolitis 
obliterans, and be predictive of response to augmented 
immunosuppression-'*-'^^. 

IMI Ja l i J i i l «m I " i i f 1 r= l%J I 

fn heart-lung and lung recipients who demonstrate a deteriora
tion in pulmonary function it is extremely important to differenti
ate bronchiolitis obliterans syndrome from other causes of late 
allograft dysfunction as the potential for reversibility and the 
specific therapy indicated may vary greatly. The common causes 
of late allograft dysfunction are listed in Table 2. 

Acute lung rejection, although most common within the first 
few months after lung transplantation, may occur at any time, and 
generally responds to augmented immunosuppression. Both in
fection and post-transplant lymphoproliferative disease would be 
adversely affected by increased immunosuppression, but arc po
tentially curable with appropriately directed therapy. Anastomotic 

Taljle 2 Causes of pulmonary dy.sfunction In lung recipients 

Obliteralivc bronchiolitis 
Acute rejection 
Infection 
Post-transplant lymptioproliferative disease 
Airway anastomotic stenosis 
Recurrence of primary lung disease 
Progression of primary lung disease in the contralateral native lung 

bronchial stenosis, which may be effectively treated by insertion 
of a silastic stent, generally occurs within the first 6 months. 
Recurrence of a variety of primary lung diseases - including sar
coidosis, eosinophilic granulomatosis, and lymphangiolyomy-
omatosis - has been reported in lung recipients. 

In single-lung recipients progression of the primary lung 
disease io the contralateral lung, rather than bronchiolitis obliter
ans, may account for a signiflcant deterioration in pulmonary 
function. For example, in patients with chronic obstructive pul
monary disease, hyperinflation of the native emphysematous lung 
with mediastinal shift and compression of the transplant lung may 
impair allograft function. In selected patients a pneumectomy 
'volume reduction' procedure may result in a significant improve
ment in both clinical symptoms and pulmonary function, as 
demonstrated in Figure 5. 
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Figure 5 Chest radiographs and piilraonary hinclion ilala in a singlc-iung recipient with empliysema. A: X-ray i month after transplantation. B: X-ray 3 years 
after iranspianiatioii '.howinp compression of transplant lung. C: X-ray 3 niuiiths after unilateral pneumoreduction. I): Change in FEV| before and after pneumo-
rediiction 

immunosuppression 

Augmented immunosuppression lias been commonly used in pa-
lients with bronchiolitis obliterans syndrome. Altiiough tiiis treat-
menl may be associated with an improvement in both 
symptomatology and pulmonary function, the effects are gener
ally transient and a significant histologic reversal has not been 

documented. Close surveillance for infection during this period 
of increased immunosuppression is essential. 

Standard treatment regimens have included one or more 
courses of high-dose oral prednisone therapy (100 mg/day with 
gradual taper to maintenance levels) or antilymphocyte antibody 
preparations. Recently, the addition of inhaled steroid prepara
tions or replacement of cyclosporin with FK506 (tacrolimus) has 
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been suggested, although clinical experience to date with these 
regimens has been limited. Although there is no evidence that 
bronchodiiators or aggressive chest physiotherapy reverse the 
process, these may be beneficial in the treatment of acute infec
tious exacerbations. 

Once a substantial deterioration in lung function has occurred, 
the likelihood of a response to augmented immunosuppression 
declines significantly. Therefore, repeated trials of high-dose 
steroids or antilymphocyte antibody preparations are not war
ranted, and significantly increase the risk of supervening and po
tentially fatal infectious complications. 

Retransplantation 

Due to the variable time-course, the risk of recurrent infections, 
and the lack of an effective therapy in patients with bronchiolitis 
obliterans syndrome, early consideration should be given regard
ing the patient's candidacy for lung retransplantation. Current 
limitations in donor availability mandate that this option be re
stricted only to those patients with the highest potential for sur
vival and full rehabilitation after retransplantation. 

In heart-lung recipients, because the obliterative airway 
disease may be associated with accelerated graft atherosclerosis, 
coronary arteriography is a necessary part of the evaluation prior 
to retransplantation. The detection of significant accelerated graft 
atherosclerosis will determine the need for heart-lung replace
ment rather than lung retransplantation. 

Bronchiolitis obliterans has been the most common indication 
for heart-lung and lung retransplantation. A multicenter series of 
retransplant procedures included 32 patients in which the indica
tion for retransplantation was bronchiolitis obliterans^''. Twenty-
eight percent of the patients died within I month after 
retransplantation. One-and 2-year actuarial survival rates were 
41% and 33%, respectively. The recent experience with single 
lung retransplantation after heart-lung transplantation suggests a 
lower early mortality risk than repeat heart-lung transplantation"'. 

COMMENT 

Bronchiolitis obliterans remains a major impediment to successful 
long-term outcome after heart-lung and lung transplantation. As 
treatment options in patients with bronchiolitis obliterans syn
drome are extremely limited, and generally unsuccessful, the 
primary strategy in the management of lung transplant recipients 
should be directed toward the prevention of bronchiolitis obliter
ans. At the present time, optimization of immunosuppression to 
decrease the incidence of early acute rejection episodes, and 
CMV prophylaxis to decrease in the incidence of CMV pneu
monitis, are key areas for potentially minimizing the risk of bron
chiolitis obliterans after lung transplantation. The development of 
techniques for induction of donor-specific graft tolerance holds 
the greatest promise for the future. 
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Pulmonary Retransplantation for Obliterative 
Bronchiolitis 
R.J. NOVICK, H-J. SCHAFERS, L. STITT, B. ANDREASSIAN, W. KLEPETKO, 
R.L HARDESTY, A.E. FROST AND G.A. PATTERSON 

INTRODUCTION 

Despite increasing experience in the postoperative care of lung 
transplant recipients, obliterative bronchiolitis (OB) develops in 
up to 40% of patients in the intermediate term postoperatively'-. 
Although some patients with this condition respond to increased 
immunosuppression'^', in many others chronic allograft dysfunc
tion is resistant to therapy and ultimately causes death from pro
gressive respiratory failure or opportunistic infection. Since 1988 
an increasing number of lung transplant recipients with OB have 
been treated by retransplantation^ '-. The pulmonary retransplant 
registry was established in 1991 in order to document the results 
and determine the predictors of survival after pulmonary retrans
plantation'". Recently, after increased patient accrual, the reg
istry data were updated in order to document the determinants of 
outcome after retransplantation for OB. 

was determined by the Wilcoxon''' and log-rank tests. 
Furthermore. Cox proportional hazards methods'^ were used to 
determine which variables were associated with, and which subset 
of variables were predictive of, survival after pulmonary retrans
plantation for OB. The risk ratio of each variable was expressed 
as a comparison of survival between groups, with a value of 1.00 
indicating no survival difference. A p value <0.0.'S was deemed 
significant. 

Complete pulmonary function test data were obtained in each 
survivor of retransplantation. Bronchiolitis obliterans syndrome 
(BOS) stages were assigned according to standardized criteria, 
based on forced expiratory volume in 1 second (FEV,) values'"'. 
Furthermore, the changes in absolute FEV, values and their per
centage decrease at 1 and 2 years after retransplantation were cal
culated and the statistical difference between values was 
determined by paired, two-tailed ?-tests. 

PATIENTS AND METHODS 

The pulmonary retransplant registry currently contains complete 
data on retransplant patients from 35 North American and 
European centers. Patients who have undergone repeat heart-lung 
transplantation or a heart-lung transplant after a previous pul
monary transplant have been excluded^ ". The status of all study 
patients was updated, with the use of standardized follow-up 
questionnaires, in late 1994. Only patients retransplanted because 
of end-stage OB were included in the study cohort. 

The 15 parameters listed in Table 1 were analyzed in each 
patient. The main outcome variables included survival interval 
after retransplantation, cause of death, functional status and pul
monary function test data in survivors. Study form results were 
tabulated on the FoxPro database system (Microsoft Corporation, 
Redmond, Washington, USA) on a 486 DX2/66 MHz computer. 
Statistical analysis was performed with the SAS Statistical 
Package, version 6.04 (SAS Institute Inc., Cary, North Carolina, 
USA). All data were expressed as mean ± standard error of the 
mean. Actuarial survival was calculated by the Kaplan-Meier 
method" and the statistical difference between survival curves 

RESULTS 

Twenty-six lung transplant centers participating in the pulmonary 
retransplant registry had performed reoperations for OB as of the 
closing date of the study. A total of 72 patients have undergone 
retransplantation for this condition, including 37 patients in 13 
North American centers and 35 patients in 13 European centers. 
The study cohort comprised 43 women and 29 men with a median 
age of 39 years (range 5-62 years). Prior to their first transplant, 
32% had a diagnosis of emphysema, 26% primary pulmonary hy
pertension or Eisenmenger's syndrome, 17% cystic fibrosis. 17% 
restrictive lung disease and 8% miscellaneous conditions. The 
median interval between transplant procedures was 590 days 
(range 195-2358 days). Twenty-seven patients underwent re-do 
single lung transplantation for OB, 11 on the ipsilateral side and 
16 on the contralateral side. Ten patients underwent re-do double 
lung transplantation, 14 double lung transplantation after a 
previous single lung transplant, and 21 single lung trans
plantation after a previous double lung or heart-lung 
transplant. 
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Survival 

The actuarial survival of all patients after retransplantation for OB 
is shown in Figure 1. Of the 72 retransplant recipients, 44 have 
died and 28 are still living. Despite the high early postoperative 
attrition a separate actuarial analysis of 9()-day postoperative sur
vivors indicated that 63 ± 7% were alive 2 years after retrans
plantation. The median follow-up in current survivors is 429 days 
(range 188-1337 days). Twenty-one patients have reached the 
first anniversary, 12 the second anniversary and five the third an
niversary of their retransplants. 

The association of the 15 variables that were analyzed in each 
patient with survival after retransplantation is shown in Table 1. 
Actuarial survival was not statistically different according to the 
age, sex or original diagnosis of the recipients, the waiting time 
or the interval between transplant operations. Life table analysis 
has confirmed that survival after retransplantation for OB has 
been improving in recent years (/; = 0.03 as a continuous 
variable). In particular, actuarial survival was significantly 
higher in patients who underwent reoperation from 1990 to 
1994, as opposed to 1985 to 1989 (p = 0.002). Furthermore, 
actuarial survival was signilicantly increased in patients 

12 15 18 
INTERVAL (months) 

21 2 4 27 3 0 

Figure I Acdiarial survival oC 72 patients underfioing pulmiinary rctransplanlalion for oblileralivi; bronchiolitis. The number of retransplant recipients alive ai 

each time interval is shi>wn at the top of the ^raph 

Table 1 

Viiriahle 

Association of variables analyzed with survival after pulmonary retransplantation for OB 

Uoivariale analysis 

Risk ratio p \ali<e 

Midtirarialc analysis 

AdjusU'd risk raiia p value 

Age 
Sex 
Original diagnosis 
Wailing time 
Interval between operations 
Year of reoperation (1990-94 vs 1985-89) 
Retransplant center (Europe vs North America) 
Type of reoperation (old graft in situ vs not) 
ABO blood group identity 
Donor CMV positivity 
Recipient CMV posilivily 
Presence of CMV misiTiatch 
Ambulatory before retransplant 
On ventilator before transplant 
Institutional experience with > 3 reoperations for OB 

I.()« 
0.90 
1.04 
1.00 
1.00 
0.23 
0.46 
1.22 
0.45 
1.37 
0.90 
2.06 
0.76 
1.01 
0.44 

0.918 
0.726 
0.888 
0.607 
0.25.*) 
0.002 
0.01.3 
0.517 
0.018 
0.309 
0.754 
0.089 
0.385 
0.982 
0.008 

0.14 
0.43 

0.44 

n.s. 
n.s. 
n.s. 
n.s. 
U.S. 

<().(M)1 
0.017 
n.s. 
n.s. 
n.s. 
U.S. 

n.s. 
0.022 
n.s. 
n.s. 

OB. oblileraliVL' bronchiolitis; CMV. cyloniogulo^irus: n.s,. not signilicatit on nuiltixariate analysis; —, risk ratio not calculated, since variable doc^ not enter into niuUivariatc model. 
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100 

• — > 3 RETRANSPLANTS 

O— < 3 RETRANSPLANTS 

JlSEM 

12 15 18 

INTERVAL (months) 
27 30 

Figure 2 Actuarial survival according to institutional experience with pulmonary retransplantation for obliterative bronchiolitis; /) = 0.008 

undergoing reoperation in centers with experience with four or Effect of clinical condition before retransplantation 
more pulmonary retranspiants for OB (Figure 2), as well as in pa- on survival 
tients retransplanted in Europe as opposed to North America Before retransplantation only 43-7̂  of patients were ambulatory 
(higure 3). î g ^j,|g [̂  ,̂jj[ĵ  IJQ meters with or without assistance). By life 

100 

— O — EUROPE 

— • — NORTH AMERICA 

JtSEM 

12 15 18 

INTERVAL (months) 
30 

Figure 3 Actuarial survival according to whether retransplantation was performed in a European or a North American centre; /> = 0.01.^ 
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table and univariate Cox analysis there were no significant dift'er-
enees in actuarial survival between ambulatory and non-ambula
tory patients. Nevertheless, on multivariate analysis, being 
ambulatory immediately prior to reoperation was predictive of" 
survival (Table I). Before retransplantation, 25% of patients were 
ventilator dependent, whereas 75% were not. The survival of ven
tilated and non-ventilated patients was almost identical (Table I). 
No patient with preoperative renal dysfunction requiring dialysis 
and preoperative hepatic failure survived beyond the third postop
erative month after retransplantation. 

Impact of the type of retransplant procedure on 
survival 

Actuarial survival did not differ after the five different types of re-
transplant procedures (Figure 4). In 5 1% of cases an old, retained 
contralateral graft remained ('/( situ after retransplantation, 
whereas in 49% of cases all old grafts had been completely ex-
planted, hi contradistinction to our last report", actuarial survival 
was not different according to whether or not an old graft re
mained in situ after retransplantation (Figure 5). 

identical graft (Figure 6). In the current series, neither donor nor 
recipient cytomegalovirus (CMV) serologic status was predictive 
of survival after retransplantation. Nevertheless, in the nine cases 
of CMV mismatch (CMV-positive donor, CMV-negative recipi
ent), there was a trend toward decreased survival compared to 
patients who did not receive a CMV-mismatched graft at reopera
tion (Figure 7). 

Causes of death 

The predominant cause of death after retransplantation for OB 
was infection (29/44 = 66%), followed by acute failure of the 
second graft (11%), recurrent OB (11%), an airway complication 
(3%) or other causes (9%). The majority of deaths occurred early 
postoperatively, and only 11 patients expired beyond 90 days 
after retransplantation. Infection was the inost prominent cause of 
death at all time intervals after reoperation. Although recurrent 
OB accounted for a significant percentage of deaths in the inter
mediate term postoperatively, only five patients in this series died 
of OB after reoperation for this complication. 

Impact of donor-recipient ABO blood group and 
cytomegalovirus serologic status on survival 

Eighty-one percent of patients retransplanted for OB received an 
ABO-identical graft at reoperation, whereas 19% received a graft 
that was ABO-compatible, but not identical. Actuarial survival 
was significantly better in patients transplanted with an ABO-

Predictors of survival by multivariate analysis 

As shown in Table I, reoperation after 1989, retransplantation in 
Europe and being ambulatory immediately prior to reoperation 
were predictive of survival on multivariate analysis. ABO blood 
group identity and institutional experience with retransplantation 
for OB, which were significant on univariate analysis, did not 
enter the multivariate model. 

• DLT AFTER SLT 
O REDO SLT(IPSILATERAL) 
O REDO SLT(CONTRALATERAL) 
• REDO DLT 
A SLT AFTER DLT OR HLT 

Q L - L 
12 15 18 21 

INTERVAL (months) 
24 27 30 

Figure 4 Actuarial survival according U) llie type of pulmonary retransplant procedure; /; = 0.7X2. DLT = double lung transplant, SLT = single lung transplant, 
HLT = heart-lung transplant 
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• — NO OLD CONTRALATERAL GRAFT 

O— OLD CONTRALATERAL GRAFT 

} +SEM 

12 15 18 

INTERVAL (months) 
24 27 30 

Figure 5 Actuarial survival according to whether an old contralateral graft remained in situ after retransplantation: p = f).517 

100 

— • — ABO IDENTICAL 

— O — NOT ABO IDENTICAL 

{ +SEM 

12 15 IB 
INTERVAL (months) 

24 27 30 

Figure 6 Actuarial survival according to whether an ABO-ideniical or non-ABO-identical graft was used at retransplantation; /; = 0.018 

Functional status, pulmonary function and recurrence 
of OB in retransplant survivors 

Of the 28 current survivors, 12 (43%) are in functional class 1, 11 
(39%) in functional class II, three (11%) in functional class III 
and two (7%) in functional class IV. The BOS stages of retrans

plant recipients at yearly postoperative intervals are shown in 
Table 2. Of note is that the prevalence of stage 3 (i.e. severe) 
BOS was 14% at 1 year, 33% at 2 years and 40% at 3 years after 
retransplantation. Absolute FHV, values decreased by 11 ± 9% at 
1 year and 27 ± 10% at 2 years from postoperative baseline 
values (/? = 0,02, year 2 versus baseline). There were no 

561 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

• — CMV MISMATCHED 

•O— NOT CMV MISMATCHED 

{ tSEM 

12 15 18 

INTERVAL (months) 
30 

Figure 7 Actuarial survival accordinj; to the presence or absence of a cytomegalovirus (CMV) serologic donor-recipieni mismatch at reoperation; 
p = 0.()H9 

Table 2 Bronchiolitis obliterans syndrome stages in 1, 2 and 3 year 
survivors of pulmonary retransplantation for obliterative bronchiolitis* 

Poslopenttivt' 
iiitfrviil 

1 year 
2 years 
? years 

Number of Stiii^e 0 Skine I Slaf;e 2 Stcii^e -^ 
inilii'iil.s 

66<;f 

5w:i 
ur/r 

nwc 
8'/r 
()<:'r 

10% 
8% 
0% 

W/( 
33'7f 

MYi 

' Pcrccnuigcs do iiol add up lo IIMi'v due lo rtninding. 

significant differences in BOS stages or the rate of FEV, decrease 
between single- or double-lung retrunsplant recipients. 

COMMENT 

Despite recent innovative research on the pathogenesis of 
OB'^ -". a coinplete understanding of this condition remains 
elusive. Although increasing experience in the postoperative care 
of lung recipients has reduced the prevalence of OB' - ' , the insidi
ous developr7ient of OB remains a significant threat to intermedi
ate- and long-term survivors of lung transplantation. Until 
therapeutic approaches to prevent or mitigate OB are discovered, 
an increasing nuinber of patients will present with chronic graft 
dysfunction in the years following transplantation, and the appro
priateness of pultnonary retransplantation for OB will continue to 
be debated. 

The pulmonary retransplant registry wa.s established in 1991 to 
document the outcome and predictors of survival after re-do lung 
transplantation\ There are limitations to this, and previous reports 
froin the registry''" that may make it difficult to draw definitive 

conclusions from the data presented. These studies have included 
data collected retrospectively from 26 institutions in North 
America and Europe, each of which has different preoperative 
and postoperative protocols and varying experience in primary 
and re-do lung transplantation. The optimal approach of a 
prospective, randomized trial of pulmonary retransplantation 
versus the best alternative therapy in patients with severe OB will 
probably never be realized, however. Fortunately, the high rate of 
participation by North American and European transplant centers 
in the retransplant registry assures that the study cohort and re
ported outcomes are representative. Furthermore, as the registry 
has become better known, data are increasingly being collected 
prospectively. The sizeable number of patients in the registry has 
increased the statistical power of the outcome analyzes and 
enabled multivariate analyzes to be used to determine factors that 
reliably predict survival after pulmonary retransplantation--. 
Despite increasing patient numbers the dynainic nature of the data 
set increases the probability that the predictors of outcome may 
change from year to year as experience in the operative and post
operative care of pulmonary retransplant patients continues to 
increa.se. 

The most important finding of this study is that the results of 
pulmonary retransplantation for OB are iinproving. The 1-year 
actuarial survival for patients retransplanted in recent years has 
approached 50%. As in primary lung transplantation, infection 
was a major cause of morbidity and mortality both early and late 
postoperatively-'. Of 90-day postoperative survivors. 63 ± 7% 
were alive 2 years after retransplantation. These data indicate that, 
with proper patient selection and miniinization of early infectious 
complications, the survival after pulmonary retransplantation for 
OB can approach that after primary lung transplantation. 
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In this series, improved results were noted in centers withi ex
perience in at least four pulmonary retransplants for OB. The 1-year 
actuarial survival in patients operated on in these centers was 54 
± S% compared to 25 ± 10% in patients undergoing retransplanta-
tion in centers with less experience. Furthermore, patients retrans-
planted in Europe appeared to fare better than those reoperated 
on in North America, with an increased survival in European pa
tients noted in both the life table and univariate Cox analyzes. The 
improved results in patients reoperated in Europe do not appear to 
be due solely to increased operative experience, since only three 
of 13 European centers performed four or more retransplants, as 
opposed to five of 13 North American centers. Moreover, a de
tailed comparison of the other covariates listed in Table 1 in 
European versus North American patients did not readily account 
for the differing outcome. This fact, and the finding that reopera
tion in Europe was also found to be a significant independent pre
dictor of survival in the multivariate analysis, indicates that other 
factors, perhaps involving patient selection, may play a role. 

Although donor CMV status at reoperation appeared to play a 
less important predictive role than in our first paper'', the presence 
of a donor-recipient CMV mismatch resulted in a trend toward 
decreased survival after pulmonary retransplantation (p = 0.09). 
In a large series of primary lung transplantation, donor-recipient 
CMV matching had no influence on the prevalence of biopsy-
proven OB or BOS stage'. Furthermore, a recent report from the 
St Louis International Lung Transplant Registry showed no 
significant difference in survival for any of the CMV donor-
recipient combinations--*. In our series a significant number of 
deaths from infection occurred within the first 90 days postopera
tively, in which CMV was a major offending organism, in concert 
with resistant Gram-negative bacteria and fungi. Perhaps the in
creased doses of immunosuppressive drugs at retransplantation, 
and a more precarious patient condition prior to retransplantation, 
accentuated the morbidity from CMV infection in this series. 

As noted in previous reports from the retransplant registry''", 
ventilator dependence prior to retransplantation did not bias post
operative survival. In a recently reported single center experience 
with pulmonary retransplantation, preoperative ventilator depen
dence also did not adversely affect survival, but did result in a 
marked prolongation of the postoperative intensive-care-unil 
stay'-. Other reports have confirmed that primary lung transplan
tation can be performed in patients who have been on the ventila
tor for less than 3 weeks with a reasonable expectation of 
success-^ Other factors, such as preoperative nutritional and am
bulatory status, are probably more important than ventilatory 
status in determining survival after retransplantation. With in
creased patient accrual to the retransplant registry, being ambula
tory immediately preoperatively has become predictive of 
survival on multivariate analysis. Further follow-up of a larger 
number of patients is required in order to confirm the importance 
and predictive value of ambulatory status on survival after re
transplantation for OB. 

The issue as to whether OB or BOS recur in an accelerated 
manner after retransplantation for this complication is of major 
importance. Actuarial data on the prevalence and severity of OB 
and BOS after primary lung transplantation are sparse. In a single 
center experience, the freedom from stage 3 (i.e. severe) BOS was 
identical in primary and secondary lung transplant recipients at I 
year'-. After 2 years, however, 72% of recipients of primary lung 

grafts were free of stage 3 BOS, as opposed to only 27% of pul
monary retransplant recipients. In the larger number of OB pa
tients followed in the retransplant registry, 86% were free of stage 
3 BOS at 1 year and 67% at 2 years. Furthermore, absolute FEV, 
decreased by only 27 ± 10% at 2 years from postoperative base
line values, similar to the Washington University experience after 
primary lung transplantation'. It is thus evident that although 
some patients develop rapidly progressive BOS after retransplan
tation for this condition, the majority have acceptable pulmonary 
function in the intermediate term postoperatively. There is there
fore no evidence at present that BOS occurs in an accelerated 
manner after a secondary, as opposed to a primary, lung trans
plant operation. 

Until such time as the number of lung grafts available for 
primary transplantation can be increased, the practice of pul
monary retransplantation will continue to raise ethical dilem
mas"-''. In recognition of the experimental nature of pulmonary 
retransplantation it is imperative that only patients most likely to 
survive be offered the option of reoperation. Current evidence 
suggests that pulmonary retransplantation should be performed 
only in highly selected patients with OB who are ambulatory and 
are operated on in experienced centers. Hopefully, further re
search will clarify the pathogenesis of OB and lead to therapeutic 
strategies to prevent chronic graft dysfunction in primary lung 
transplant recipients, thus reducing the number of patients who 
require consideration for pulmonary retransplantation. 
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Lung Transplantation for Cystic Fibrosis 
T.M. EG AN 

INTRODUCTION 

Cystic fibrosis (CF) is the most common lethal genetic disease of 
Caucasians. Although it is a multisystem disease it is estimated 
that 95% of patients with CF will succumb from end-stage pul
monary disease'. Up to 400 patients with CF die annually in the 
United States-. The past decade has seen remarkable advances in 
understanding the pathophysiology of CF, including identification 
of a chloride channel abnormality\ identification of the gene re
sponsible for the chloride channel'*, and creation of a transgenic 
mouse with CF\ Even before the genetic defect was identified, it 
was apparent that the chloride channel epithelial abnormality 
present in CF, evidenced by an altered potential difference\ was 
not manifested in the epithelium of heart-lung grafts in trans
planted CF patients*'. This provided assurance that the pulmonary 
abnormalities observed in CF patients were unlikely to recur fol
lowing lung transplantation. 

Similar remarkable advances have been made in the area of 
thoracic transplantation. Patients with CF, once considered high-
risk candidates for any type of thoracic transplant, are now being 
transplanted, with mortality rates that are less than those for pa
tients with other forms of end-stage lung disease'. 

HISTORY OF LUNG TRANSPLANTATION IN CF 

The first successful heart-lung transplant was performed at 
Stanford University by Reitz and colleagues*. This operation was 
reportedly first performed in a patient with CF in September 1984 
at Harefield Hospital'. Meanwhile, at the University of Toronto, 
techniques were being evolved for isolated lung transplantation. 
In November 1983 the first successful single lung transplant was 
performed'", some 20 years after Hardy's first attempt at the 
University of Mississippi". To circumvent the necessity of heart 
transplantation for patients who required bilateral lung replace
ment, a technique for double lung transplant was developed at the 
University of Toronto'-. The first successful double lung trans
plant using this technique was performed in 1986'\ 

This 'en-bloc' double lung transplant procedure was fraught 
with a distressing incidence of serious airway complications''*. 

Although the en-bloc operation was applied in CF patients at the 
University of Toronto as early as 1987, it became clear that the 
en-bloc double lung transplant had an unacceptable incidence of 
morbidity and mortality. Noirclerc from Marseilles, France, in
troduced a technique of bilateral bronchial anastomoses through a 
sternotomy'\ which substantially reduced the incidence of is
chemic airway complications. Safe extraction of lungs through a 
sternotomy in patients with CF remained an enigma until the so-
called 'clamshell' incision was introduced by the thoracic group 
at Washington University'^. The transverse incision offered 
several advantages, including a better exposure of the pleural 
spaces for safe division of vascular adhesions and the opportunity 
to sequentially transplant lungs, thus avoiding the need for car
diopulmonary bypass in many cases. 

Some controversy still remains regarding the most appropriate 
transplant procedure for patients with CF. Some centers still 
adhere to the notion that heart-lung transplantation is a more rea
sonable alternative because of the low incidence of airway com
plications. The bilateral sequential technique has addressed many 
of these issues. By avoiding transplantation of the heart, recipi
ents are not exposed to the risks of cardiac transplantation and the 
development of graft atherosclerosis'^. The cardiac denervation 
that results from heart-lung transplantation delays heart rate re
sponse to exercise and may reduce exercise performance"*. Some 
surgeons have advocated the so-called 'domino procedure', in 
which CF recipients of heart-lung grafts donate their native heart 
to recipients awaiting cardiac transplantation**. The increasing 
popularity of cardiac transplantation is making heart-lung grafts 
more scarce. 

Initial experience with heart-lung transplantation for CF in 
North America was discouraging. A 1-year actuarial survival of 
42% was reported for 33 CF patients undergoing heart-lung 
transplant at 14 centers in North America between October 1983 
and August 1990". Heart-lung transplantation for CF was more 
popular in European centers. In 1990 Yacoub and colleagues, 
from Harefield, reported 27 heart-lung transplants in patients with 
CF over a 4-year period, with only four operative deaths'*. One-
and 2-year actuarial survival was 78% and 72%, respectively. The 
group from Papworth Hospital, Cambridge, reported a similar 
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experience with 32 patients undergoing heart-lung transplant for 
CF, with a I-year actuarial survival of 73%'". 

Meanwhile in North America, the growth in the number of 
heart transplant centers and the increasing popularity of heart 
transplants resulted in a dramatic decline in availability of 
heart-lung grafts. The bilateral sequential technique of double 
lung transplant was applied to patients with CF with acceptable 
morbidity and mortality^-' --. 

PATIENT SELECTION 

In general, lung transplantation is an option for appropriate 
patients with end-stage lung disease whose risk of death from lung 
disease exceeds the risks associated with transplantation. Other 
factors entering into the selection process include issues related to 
compliance, psychological stability, and an absence of contraindi
cations that would pose an increased risk for the transplant team. 

As candidates for lung transplantation, CF patients pose some 
technical challenges. CF lungs are usually colonized with a variety 
of multiply resistant organisms that have contributed to the de
struction of the organ. The infections result in extensive vascular 
intrathoracic adhesions and a proliferation of systemic bronchial 
vasculature, with encasement of hilar structures in large, well-vas-
cularized lymph nodes. In other respects CF patients are attractive 
transplant candidates. They are frequently young, with life-
threatening disease that is confined primarily to one organ system. 
Their need for ongoing care often results in superior ability to 
manage a complex medical regimen, and also helps identify 
patients in whom compliance has been problematic. 

Pretransplant evaluation seeks to identify patients whose pul
monary functional status and prognosis justify the risks of trans
plant, and whose current health problems will not unnecessarily 
increase the risks of the operation or jeopardize long-term 
success-^ Identification of the most appropriate time for trans
plantation is a difficult aspect of selection. The study by Kerem 
etal. from the Hospital for Sick Children has been helpful in 
identifying predictors of mortality in CF patients--*. Over a 12-
year period, 673 CF patients were followed at one center. During 
this interval 190 patients died. Regression analysis was used to 
determine the relative risk of death within 1 or 2 years from prior 
measurements of pulmonary function, blood gases, and nutritional 
status. Among objective measurements, the FEV, was the most 
significant predictor of mortality in this study, but age and sex 
were also significant for predicting risk. This study found that CF 
patients under the age of 18 with an FEV, <30% predicted had a 
risk of mortality within 2 years of 50%. Patients older than 18 
had a somewhat reduced (40%) risk of death with an FEV, <30%. 
For patients with an FEV, <20%, the risk of death within 2 years 
increased to 70% for young patients and 58% for patients aged 
19-44. The risks were higher in females, and weight for height 
<70% predicted was also particularly worrisome. Patients with 
room airpOi below 55 mmHg orpco2 above 50 mmHg also had a 
2-year mortality rate above 50%, Pulmonary function tests (PFTs) 
are not the sole criterion for patient selection. A history of reduc
ing exercise tolerance, increasing requirements for hospitalization 
or intravenous antibiotic therapy, institution of supplemental 
oxygen, and difficulty maintaining weight all portend a poor 
prognosis for CF patients. 

In our experience, mortality on the waiting list is associated 
with a significantly lower FEV, than that for li.sted patients who 
survive long enough to be transplanted-^'. Of 95 CF patients seen 
here over a 3T-year interval, 67 patients were listed or trans
planted, with 11 patients dying on the waiting list. Only 12% of 
referrals were judged to be too well at the time of assessment and 
were followed. Absolute contraindications to lung transplant for 
CF patients include an inability to tolerate systemic steroids, renal 
insufficiency (because cyclosporin is so nephrotoxic), a history of 
previous malignancy, and pan-resistant organisms. Diabetes mel-
litus is not an absolute contraindication, because diabetes itself 
does not appear adversely to affect prognosis in CF patients-^. 
However, end-organ involvement due to diabetes, such as renal 
disease or neuropathy, may substantially compromise outcome 
after transplant, we have not used nutritional parameters to estab
lish suitability for transplant. Nutritional status has been demon
strated to improve after lung transplant, irrespective of the 
pretransplant diagnosis^''. The need for preoperative ventilation in 
CF patients has not been associated with increased perioperative 
risk in properly selected candidates-* -'*. 

The profile of organisms recovered from sputum prior to trans
plant may increase risk, and is an area of controversy in terms of 
patient selection. Patients with Pseudomonas cepacia have an in
creased risk of an adverse outcome following lung transplanta
tion'", which has resulted in several programs refusing patients 
with P. cepacia. Our policy has been to offer transplant to those 
patients with P. cepacia who have organisms susceptible to an
tibiotics in vitro. It appears that patients maintain the same strain 
oi P. cepacia for prolonged periods, and that some strains may be 
more biologically aggressive than others". 

A more difficult problem is the disposition of patients with 
pan-resistant organisms. Whether these are P. cepacia or 
P. aeruginosa, it is difficult to know how to adequately treat these 
patients perioperatively, and the development of postoperative 
pneumonia with a pan-resistant organism is usually a lethal com
plication. Thus, we consider pan-resistant organisms an absolute 
contraindication to transplantation, An ethical and moral dilemma 
ensues when a patient is listed with organisms that are sensitive 
in vitro and develops resistance during the waiting period. The 
critical shortage of suitable lungs for transplant adds to this 
dilemma, because of the mounting pressure to transplant only 
those patients who are most likely to survive, for optimal utiliza
tion of a scarce resource. 

SURGICAL TECHNIQUE 

Issues related to donor selection, management and retrieval have 
been covered elsewhere in this text. Because CF patients tend to 
be of small stature, prospective donor lungs may be larger, and 
the population of larger donors is disproportionately high com
pared with the numbers of CF patients listed. We have performed 
'pneumoreduction' procedures to deal with this discrepancy by 
resection of donor lung tissue after completion of a transplant to 
match the size of the recipient thorax. In an analysis of 11 pa
tients who underwent some form of pneumoreduction procedure, 
we demonstrated the safety and practicality of this approach'-. 

The recipient procedure begins with intubation and bron
choscopy to attempt to aspirate as much purulent material from 
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Figure 1 Positicjn of skin incisions for double lung transplant in CF recipi
ents. (Reprinted with permission from ref. 58) 

the airways as possible, because the sequential technique requires 
ane-lung ventilation during implantation of the first graft. A left-
sided double-lumen endotracheal tube is then positioned in all but 
the youngest patients, who are managed with bronchus-blocking 
balloons. The recipient is positioned on the operating table 
supine, with the arms suspended above. We have developed an at
tachment to the operating room table to facilitate this positioning. 
The chest is entered through an anterior transverse bilateral thora-
costemotomy in the ifth or fourth interspace. The skin incision is 
submammary in location (Figure 1). The exposure afforded by 
this incision is excellent for mobilization of the lungs and division 
of pleural adhesions. The hila can be readily accessed for control 
of bleeding from bronchial arteries, and for the performance of 
the anastomoses (Figure 2). 

Manipulation of the lungs often results in augmenting secre
tion content in the main airways, requiring attention to airway 
toilet by the anesthesiologist. A preoperative perfusion scan, per
formed at the time of evaluation, may identify patients who have 
a discrepant perfusion to one lung. The lung with the least per
fusion is usually removed first. If perfusion is relatively equally 

distributed, then our preference is to perform right pneumonec
tomy and transplant first. 

The pulmonary artery (PA) should be divided distal to its first 
division, because there is often a considerable size discrepancy 
between the reeipieot's PA, which may be larger due to chronic 
pulmonary hypertension, and the donor's normal-sized PA. The 
pulmonary veins arc divided. We prefer to staple the veins adja
cent to the left atrium. The remainder of the inferior puhnonaiy 
ligament is divided with electrocautery, the distal bronchial divi
sions are clamped to minimize egress of purulent secretions, and 
the bronchus is divided with sharp dissection just proximal to the 
upper lobe takeoff Hemorrhage from bronchial arteries is con
trolled with electrocautery or clips. An atrial cuff is then fash
ioned by incising the pericardium around the pulmonary venous 
stumps. On the right side, development of the interatrial groove 
facilitates securing an appropriate left atrial cuff. 

The double lung block is divided into its constituent organs. 
The donor bronchus is trimmed back to within one or two rings of 
the upper lobe takeoff Before placing the organ in the chest, we 
irrigate the open airway and pleural space with warm Betadine 
solution to evacuate purulent material in the upper airway. The 
lung is positioned in the chest surrounded by cold laparotomy 
sponges. The bronchial anastomosis is performed first. We prefer 
an end-to-end anastomosis and use polyglycolic acid suture, a 
running monofilament suture on the membranous portion, and in
terrupted braided sutures on the cartilaginous portion (Figure 3). 

A Satinsky clamp is placed on the left atrium to include the 
pulmonary venous stumps, which are amputated, and a recipient 
left atrial cuff is fashioned. This is sutured to the atrial cuff on the 
donor lung with running 5/0 polypropylene suture. A Debakey 
vascular clamp is then positioned on the PA stump, the ligatures 
are excised, and the recipient artery is trimmed back for anasto
mosis to the donor FA. It is important to trim the PA so that it is 
of an appropriate length at the completion of the transplant. If the 
PA is too long, kinking may result. It is also important to align the 
artery end appropriately so that there is no twisting. Leaving 
the upper division on the recipient's PA until the time of trim
ming facilitates this alignment with the upper division of the 

Figure 2 Exposure afforded by the 'clamsticH' incision. Both pleural spaces 
- as well a<: the great veiseis in llic rnedia.stinum and pericardium for eannula-
tion - can be accessed easily. (Reprinted wilti permission from rcf ."̂ S) 

Figure 3 The posterior wall of tlic bronchia! anastomosis lias been com
pleted with running Ma.xon (Bavis and Geek) suture. The cartdaginous 
portion will be approximated with inlerriipted sutures of Dexon 11 (Davis and 
Geek). (Repiinted vvilli permission from ret". .58) 
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donor lung. The PA anastomosis is interrupted in two or three 
places, in an attempt to prevent purse-stringing. Prior to removing 
the vascular clamps, the lung is de-aired. We prefer to do this by 
back-bleeding from the left atrium, initially allowing egress of air 
through an open left atrial anastomosis and then anticipating 
egress of preservation solution and air through the open PA anas
tomosis. During this maneuver the lung is hand-ventilated. The 
PA is de-aired by momentarily unclamping the PA while tem
porarily occluding outflow beyond the anastomosis, forcing air 
and any debris out through the open suture line before securing it. 

Attention is then directed to the opposite side, where pneu
monectomy and implantation are carried out in the same manner. 
Cardiopulmonary bypass are always available, but is generally 
avoided. Indications to institute bypass are inability to tolerate 
one-lung anesthesia during pneumonectomy or transplant, or the 
early development of pulmonary edema in the transplanted lung 
during contralateral pneumonectomy or transplantation. Should 
the need for bypass arise, the pericardium is opened in the 
midline and the ascending aorta and right atrium are cannulated in 
the routine manner. We have found that the transfusion require
ment is substantially higher in patients who undergo the proce
dure on bypass'. The use of aprotinin may reduce transfusion 
requirements for these patients. 

Some controversy exists as to the appropriate method of airway 
anastomosis. We have continued to use omentopexy in an attempt 
to improve airway blood flow, and we interpose tissue between 
the bronchial anastomosis and the PA anastomosis. In a small 
number of patients we demonstrated that this approach was supe
rior to telescoping anastomosis without omentopexy". However, 
as more experience has been accrued, it is becoming increasingly 
clear that omentopexy may not be required for satisfactory airway 
healing'-*"'. 

Upon completion of the procedure, two chest tubes are placed 
in each pleural space through anterior stab wounds. A curved tube 
over the diaphragm is positioned posteriorly in the gutter, and a 
straight tube is placed up to the apex on each side. Purse-string 
sutures are placed around the tubes to secure them and to allow 
subsequent chest tube removal, because CF lung transplant recipi
ents are so thin that they can leak air through the chest tube tract 
after removal, resulting in pneumothorax. The sternal edges are 
re-approximated with wires, and the incision is closed in layers. 

POSTOPERATIVE CARE 

After transplantation, appropriate analgesic management is 
imperative to allow for early extubation and ambulation. 
Preoperative participation in a rehabilitation program of aerobic 
exercise facilitates early ambulation and early extubation. 
Epidural anesthesia has been helpful in many patients, but may be 
precluded because of frequent problems with altered clotting pa
rameters postoperatively. These problems are often caused by 
mild coexisting hepatic insufficiency related to CF. 

Our immunosuppression protocol has consisted of intravenous 
cyclosporin in an attempt to maintain blood levels at 450 ng/ml 
(fluorescence polarization monoclonal immunoassay, Abbott 
Laboratories), azathioprine (2 mg/kg), and antilymphocyte globu
lin (Atgam, Upjohn, Kalamazoo, MI) at 15 mg/kg daily for 14 
days. We avoid introducing systemic steroids until day 14. 

Episodes of acute rejection diagnosed either histologically or clin
ically are treated with bolus methylprednisolone (15 mg/kg for 2 
days, then 7.5 mg/kg for 1 day). Prophylactic antibiotics are ad
ministered for the first week and are tailored to antibiotic 
sensitivities of preoperative sputum cultures and donor sputum 
cultures. 

Absorption of oral cyclosporin is often problematic in patients 
with CF. We have used ketoconazole administration to reduce the 
rate of cyclosporin metabolism''-'. Other programs have used dilti-
azem for the same purpose"*. Post-discharge, patients continue to 
participate in a program of aerobic exercise for 4-8 weeks. 
Fevers, infiltrates, or graft dysfunction are investigated with bron
choscopy, Bronchoalveolar lavage, and transbronchial biopsy. 

RESULTS OF LUNG TRANSPLANTATION FOR CF 

Isolated lung transplantation is a relatively new approach to pa
tients with CF. By the end of 1990 the International Registry of 
the Society for Heart and Lung Transplantation had collected data 
on only 120 double lung transplant procedures worldwide; 33% 
of these were for CF̂ "*. By 1993 over 38% of double lung trans
plant procedures reported to the Registry were for CF, with over 
300 procedures reported in 1993 alone*". The number of 
heart-lung transplant procedures reported to the International 
Registry has declined steadily since 1989, and CF is a diminish
ing indication for this procedure*'. 

Outcome of CF lung transplant patients has continued to 
improve. The first report of double lung transplant for CF came 
from the University of Toronto, where 17 CF patients were trans
planted over a 3-year period-'. There were six deaths in hospital, 
four of which were caused by bacterial infection with P. cepacia. 
Actuarial survival was 58% at 12 months. Shennib and Noirclerc 
reported on the combined experience of double lung transplant 
for CF at the Montreal General Hospital in Montreal, Canada, and 
the Ste Marguerite Hospital in Marseilles, France. The 25 recipi
ents had an operative survival of 76% and a 1-year actuarial sur
vival of 64%'̂ -'. Most recently, the Registry of the ISHLT reported 
a 1-year actuarial survival of 70% for all 303 CF recipients of 
double lung transplants reported over the lifetime of the 
Registry". 

Our experience at the University of North Carolina has recently 
been updated''^. Between October 1990 and August 1995, 58 CF 
patients underwent lung transplantation; the sequential bilateral 
technique was used in 56, and living-related bilateral lower lobe 
transplants in one recipient. The mean age was 24 years (range 
8-45). Hospital stay averaged 29 days (range 14-129). Three pa
tients experienced catastrophic graft failure and were retrans-
planted urgently; two survived, while one represents the only 
operative death in the series. Actuarial survival is shown in Figure 
4. Cause of death within the first year included pneumonia (four 
patients; P. cepacia in two, viral in two), non-compliance or 
suicide (two patients), fungal brain infection (one patient), and 
unexplained increased intracranial pressure (one patient). 
Lymphoma was responsible for two deaths in the second post-
transplant year. 

Bronchiolitis obliterans syndrome (BOS)''^ was the predomi
nant cause of death beyond a year. The development of BOS is 
common, but is well tolerated in many patients. Actuarial 
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Figure 4 Actuarial survival of 58 lung transplants for CF at the Unii'ersity 
of North Carolina (± 95% confidence limits) 

12 24 36 
Months Post-transplant 

Figure 5 Actuarial freedom from bronchiolitis obliterans syndrome of CF 
lung transplant recipients at the University of North Carolina (± 95% 
confidence limits). Deaths from other causes were treated as 'withdrawn" for 
purposes of this analysis 

freedom from development of BOS is depicted io Figure 5. Two 
CF patients have been retransplanted for severe broBchiolitis 
obliterans. One succumbed from CMV pneumonia 3 months later, 
while the second is alive aad well 6 months after retraiisplant. 

PostopcFEitivc complications have been reviewed in detail 
elsewhere^. Airway complications have been fortuitously infre
quent. Three patients developed significant airway dehiscence, 
which was contained in two patients but was associated with the 
development of an intrathoracic abscess in our youngest recipient 
(Figure 6). These all healed without sequelae. No anastomotic 
strictures have developed, but significant narrowing of the 
bronchus intermedius has occurred in two patients; this was suc-
ces.sfully treated by dilatation and insertion of a Dumon silastic 
stent**. 

Perioperative pulmonary infections are common, but not more 
so in CF patients than in non-CF patients at our institution'". 
Sinusitis is a frequent occurrence in long-term survivors. vSomc 
programs surgically drain sinuses of CF patients prior to trans
plant, to reduce bacterial burden'"', but we prefer to delay this pro
cedure in asymptomatic patients uolil after transplant. 

P. cepacia pneumonia was lethal, at 3 j and 5 months postoper
atively, in two of eight transplant recipients who grew /•". cepacia 
prior to transplant. This organism has been recognized as a cause 

€ 

Figure 6 A: Chest X-rav demonsiraling ioculaled aii space associated with a 
ieal<, from a parlirdly dehisced left bronchial anastomosis after donl^le king 
tran.spUini. B; A pigtail c-aiheter was positioned into rhe !»pace, hul suction was 
inadequate to collapse the cavity. C: A iio 24 chest tube was .advanced into 
the space, using the pigtail as a gntdc, resulting in resolution of the space. I'he 
bronchopleural fistula went on to heal without airway stricture 
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of increased morbidity following lung transplantation for CF at 
other centers'", and its presence is considered a contraindication 
to transplant at some centers. We have continued to offer lung 
transplant to CF patients who harbour P. cepacia, as long as there 
are demonstrable antibiotic sensitivities in vitro. 

Despite the incidence of BOS, there has been gratifying im
provement in pulmonary function in survivors (Figure 7). Impact 
on quality of life has been documented by the Papworth group for 
CF recipients of heart-lung grafts at that institution. There was 
improvement in all six dimensions of the Nottingham Health 
Profile among CF transplant recipients'"^. A convincing testament 
to the utility and value of lung transplant procedures for CF pa
tients comes from the recipients them.selves. One of our long-term 
survivors, who has participated in the Transplant Olympic Games, 
has written; 'It is hard to take in the magnitude of the miracle and 
change in lifestyle the transplant has meant to me. I may still die a 
pulmonary death, someday, but the victory over CF is sweet"*". 

Wall (days) 

1990 1991 1992 1993 1994 1995 
Year of Transplant 

Figure 8 Mean waiting time according to year of transplant for CF recipi-
cnt.s at the University of North Carolina (± SFM) 

COMMENT 

Substantial strides have been made in the field of lung transplan
tation in the past decade, particularly with regard to patients suf
fering from lung disease due to CF. There are currently two major 
impediments to further progress. One is the disturbing incidence 
and morbidity of bronchiolitis obliterans after successful trans
plantation. The magnitude of this problem has been outlined 
above. A better understanding of immune mechanisms of chronic 
rejection will perhaps allow the evolution of strategies to prevent 
or curtail the impact of bronchiolitis obliterans. The development 
of a large-animal model of post-transplant bronchiolitis holds 
promise for further study"''*. 

A more pressing problem for potential recipients of lung trans
plants is the scarcity of suitable lung donors. This has resulted in 
substantial increases in waiting time for lung transplant recipi
ents. Because of current UNOS organ distribution algorithms, 
those awaiting bilateral lung transplant in the United States gener
ally wait longer than those awaiting single lung transplant, which 
increases waiting time for CF patients. The annual increase in 
mean waiting time (from listing to transplant) for CF patients 

PRE-TX S MO 1 YR J YR 3 YR 4 YR 
Time (post-translant) 

Figure 7 FVC and FEV, expressed as percentage predicted, at evaluation 
for listing (pretransplanl) and at annual intervals after transplant (± SEM). 
The living-related lobe recipient is excluded 

transplanted at UNC is depicted in Figure 8. This unfortunately 
translates into increasing numbers of deaths on the waiting list. 

This problem has sparked interest in alternatives to conventional 
organ donors. One approach has been to consider living-related 
lobe donors'". For CF patients this requires identification of two 
healthy donors with the same or compatible blood types, who are 
sufficiently large enough (compared to the intended recipient) for a 
lower lobe to adequately occupy the hemithorax of the recipient. 
Early results of application of living-related lobe-transplants for 
patients with CF have been encouraging'*'. However, there are 
ethical concerns related to obtaining informed consent of donors 
and subjecting two donors to the risk of lobectotny. Anatoinical 
considerations occasionally place the right middle lobe at risk". 
For many potential recipients, particularly large males, identifi
cation of two appropriate donors is not an easy task. 

While xenografts hold promise for eventually alleviating the 
organ donor shortage, there are substantial immunologic hurdles 
to overcome'''. A more practical approach may be to consider 
lung retrieval after circulatory arrest and death''*. We have shown 
a substantial delay in cell death, ultrastructural deterioration and 
high-energy phosphate depletion after circulatory arrest in venti
lated rat lungs'-'' " , implying that cadaver lung retrieval may have 
some merit. This could have a substantial impact on the size of 
the potential pulmonary donor pool. 

Lung transplantation for CF has etnerged in the past decade as 
an exciting therapy that can restore health and quality of life to a 
group of patients destined to die at a young age. Substantial im
provements in actuarial survival following lung transplantation 
have been reported for CF patients. Bronchiolitis obliterans con
tinues to be the leading cause of death after transplant, but failure 
to live to transplant because of scarcity of donors may be a larger 
problem facing CF transplant candidates. 
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Lung Transplantation in Infants and Children -
Indications, Surgical Techniques, and Special 
Considerations 
J.E. DAVIS AND V.A. STARNES 

INTRODUCTION 

Lung transplantation (LTx) in infants and children has its roots in 
the adult LTx experience. The first LTx was performed by Hardy 
(Chapter 18, Figure 9) et al.' in 1963 on a patient with squamous 
cell carcinoma of the lung (Chapter 45). The patient lived for 17 
days and died of renal failure. TTie autopsy results showed intact 
anastomoses. For the next 17 years there were numerous failures 
by those who attempted to repeat Hardy's feat until 1981, when 
Reitz (Chapter 66, Figure 5) et al.' accomplished the first 
heart-lung transplant. Then in 1983, Joel Cooper (Chapter 45. 
Figure 1) et al.^ performed a successful single lung transplant. 
These advances were mainly due to the introduction of cy
closporin and improved bronchial anastomotic techniques, 
namely bronchial wrapping with an omental pedicle. These events 
mark the beginnings of pulmonary transplantation, and the 
lessons learned were applied to the pediatric heart-lung and lung 
transplant population in the late 1980s"'''. 

In this chapter we will examine LTx as it pertains to the 
pediatric patient with particular emphasis on: (a) indications, 
(b) timing of transplantation, (c) type of pulmonary transplan
tation, (d) various surgical techniques, and (e) special issues 
particular to the infant and child. 

INDICATIONS 

Indications for LTx in the pediatric population typically fall into 
one of four categories: (a) parenchymal pulmonary disease, 
(b) primary pulmonary hypertension, (c) secondary pulmonary 
hypertension, and (d) inadequate peripheral pulmonary vas
culature. Decisions of timing and type of transplantation are 
particular to each diagnosis. 

Parenchymal pulmonary disease 

Parenchymal disorders of the lung requiring LTx can be divided 
into two classes - infected and non-infected. Cystic fibrosis and 
bronchiectasis are commonly accompanied by chronic airway 

infections. Bronchopulmonary dysplasia, idiopathic fibrosis, 
bronchiolitis obliterans, pulmonary alveolar proteinosis, congeni
tal diaphragmatic hernia, Proteus syndrome, rheumatoid lung, 
and desquative interstitial pneumonitis are all non-infected dis
eases that may potentially benefit from LTx. In 1994 the Registry 
of the International Society for Heart and Lung Transplantation 
reported that, over the previous 10 years, 61 % of lung transplants 
were carried out for diseases of the parenchyma. 

Cystic fibrosis 

Cystic fibrosis (CF) represents the most common indication for 
LTx in children. One in 2000 people carry the recessive gene for 
CF. When the homozygous state occurs, the individual is afflicted 
with CF. This is characterized by a defect in mucociliary function, 
which results in an inability to clear secretions, mucous plugging 
of the bronchioles, chronic pseudomonal pulmonary infections, 
chronic sinusitis, malabsorption, and diabetes. Patients typically 
succumb to their disease in the second to third decade of life. 

LTx offers a form of palliation of the chronic destructive pul
monary process that characterizes CF, with results comparable to 
LTx for other conditions'". The evaluation and timing of LTx 
.should be carried out with the natural history of the disease in 
mind. Signs of deterioration in a patient's clinical course include 
an increase in the number or severity of pulmonary infections 
within the past year. Objective data in the form of significantly 
subnormal pulmonary function tests can also be useful (Table 1). 

Table 1 Criteria for lung transplantation in patients with cystic fibrosis' 

Clinical sif^nx 
Increased number or sevcrily of pulmonary infections 
Weight loss 

Pulmonary funclion tests 
FEV| < 30% predicted po.st-bronchodilator 
PO2 < i^ mmHg 
Hypercapnia 

• From TrulcK'k HP. Rccipitnl sclcclicin. VhesI Surq Clin N Am. 19y3;3:y. 
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Since CF patients are chronically infected, they should undergo 
bilateral LTx. Single LTx is contraindicated due to the risk of 
spillover contamination from a retained chronically infected 
native lung. Patients with cor pulmonale secondary to long
standing pulmonary disease may need combined heart-lung 
transplantation. 

Contraindications to LTx specific to patients with CF include 
ongoing active infection with pan-resistant organisms. Some 
centers consider infection of the sinuses or airways with 
Pseudomonas cepacia or Aspergillus to be a contraindication to 
LTx. 

Primary pulmonary hypertension 

Primary pulmonary hypertension (PPH) is an idiopathic process 
that results in vasoconstriction and obliteration of the pulmonary 
arteries, leading to increased afterload for the right ventricle. The 
right ventricle generates higher pressures to maintain pulmonary 
blood flow and this, in turn, leads to more vasoconstriction with 
vascular endothelial hypertrophy and hyperplasia, which with 
time become fixed changes'. PPH may be present for some time 
before symptoms occur. Consideration for LTx is usually brought 
on by symptoms of dyspnea with exertion. Catheterization criteria 
for PPH are given in Table 2. The timing of transplant in PPH 
should be based on the projected survival and the usual time lag 
before a donor is found. 

The issue of survival time has been addressed by various 
groups. Rich and Levy" in 1984 examined the characteristics of 
survivors and non-survivors with PPH. They found that heart rate, 
right atrial pressure, cardiac index, stroke volume index, systemic 
vascular resistance, and pulmonary vascular resistance were all 
discriminators. A prospective study of 194 patients determined 
the mean survival to be 2.8 years, and that independent predictors 
of mortality were pulmonary artery pressure, right atrial pressure, 
and cardiac index''. Echocardiographic and Doppler indicators of 
survival (correlated with cardiac catheterization data) have also 
been examined'". These studies showed that pericardial effusions 
and Doppler indicators of increased right ventricular impedance 
correlate with pulmonary artery pressures and mortality. The 
median period of survival of patients diagnosed with PPH either 
clinically by hemodynamic criteria, or by echocardiographic/Doppler 
data, is 2.4 years. Glanville et «/." reviewed 90 adult patients 
with PPH and found the mean survival of 27 patients who died 
while waiting for heart-lung transplantation (HLTx) to be 

Table 2 Criteria for lung transplantation in patients with primary pul
monary hypertension 

Resting MPAP > 60 mniHg 
PVR > ft Wood units 
PCWP-MPAP> i5 miiiHg 
RAP> lOmniHg 
Moderulf pericardial effusion 
Cardiac index < 2.5 l/inin per ni-
NYHA III or [V 
T-DhC < -.̂ (X) cni'/s 
AT < 62 ms 

MPAP = fiicyn putmonar\ ariery pressure; PVR = pulmonary \ascular resistance; 
PCWP = pulmonary capillary wedge pressure; RAP = right atrial pressure; NYHA = New 
York Heart .Association functional class; T-DEC = dcccleralit)n of Doppler tricuspid 
early tlow velocil\ ; AT = pulmonic IX>ppler acceleratitin time. 

50 months. The mean time to transplant in the 14 patients who 
underwent HLTx was 25 months. 

Any patient with significant hemodynamic or echocardio
graphic evidence of PPH should undergo either single or bilateral 
sequential LTx, and those with severe right and left ventricular 
failure should have combined HLTx. 

Secondary pulmonary hypertension 

Secondary pulmonary hypertension occurs as a result of congenital 
heart defects in which significant left-to-right shunts exist. This he
modynamic situation can lead to progressive right ventricular 
failure, fixed pulmonary hypertension, and the development of 
Eisenmenger's physiology (ie. right-to-left shunt with cyanosis). 
The treatment of secondary pulmonary hypertension depends upon 
the particular cardiac defect as well as the degree of ventricular 
failure. Significant right and left ventricular failure necessitates 
HLTx, as do lesions with single ventricle physiology or complex 
defects in which repair may be suboptimal hemodynamically. 

Congenital heart disease with reparable cardiac defects 

Pulmonary hypertension in patients with heart defects that are 
readily repaired can undergo bilateral or single LTx. In the past 
10 years, 8.4% of lung transplants have been performed on chil
dren with congenital heart disease'-. Lupinetti elal." and Bridges 
el al.'* have each described series of patients with reparable 
cardiac lesions who then underwent either single of bilateral LTx. 
The lesions included atrial septal defect, ventricular septal defect, 
patent ductus arteriosus, atrioventricular canal, congenital pul
monary vein stenosis, and tetralogy of Fallot with absent pul
monary arteries. More complex lesions such as transposition of 
the great arteries and truncus arteriosus with secondary pul
monary hypertension could potentially be treated by repair and 
transplant. In evaluating patients with secondary pulmonary hy
pertension and congenital heart defects it is important to assess 
the status of both ventricles. Significant combined right and left 
ventricular dysfunction should be treated with HLTx. 

Congenital heart disease with irreparable heart defects 

In some cardiac defects, biventricular repair is not possible, or 
ventricular dysfunction is irreversible. In these patients with fixed 
pulmonary hypertension, HLTx is the only option. Unfortunately, 
there are no studies that examine the critical level of ventricular 
dysfunction that is irreversible, and the decision is made on a 
case-by-case basis. This decision becomes important if one con
siders the relative paucity of heart-lung donor blocks. Only 74 
heart-lung transplants in patients less than 18 years old have been 
performed". In 1994 there were 38 patients on the UNOS 
Registry waiting list'*. Pathologies that would be indications for 
HLTx include complex lesions which have a relatively poor prog
nosis with primary repair (Table 3). 

Congenital heart disease with inadequate pulmonary 
vasculature 

Congenital heart lesions with disorders of the pulmonary arterial 
and venous systems have been variously treated. In cases in 
which absent main pulmonary arteries can be reconstructed, bilat-
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Table 3 Indications for lieart-lung transplantation 

Complex lesions 
Unbalanced atrioventricular canal 
Truncus arteriosus 
Congenital mitral stenosis 
Aortic valve stenosis 
Transposition of the great arteries 

Univenlricukir lesions 
Hypoplastic left heart syndrome 
Tricuspid atresia with patent ductus arteriosus 
Hypoplastic right ventricle 
Ebstein's anomaly 

Hemodynamic parameters 
Left ventricular ejection fraction < 35?! 
Severe right ventricular failure 

era! sequential LTx is an option'''. Congenital pulmonary vein 
stenosis can also be corrected at the time of LTx. In those cases 
where the pulmonary arterial tree cannot be reconstructed, HLTx 
may be the best option. 

PATIENT EVALUATION 

Each prospective recipient, regardless of his/her particular diag

nosis, should undergo a series of tests (Table 4) (Chapter 5) de-

Table 4 Tests performed during evaluation of pediatric patients for 

lung transplantation 

Blood type and screen 
Cytomegalovirus (CMV) antibody 
CMV IgM-specific antibody 
Epstein Barr virus (EBV) serology 
Human immunodeficiency virus (HIV) antibody 
Hepatitis A antibody 
Hepatitis B surface antigen 
Hepatitis B surface antibody 
Hepatitis B core antibody 
Hepatitis C antibody 
Herpes simplex antibody and IgM-specific antibody 
Rapid plasma rcagin (RPR) 
Toxoplasmosis antibody and IgM-specific antibody 
Polio neutralization 
Varicella-zoster antibody 
Measles IgM and IgG 
Mumps titer 
Rubella titer 
Anti-nuclear antibody (ANA) screen 
Diptheria pertussis tuberculosis (DPT) titer 
Amylase, creatinine, blood urea nitrogen (BUN), electrolytes, chemistry 

panel, total iron binding capacity (TIBC), serum iron, ferritin, magnesium 
Lipid panel 
Prolime (PT). Partial thromboplastin time (PTT) 
Complete blood count (CBC) with differential 
Erythrocyte sedimentation rate (ESR) 
human leucocyte antigen (HLA) A, B, C, and DR types 
Cytotoxic antibody (Panel Reactive Antibodies) 
Urinalysis 
Blood, urine, stool, and sputum cultures for acid fast bacilli, fungal and 

bacterial organisms 
24-hour creatinine clearance 
Properidin (PPD). cocci, Candida, tetanus skin tests 
Pulmonary function tests 
Chest radiography 
Electrocardiogram (EKG) 
Echocardiography 

signed to better characterize the patient's preoperative status as 
well as identify possible risk factors (e.g. CMV, EBV) that have 
an impact after transplantation. These tests also assist in deter
mining which patients are not candidates for transplantation due 
to significant systemic or multisystem disease. Patients with 
limited life expectancy due to non-pulmonary disease would 
likely not benefit from transplantation. Significant renal disease 
(creatinine >1.5 mg/dl and 24-hour creatinine clearance <50 
ml/min) would limit the use of cyclosporin due to nephrotoxic
ity". Hepatic disease, with increased bilirubin level, also places 
potential recipients at risk for bleeding, infection, poor wound 
healing, and impaired clearance of cyclosporin. 

Patients who have undergone previous thoracic procedures are 
at an increased risk for significant bleeding, which in some in
stances can be uncontrollable. Nonetheless, previous operation is 
not an absolute contraindication to LTx. Patients being supported 
by ionotropic agents, mechanical ventilation or ECMO are also 
not automatically excluded from transplantation. 

DONOR SELECTION 

Potential lung and heart-lung donors should be thoroughly evalu
ated (Chapters 4 and 48). A complete history and physical exami
nation are essential, and should focus on the mode of brain death 
and its effects on the donor organs, with specific reference to 
chest trauma, cardiac and pulmonary contusion, barotrauma, and 
aspiration. A prior history of malignancy, cardiac ischemia, 
smoking, drug use, adverse environmental exposure, or recent 
pulmonary infection should be sought. Donors should have been 
mechanically ventilated for not more than 4 days. The lung com
pliance should be normal with peak inspiratory pressures <30 
mmHg with a tidal volume of 15 ml/kg. The chest radiograph 
should be normal. Cultures of sputum, blood and urine should be 
obtained; organisms found on sputum culture demand fiberoptic 
bronchoscopic examination with direct bronchial washing cul
tures. An arterial blood gas should be drawn. Suitable donors 
have a POj of 100 on 40% inspired oxygen and >350 on 100% 
oxygen. Continual monitoring of the donor until harvest is 
mandatory, to detect deterioration"*. 

Each recipient should have undergone evaluation to determine 
the acceptable size of the donor organ(s). Patients are listed ac
cording to ABO blood group. When the appropriate blood group 
organ is available, an assessment of size match is made. Lung and 
heart-lung size matching has previously been made on the basis 
of chest radiographic measurements - width at the aortic knob, 
width at the widest point, and length from apex to mid-
hemidiaphragm. Recently, matching has been based on the vital 
capacity of the donor (as predicted by height and sex) compared 
to the calculated vital capacity of the recipient (Chapter 48). 

SURGICAL TECHNIQUES 

Excision of donor organs (see also Chapters 48 and 68) 

Each thoracic organ retrieval procedure is usually carried out in 
concert with other procurement teams who will be harvesting 
various other donor organs, such as kidneys, pancreas, liver and 
small bowel. Abdominal organ harvests require significantly more 
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dissection and preparation time bel'ore the actual removal of the 
organs. During this time the integrity of the cardiopulmonary 
system must be maintained. Constant monitoring of heart rate, 
blood pressure, and amount of bleeding should be monitored. The 
chest is opened by a midline sternotomy''', which also provides 
increased exposure of the upper abdomen, including the supra-
hepatic inferior vena cava. 

The practice at the Children's Hospital, Los Angeles, is to 
harvest all donors as either double lung or heart-lung tissue 
blocks. However, the technique of single lung harvest will also be 
described for completeness. 

Single lung harvest 

Single LTx requires consideration of a number of factors includ
ing selection of the lung to be transplanted. If a previous thora
cotomy has been performed in the recipient, then transplant to the 
contralateral side would be preferred. The left side is generally 
preferred due to: (a) the long length of recipient left main stem 
bronchus, (b) ease of clamping the left atrium, and (c) ability of 
the left thoracic cavity to accommodate oversized grafts. 

The pericardium is resected and the inferior pulmonary liga
ment divided up to the inferior pulmonary vein. The right and left 
pulmonary arteries are dissected from the bifurcation to the 
hilum. Perfusion cannulae are placed in the ascending aorta and 
main pulmonary artery for instillation of cardioplegia and pul-
monoplegia solutions. When the preparation of the abdominal 
organs is complete, excision of organs can begin. Prostaglandin 
E| is given intravenously. The superior vena cava is ligated and 
divided, and the inferior vena cava is transected. The tip of the 
left atrial appendage is amputated, and the aorta is cross-clamped. 
This maneuver decompresses the systemic and pulmonary venous 
returns. 

At our center, cold Euro-Collins solution (10-2(3 ml/kg) is ini
tially infused via the pulmonary artery to flush blood out of the 
lungs, and then University of Wisconsin solution (6()-90 ml/kg) is 
used for preservation. Simultanenously, cold cardioplegia is de
livered into the cross-clamped ascending aorta. 

The pulmonary veins and a 5 mm cuff of left atrium are then 
divided from the remainder of the left atrium (Chapter 48, Figure 
1). The pulmonary artery is transected at the bifurcation, and the 
mediastinal tissues are divided with the electrocautery down 
to the bronchus. The bronchus is then divided between two staple 
lines close to the carina, and the lung is removed (Figure 1). The 
graft is triple-bagged and placed in iced saline slush for 
transport. 

Double lung harvest 

Both lungs may be harvested en bloc for either double-" (rarely 
used today) or bilateral sequential-' -- LTx (illustrated in Chapter 
48). In both instances the initial dissection and placement of per
fusion catheters are identical to the single lung technique. After 
infusion of the cardioplegia and pulmonoplegia solutions the 
heart is excised. (In double lung harvests the posterior wall of the 
left atrium is retained with the lung block by tran.secting the left 
atrium along the interatrial groove.) Bilateral sequential donor 
lungs should be removed with a 5 mm cuff of atrium around each 
pair of pulmonary veins. The tissue block is then elevated from 

Trachea 

Pulmonary artery 

Cuff of left atrium 

Figure 1 Excised donor rigtit lung. Note the cutTot' lefl atri;il tissue around 
ttie orilices of the pulmonary veins. In this case a short segment of trachea and 
left main bronchus (both stapled) remain in situ, as does a short segment of 
pulmonary artery. The right bronchus and pulmonary artery will tx; Irinintcd at 
the time of implantation into the iccipient 

inferior to superior with dissection of all soft tissue off the de
scending aorta and esophagus. The trachea is stapled high, and 
the block is placed in a bag surrounded with iced saline slush. At 
the time of implantation each bronchus is divided so that two 
bronchial rings above Ihc upper lobe bronchus are retained, along 
with preservation of the soft tissue around the bronchus. 

Heart-lung harvest (see also Chapter 68) 

Heart-lung harvest is carried out in the fashion described by Reitz 
et al. in 1982' (illustrated in Chapter 68). After median ster
notomy, total pericardiectomy, thytnectomy, ligation of the 
azygos vein, and dissection of the aorta, pulmonary artery and 
venae cavae, a cardioplegia line is placed into the ascending 
aorta. Prostaglandin Ei is given'' at a dose of 125 ng kg ' niin '. 
The superior vena cava is doubly ligated and divided, and the in
ferior vena cava is transected. The aorta is cross-clamped and the 
heart is arrested with cold cardioplegia. The tip of the left atrial 
appendage is amputated, and the lungs are flushed with 
University of Wisconsin solution (60-90 ml/kg). Topical cold 
saline is applied to the organs. The tissue block is resected by di
viding the aorta. The posterior attachments of the pericardium and 
pulmonary ligaments are divided. The heart and lungs are ele
vated superiorly, and the trachea is dissected high into the me
diastinum and is transected proximal to a staple line applied with 
the lungs inflated. The organs are placed in a sterile plastic bag 
and immersed in cold iced saline and slush. 
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Recipient operatiwe procedures 

The operative plan for each type of procedure should take into 
account the possibility of needing cardiopulmonary bypass. 
Heart-lung, double lung, bilateral sequential lung, and single left 
lung transplants in patients with femoral vessels too small for 
cannulation should be performed through a median sternotomy or 
bilateral thoracotomy with sternal transection (Chapter 50, Figure 
1). I'he latter iocision is particularly useful in patients with adhe
sions, and provides excellent exposure. Single right or left LTx in 
patients with femoral vessels large enough to accommodate 
femoral-femoral bypass can be carried out through a thoracoto
my incision. Lung translants that require correction of cardiac 
defects should generally be performed through a median ster
notomy, with the possible exception of isolated atrial septal 
defects. 

Single lung transplantation (see also Chapter 50) 

Excision of the recipient native lung'" is performed with car
diopulmonary bypass standby. Through a thoracotomy, the pub 
monary veins are circumferentially dissected extrapericardially. 
The pulmonary artery is dissected as far distal as possible. On the 
right side the azygos vein may be ligated to mobili/x the superior 
vena cava, and on the left side the ligamentom arteriosus may be 
divided. The pulmonary artery is temporarily occluded in an 
effort to determine the need for cardiopulmonary bypass. If the 
patient remains stable, the pulmonary artery is divided distal to its 
first branch, the pulmonary veins are divided extrapericardially, 
and the bronchus is divided just proximal to the upper lobe 
bronchus. The lung is removed, and the pericardium surrounding 
the pulmonary veins is dissected circumferentially. An adequate 
side-biting elarnp is placed on the left atrium significantly proxi
mal to the ligated branches. The veins are opened and connected 
with a longitudinal incision, resulting in a single atrial cuff. 

The donor lung is placed in the thorax and the donor venous 
cuff is ana.stomosed to the recipient left atrial cuff with a continu
ous non-absorbablc suture (Figure 2). The bronchial stumps are 
then brought into proximity. The selection of the particular tech
nique of bronchial anastomosis should be based upon the relative 

'V. .1 
Remnant of 
aifgos wein 

Recipient bronctius 

Donor bronctius. 

Donor pulmonary artery 

Figure 2 Ttie donor right lung has been placed in the recipient rigtii pleural 
cavity, and the left atria! anastomosis is in progress, beginning wilti the pos
terior wall. This will be followed by anastomoses of llic broiictii and. finally, 
the pulmonary arteries. (The order of anastomosis varies from center to center, 
with many groops beginning with the bronchial anastomosi.s) 

sizes of the bronchi. Bronchial .stumps of equal size can be anas
tomosed with a continuous running polypropylene suture without 
telescoping. Bronchial stumps of unequal size can be anasto
mosed with a continuous polypropylene suture using a telescop
ing technique-". Alternatively, others employ a continuous 
non-absorbable suture-^ or interrupted sutures. The pulmonary 
artery anastomosis is then completed. Back-bleeding from the 
pulmonary artery effectively flushes air from the pulmonary vas
culature, and is a good sign of adequate pulmonary preservation. 
Omental wrapping of the bronchial anastotiiosis is not routinely 
carried oiit'̂ '-̂ * (generally, the omentum of the child is not suitable 
for this purpose). If needed, the bronchus can be covered with 
pericardium or a pericardial fat pad pedicle-^ 

Bilateral sequential lung transplantation (see also 
Chapter 50) 

The technique of bilateral sequential LTx is identical to the single 
lung technique. Commonly, in small children and infants, car
diopulmonary bypass is necessary and, if used, can allow irriga
tion of the native trachea and bronchi in patients with cystic 
fibrosis (after resection of both native lungs and prior to implanta
tion of the donor hmgs^""). Since cystic filjrosis is a common indi
cation, bilateral thoracotomy with trans-sternal division is usually 
the approach of choice. 

Heart-lung transplantation |see also Chapter 68) 

The combined HLTx techniques are those reported in the adult 
patient^ (and are illustrated in Chapter 68). An anterior peri-
cardiectomy, with the phrenic nerves preserved on pedicles, is 
performed. The patient is placed on cardiopulmonary bypass via 
bicaval and ascending aortic cannulation. The cavae are snared 
around the cannulae, and the aorta is cross-clatnped. The aorta 
and pulmonary artery arc transected. The heart is excised along 
the atrioventricular groove, and the pulmonary venous orifices are 
connected on each side. The mainslem bronchi arc stapled just 
proximal to the upper lobe bronchi, and divided. The pulmonary 
arteries arc divided in the hila and the veins are transected. The 
lungs are removed. The recipient pulmonary artery remnants are 
resected, with care being taken to preserve the ligarnentum and 
the left recurrent laryngeal nerve. The bronchial stumps are dis
sected to the trachea, which is transected just above the carina. 
The donor hcaii-lung block is then placed in the chest by passing 
the right lung behind the right phrenic nerve pedicle and the left 
lung behind the left phrenic nerve pedicle. The tracheal anasto
mosis is preferred, followed by the right atrial cuff and aortic 
anastomoses. 

SPECIAL CONSIDERATIONS 

immunosuppression 

Immunosuppression is based on four drags - corticosteroids, aza-
thioprinc, cyclosporin and tacrolimus (FK506). The current im
munosuppression protocol at the Children's Hospital, Los 
Angeles, is outlined in Table 5. 
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Table 5 Immunosupression protocol at the Children's Hospital, Los 
Angeles 

Preopenilive 
Cyclosporine 2 mg/kg i.v. over 2-6 h 
AMthioprine 4 mg/kg i.v. over 30 ruin 

Intnioperulivi' 
Methylprednisolone 15 mg/kg i.v. when weaning from cardiopulmonary 
bypass 

PostoperuUve 
Cyclosporine 2 mg/kg every 12 h p.o. 
Azathioprine 2 mg/kg daily p.o. 
Melhylprednisolone fi mg/kg every 8 h p.o. for 24 h, then 0.5 mg/kg every 
12 h. Weaned by 0.1-0.2 mg/kg per week until a dose of 0,2 mg/kg per day is 
reached 

Post-transplantatJon lymphoproliferative disease 
(PTLD) 

The development of PTLD is related to (a) the degree of immuno
suppression and (b) infection with the Epstein-Barr virus 
(EBV)^"''. The pediatric LTx patient is especially prone to the 
development of PTLD". This unique form of lymphoma usually 
occurs 12-18 months after transplantation in both nodal and ex-
tranodal sites, generally in the abdomen. Up to 40% of patients 
who develop PTLD undergo remission following a decrease in 
immunosuppression. EBV serologies are therefore obtained on all 
recipients and donors. Some centers reduce immunosuppression 
to either cyclosporin or tacrolimus alone if EBV-negative re
cipients receive an EBV-positive organ"*, and then monitor 
aggressively for signs of EBV infection. 

Corticosteriods 

In the early history of LTx the use of corticosteroids was shown to 
increase the incidence of bronchial anastomotic complications'^''. 
This led to the avoidance of steroids in the early postoperative 
period. Advances in bronchial anastomotic techniques have 
allowed steroids to be used intraoperatively and postoperatively 
without an increased incidence of bronchial complications. The 
issue has now turned to the long-term use of corticosteroids in 
children. Prolonged use of steroids leads to growth retardation, hy
pertension, osteoporosis, diabetes, and avascular necrosis-'. 
Concern regarding these effects has led some centers to discon
tinue steroids post-transplantation (usually after 1 year) or to avoid 
their use altogether. A recent survey-'' of pediatric lung transplant 
centers indicated that only six of the reported 135 patients were 
totally managed without steroids, and a further eight had steroids 
discontinued at some stage during the post-transplant period. 
Further studies will be needed to assess the safety of this approach. 

Cyclosporine versus tacrolimus 

The introduction of cyclosporin in the early 1980s allowed organ 
transplantation to advance significantly. Problems associated with 
bronchial healing began to dissipate, and cyclosporin was given 
much of the credit. The introduction of tacrolimus (FK506) has 
provided an alternative to cyclosporin-based regimens. 
Tacrolimus, like cyclosporin, exerts its immunosuppressive effect 
by inhibiting transcription of the interleuk.in-2 gene-". It also has a 
similar nephrotoxic effect-'*. Unlike cyclosporin, tacrolimus does 
not cause hypertension, hirsutism, gingival hyperplasia or facial 
bone growth abnormalities. This is an important difference in the 
pediatric patient. 

Clinical trials using tacrolimus in pediatric heart transplant pa
tients have shown significant therapeutic benefits'". Based on 
these results the transplantation group at the University of 
Pittsburgh has conducted a trial of tacrolimus in pediatric lung 
and heart-lung patients". In this small group of patients the inci
dence of acute rejection has been equivalent to that seen in pa
tients treated with cyclosporin; none required antilymphocyte 
agents for treatment of rejection. This may be significant, since 
the development of bronchiolitis obliterans has been associated 
with the number and severity of acute rejection episodes". The 
effect of tacrolimus on the occurrence of bronchiolitis obliterans 
has yet to be determined. 

Management of secondary pulmonary hypertension 
and complex cardiac defects 

The availability of heart-lung donors does not currently meet the 
need. In an effort to treat patients with secondary hypertension 
and congenital heart defects, an increasing number of patients are 
undergoing combined LTx with cardiac repair. This has the 
benefit of distributing organs from one donor to a greater number 
of recipients. In addition, the waiting time for potential LTx re
cipients is half that of HLTx candidates". The definition of what 
is a correctable cardiac lesion has not been determined, but 
certain concepts can help as a guide in the decision as to whether 
to repair a cardiac lesion or perform HLTx. 

The maintenance of a biventricular physiology is mandatory. 
An attempt to perform a univentricular repair with a systemic-
pulmonary shunt and LTx may be technically possible, but con
version to a cavopulmonary connection may not be possible, due 
to high mean pulmonary artery pressures. Recovery of right ven
tricular function after LTx does occur, and is therefore not in 
itself an indication for HLTx'*. Significant left ventricular dys
function (LVEF <50%) would also favor HLTx versus LTx alone. 
Bridges et a/.''' have also suggested that significant valvular ab
normalities predispose the immunocompromised patient to endo
carditis, and therefore HLTx may be indicated. Potential negative 
factors related to HLTx versus LTx include: (a) the added pos
sibility of cardiac rejection and (b) the tracheal anastomosis, 
which may possibly be prone to complications'''. 

Single versus bilateral sequential lung transplantation 
for pulmonary hypertension 

Primary and secondary pulmonary hypertension affects both 
lungs, presumably in an equal manner. However, it is not neces
sary to transplant both lungs in order to alleviate the hyperten
sion. Each type of transplant has its benefits and disadvantages. 
The use of single LTx distributes lungs to more recipients, and 
cardiopulmonary bypass can frequently be avoided. Single LTx 
has been used successfully for a number of indications in patients 
with pulmonary hypertension. 

Fremes et a/.""' reported the closure of a patent ductus arteriosus 
with single LTx for the successful treatment of Eisenmenger's 
syndrome. Bando et al.*' reported the results of 11 single LTx for 
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pulmonary hypertension, of whom six died of graft-related 
disease. The survival of this group, however, was not significantly 
different from those who underwent bilateral LTx or HLTx for 
the same indication. Lupinetti et al." and Bridges et al. '•* each re
ported series of patients who underwent LTx and cardiac repair. 
Of the 10 combined patients, seven had died by the time of the 
reports. 

The physiologic concern with single LTx has been the fact that 
the grafted lung receives nearly all of the blood flow, while venti
lation remains equal between the transplanted and native lungs^'. 
Given these factors, it would seem prudent to reserve single LTx 
for patients with primary pulmonary hypertension whose survival 
is limited''-. Single LTx combined with cardiac defect repair has a 
particularly poor outcome and, given the better longevity of pa
tients with secondary pulmonary hypertension^', bilateral sequen
tial LTx would seem to be the wisest course of action. 

Cytomegalovirus and obliterative bronchiolitis 

Each recipient and donor undergoes serologic testing for previous 
cytomegalovirus (CMV) exposure. As decisions regarding 
donor-recipient matching are not based upon these serologic 
findings, mismatches in serologic status occur. In addition, all 
blood products given to transplant patients are CMV-negative. 
Mismatches (donor CMV+/recipient CMV-, donor-/recipient-H) 
and donor+/recipient+ transplants are treated prophylactically 
with ganciclovir (Table 6). 

Despite prophylactic measures, CMV infection still occurs in 
pediatric patients with mismatched serologies^\ This is 
significant in that the development of obliterative bronchiolitis 
has been linked to CMV infection in adult LTx recipients'". Geist 
er al^* have shown that the gene products of CMV infections 
prevent the inhibitory effects of cyclosporin on interleukin 2, 
which could allow for normal T cell function and increased rejec
tion. The number and severity of rejection episodes seem to be as
sociated with the development of obliterative bronchiolitis, so 
efforts to reduce CMV infection and rejection episodes may have 
a significant impact on patient survival. Current trials examining 
the effect of tacrolimus versus cyclosporin on the development of 
obliterative bronchiolitis are ongoing; preliminary results in 
adults indicate that the number of rejection episodes is decreased 
in the first 6 months after LTx•'^ but the effects on obliterative 
bronchiolitis are as yet unknown. 

Table 6 CMV prophylaxis at the Children's Hospital, Los Angeles 

D+/R+ aiuJ D+/R-
Days 1-21: intravcnou.s immunoglobulin therapy 
Days 14-42: ganciclovir 6 mg/kg per day 
Day 42-6 months: acyclovir 100 mg/kg p.o, three times daily 

D-/K+ 
Days 14-42: ganciclovir 6 mg/kg per day 
Day 42-6 months: acyclovir 100 mg/kg p.o. three times daily 

D-/R-
No prophylaxis 
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63 
Airway Complications in Children Following Lung 
Transplantation 
C.B. HUDDLESTON 

INTRODUCTION 

Historically, disruption of the airway suture line was the major 
source of morbidity and mortality in the early days of lung trans
plantation in adults, particularly in the setting of an en-bloc double 
lung transplant''. Modifications of the technique by wrapping the 
anastomosis with either omentum or other viable tissues'* and per
forming bi-bronchial anastomoses provided reasonable solutions to 
this problem^. Airway anastomotic complications are now a less 
serious but persistently vexing problem, with an incidence in adult 
transplants ranging from 10% to 30% of bronchial anastomoses at 
risk'^'". Most of these bronchial complications are due to stenosis. 
The incidence of airway complications in the p>ediatric age group, 
and those factors leading to this .set of problems following lung 
tran.splantation, are not well defined due to less experience in chil
dren. The experience in adults may not be easily translated to chil
dren, for a variety of reasons, including the smaller size of the 
airways being anastomosed and the expected somatic growth that 
will occur. This is a review of the literature and of our own experi
ence in children, to evaluate the incidence, ri.sk factors and appro
priate treatment associated with these complications in the pediatric 
population subjected to transplantation. 

AIRWAY CHARACTERISTICS UNIQUE TO CHILDREN 

In general, the bronchus is mature in virtually all aspects shortly 
after birth. The blood supply is the same as that seen in adults. 
The bronchial cartilage is .somewhat more compliant and soft in 
infants than in older children, and particularly adults. This may 
predispose to malacia of the airway when the donor is young. The 
major issues that could impact on airway complications relate to 
the smaller size per se and the need for growth when transplant
ing very small children rather than to the biology of the bronchus. 

UNIQUENESS OF THE BRONCHIAL ANASTOMOSIS 

Bronchial blood supply 

Normally there are two or three bronchial arteries arising from 
the aorta. TTiey enter the lung through the hilar region and divide 

upon reaching the mainstem bronchus. A plexus is formed in the 
peribronchial space and small arterioles penetrate the muscular 
layer of the airway to reach the bronchial mucosa, where they 
form the submucosal plexus from the mainstem bronchus to the 
terminal bronchioles. At this level the capillary bed from the pul
monary arterial blood supply communicates with the bronchial 
capillary system"'-. In general, direct bronchial revascularization 
is not performed in lung transplantation. Thus, blood supply to 
the bronchus reaches that point by retrograde flow from the pul
monary capillary system into the bronchial capillary system 
through the submucosal plexus back to the mainstem bronchus to 
reach the anastomosis. It is this tenuous system of vessels that the 
proximal donor bronchus depends upon for its nutrient source in 
the early stages after lung transplantation (Figure I). 

Revascularization of the anastomotic region may be accom
plished by either direct bronchial arterial revascularization or 'in
direct' revascularization - wrapping the anastomosis with viable 
tissue which can provide a source for ingrowth of new vessels. 
Some centers utilize direct bronchial revascularization with a low 
reported incidence of airway complications. These are all adult 
patients and relatively small series, however" '••. The disadvan
tages of direct revascularization are that it is cumbersome, adds to 
an already lengthy procedure, adds ischemic time to the trans
planted organs and increases the risks of bleeding. 

Indirect revascularization using omentopexy or other viable 
tissue flaps was at one time the standard'^ ". There is experimen
tal evidence of ingrowth of new vessels to the area of the 
bronchial anastomosis as early as 4 days post-transplant'^ and ex
tensive neovascularization of the bronchial circulation via collat
erals within 3 ^ weeks'''. However, most have now abandoned 
this adjunct to lung transplantation, and cover the bronchial anas
tomosis with viable donor peribronchial tissue; this has provided 
clinical results similar to that achieved with omentopexy, pericar
dial flaps and intercostal muscle flaps, and avoids the need for 
laparotomy or mobilization of other tissues. The donor peri
bronchial tissue is viable and probably provides for the rapid in
growth of new vessels to the area of the anastomosis in a fashion 
similar to omentum, although there is no experimental evidence 
for this. There is, however, experimental evidence that the 
bronchus will heal normally with no wrap at all-", thus taking us 
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Figure i Antegrade flow to the proximal maiiistem bronchus, slops at the 
suture line. Nutrient supply to the area of the anastomosis must come retro
grade via collaterals between the piihiionary and bronchial circulations 

full circle. It is prudent to provide some coverage of the sumrc 
line with the peribroncliia) tissue if for no other reason than to 
protect the pulmonary artery anastomosis should there be any 
breakdown at all of ihe bronchial anastomosis. 

It is likely that most airway complications are related to is
chemia at the anastomosis. Although omentum and other vascular 
pedicles may provide indirect revascularization this requires days 
in which the anastomosis must live off the retrograde perfusion 
iVoni the pulmooary arterial system. It is relatively common to see 
bronchoscopic evidence of some ischemia in the proximal donor 
bronchus - usually a bluish discoloration or, if more severe, a 
gray appetirance that may extend to the level of the orifice of the 
upper lobe bronchus. This usually resolves over the first week fol
lowing transplantation. Given that the early blood supply to the 
aoaslomotic region is crucial in avoiding airway complications, 
efforts should be extended to maintain this tenuous collateral mi
crovascular blood flow. Maintenance of excellent pulmonary 
blood flow, pulmonary preservation, and handling of the proximal 
donor bronchus are factors which impact upon this. 

PylmonarY blood flow 

Obviously maintenance of good cardiac output is crucial in tlie care 
of any patient postoperatively. In children the luxury of measuring 
cardiac output by the thermodilution technique is seldom available, 
except in the teenage group. In general, reliance on clinical assess

ment of the cardiac output is more frecpently necessary - pedal 
pulses, capillar}' refill, warmth of extremities, urinary output, etc. In 
addition, pulmonary vasodilatoi"s may have a very positive impact 
on bronchial healing, as demonstrated by the group from 
Hannover-'. They used prostacyclin as a pulmonary vasodilator for 
48 hours post-transplant. Heparin was also administered to prevent 
thrombosis of any small vessels in areas of low flow. They had no 
significant bronchial complications in 41 anastomoses at risk. We 
ciirrenrty use prostaglandin E, (PGE|) in all patients for 48 hours 
post-transplant in a dose of 25 ng/kg per minute. 

Pulmonarf preserwation 

This topic is covered elsewhere in this publication, and has been 
reviewed in depth by a number of investigalors. We use 
modified HiHO-Colim> solution (50 nii/lfg) after bolus injection 
of 50(i jig cjf PflEj. Poor pulmunary preserva.tion and prolonged 
ischetnic times place the microvasculaturc of the lung a! risk; 
thus ihe flow via collateral vessels to the bronchial ariasiomotic 
area may be diminished. IC has been sht;wn e.xperiinenially ihal 
liings with better preservation have better healing of tlie 
bronchus-', in a similar fashion, prolonged iSidieiTilc injury to 
the luug vvill injure the pulmonary iuierovasculature and thus di
mmish the collateral tiow to the bronchus, in our series of 79 
transplants in 7! patients (153 tmastonioscs al risk) the ischemic 
time lended io be longer in those developing complications, but 
did not reach statistical sigriilicunce. Interestingly, most 
biTinchial complications were seen on the right (nine versus 
four) The left hmg transplant fs always performed first .at our 
ceriler: thus ihe right lung has on average an additional 40 
minutes of .ischemic time compared to rhe left. To truly anaiv/x 
whether the ischemic time is the causative factor would require 
ratidonuzacion of the secpierice of the Iransplanis lo be certain 
that odter factors are not involved. 

Handling of the bronchys 

The donor bronchus should be trimmed to within one or two carti
laginous rings of the bifurcation of the mainstem bronchus. This 
shortens the distance that the collateral blood flow must travel to 
reach the anastomosis, but still allows sufficient length to perform 
the anastomosis--'. When performing a lobar transplant we divide 
the bronchus just beyond the take-off of the upper lobe. Wc avoid 
skeletonizing the donor bronchus and also limit the amount of 
trauma from forceps grasping. To allow for the potential for 
growth, monotilameni absorbable suture (polyglyconate) is used 
for the anastomosis. A study in lambs by Friedman et al/* has 
demonstrated that this allows for satisfactory growth of the 
airway anastomosis. Finally, there is the issue of whether the 
anastomosis should be telescoped. The San Antonio group has 
provided quite convincing data in adults that telescoping of the 
anastomosis provides the best results in airway healing^*. In most 
cases the donor bronchus is of smaller diameter than the recipient 
and some telescoping is inevitable. However, in our experience 
and that of others-*, telescoping wnth a mattress suture has had a 
veiT high incidence of airway stenosis, and we no longer utilize 
this technique, instead using a simple suture technique. 
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OTHER RISK FACTORS 

Age and size 

We reviewed our series to evaluate the impact of the age and size 
of the patients on their risk for airway complications. Our concern 
was that small airways would be at greater risk for complications 
than larger ones. There was no difference between those that suf
fered bronchial complications in terms of average age (12.1 ±2.2 
years) and those who did not (9.6±2.5 years). Likewise, there 
was no difference in terms of size between those who developed 
bronchial complications (28.7±3.0 kg, 132.5±4.7 cm) versus 
those who did not (24.1 ±3.7 kg, 118.2±5.7 cm). Looking at this 
another way, the incidence of bronchial complications in those 
under 10 kg was 9.1% (2/22); it was 15.8% (12/76) in those 
greater than 10 kg in weight. Thus, small size and young age did 
not portend an adverse prognosis in terms of bronchial 
complications. 

Transplant diagnosis 

In our series of pediatric lung transplants the pretransplant pul
monary diagnosis was not a risk factor. However, in comparing 
septic lung disease (basically cystic fibrosis) to non-septic lung 
disease (pulmonary fibrosis, pulmonary vascular disease, etc.) 
there was a trend for a higher rate of airway complications in the 
cystic fibrosis group than in the others lumped together (19.7% vs 
9.8%). To evaluate this further, we looked at airway organisms to 
see if they might play a role in increasing the risk of 
complications. The presence of Aspergillus fumigatus resulted in 
a higher incidence of complications, but this did not reach statisti
cal significance. Nonetheless, we currently aggressively treat 
Aspergillus both pre- and post-transplant with intravenous and 
aerosolized amphotericin B when it is cultured from the sputum. 
The greatest benefit in this is the prevention of a clinically 
significant Aspergillus infection, but it may also prevent airway 
complications. 

Rejection 

Rejection is very common following lung transplantation; in our 
series this occurred to a mild degree in 65-70% at least once in 
the first 3 months following lung transplantation. Rejection in a 
more severe form occurs in about half of our patients during the 
first 3 post-transplant months. Theoretically, rejection could pose 
a threat to the collateral blood supply to the bronchial anastomo
sis and there is experimental evidence for this" -**. However, it is 
unusual for there to be significant rejection during the first week 
post-transplant, and beyond that a new blood supply to the region 
of the bronchial anastomosis is reasonably well established via 
the bronchial wrap. Rejection did not prove to be a risk factor for 
airway complications in our series. 

The use of steroids early following lung transplantation was at 
one time felt to be contraindicated because of its impact on 
healing in general, and bronchial healing specifically'^''. However, 
it has subsequently been shown that not only is it not deleterious, 
but it may be beneficial to have patients on low doses of 
steroids^". It is our practice to use steroids in modest doses early 
after transplant. 

DIAGNOSIS OF BRONCHIAL COMPLICATIONS 

The diagnosis of an airway dehiscence following lung transplan
tation is generally made by bronchoscopy, although chest com
puterized tomography can delineate these complications quite 
clearly at times, and provides more precise information in terms 
of extent of the dehiscence when partial than is generally obtain
able from bronchoscopy. The presence of any new mediastinal air 
beyond 24 hours of the transplant is highly suggestive of this di
agnosis (Figure 2). Prior to frank dehiscence, however, there is 
usually some suggestion of significant airway ischemia by gross 
inspection of the color of the bronchial mucosa by bronchoscopy. 
However, we have had one patient who developed complete de
hiscence of the bronchus, whose initial bronchoscopy was essen
tially normal. She cultured Aspergillus fumigatus from the cut 
edge of the bronchus and presumably this was the underlying 
etiology of this dehiscence. 

In our experience the detection of bronchial stenosis has at 
times been somewhat difficult. In most cases bronchoscopy has 
been the major diagnostic modality. However, there have been 
two instances in which the airway appeared reasonably patent in 
patients still ventilated post-transplant, in whom weaning from 
the ventilator failed repeatedly. Ultimately the diagnosis was 
made, stents were placed, and the ventilatory status markedly im
proved. Pulmonary function tests usually show a fall in FEV,; this 
may be due to rejection or distal airway problems. However, the 
flow-volume loop provides a highly suggestive pattern in which 
the curves have some concavity^'. Bronchoscopy is always man
dated to confirm the findings and is best done with the patient 
breathing spontaneously. CT scans are occasionally helpful, but 
are not very sensitive. 

TREATMENT OF BRONCHIAL COMPLICATIONS 

Airway compUcations occur in two forms - dehiscence and sten
osis. Complete dehiscence is generally catastrophic. Drainage 
alone is seldom adequate and an attempt at repair is appropriate as 
an initial step. It has a high failure rate and will probably result in 
transplant pneumonectomy. Fortunately this is relatively rare and 
in fact has occurred in only one of our patients, who interestingly 
grew Aspergillus from the bronchial margin, as mentioned above. 
Partial dehiscence can be treated expectantly, and generally will 
heal satisfactorily as long as there is adequate intraluminal 
drainage. When this involves the cartilaginous portion of the 
anastomosis there is an increased ri.sk of stenosis in that airway as 
it heals; when the dehiscence involves only the membranous 
portion this generally heals without sequelae (Figures 3 and 4). 

All patients with significant stenosis of the anastomosis will 
require some sort of intervention. Dilatation of the anastomosis 
was performed first in all instances in our patients, using a rigid 
bronchoscope or angioplasty balloon catheter. Some patients have 
presented with very tight airway stenoses of less than 2 mm in di
ameter. It is generally not safe to dilate such stenoses with the 
rigid bronchoscope, for a number of reasons: to engage the stric
ture would require a very small-diameter rigid bronchoscope, 
which usually would not be long enough to reach the stricture in 
the bronchus; ventilating through the small bronchoscopes will be 
associated with a significant air leak around the bronchoscope, 
particularly with an obstructed airway distally; and it is difficult 
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Figurt 2 This CT scan cf a patieiii wa;> taken 4 weeks foilowinj: luiisi Lrans-
pliiiiutiion fijr cystic iibr,) ;̂is. A,B; Noie ihe presence of air on the right poste- to judge ihe direction of insertion of ihe bronchoscope when per
nor to riic bi-oiichiis tarrow). There is also Sigr.iiicaiil pulmonary parer.chj mai forming a forceful dilatation, risking disraption of the bronchus. I 
disease m this v,ew, C: Following t!ie CT scan further mferiorly. it can be ^^^^f^^. perfomiing a Stretching of the Stricture usiog a rigid optical 
easily rioied that tliere is panial disrutjlion at the area of the anastomosis; tiie , . , • j • »i i .. • • i i i 

, . , . ^ , • , biopsv iorceps or a grasping device through the ngid broncno-
twn enas arc hcid togettief somew-naf teraJOiisK », - , . , , , , , 

scope. Alternatively, an angioplasty balloon may be used over a 
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through them, creating a recurrent stenosis that is extremely 
difficult to manage.'^ 

There are four important factors associated with placing these 
stents: 

B 

Figure 4 t;'I scans from the same paficn! depicted in I'igures 2 and 3. 
A: CT scan taken at 4 weeks post-transplani, demonssrating the dehiscence. 
B: CT scan taken 4 manths lalcr. showing a hcaied bronchus and no exlra-
Dronchiai mediastinal air. Note again that the lumen of the bronchus is wide 
open with no slenosi.s 

wire if necessary. Fluoroscopic control of placement of this 
balloon catheter is quite helpful. Once a satisfactory opening in 
the bronchos is obtained dilatation with progressively larger rigid 
bronchoscopes is relatively straightforward, although the angio^ 
plasty balloon dilatation may be quite adequate on its own. 
Fogarty balloon catheters cannot be inflated to a sufficiently high 
pressure to effect a satisfactory dilatation, hot may provide an 
initial opening through which a larger angioplasty balloon may 
be inserted. We prefer angioplasty catheters with a balloon length 
of 2 -̂3 cm and a diameter nearly equal to what the expected diam
eter of the bronchus would be. It is unclear to what pressure these 
balloons should be inflated, with some going to 4 atm and others 
to 6 atm^^-'̂ l We inflate to the maximum advised for that particu
lar balloon (12-14 atm) and have seen no untoward events related 
to that. 

In those patients with recurrent stenosis early following dilata
tion, silicone stents (E. Benson Hood Laboratories, Pcmbrook, 
IMA) were inserted over the rigid bronchoscope following dilata
tion. Although some have favored wire mesh expandable stents-'*, 
we do not, because of their tendency to erode through die wall of 
the bronchus. Once this has occurrt;d, these stents are virtually 
impossible to remove, and allow granulation tissue to grow 

(1) The external diameter and length must be carefully a.ssessed. 
Cjenerally speaking, the smallest external diameter stent is 
6 mm.. This provides an inlernal diameter of 4 mm. For 
obvious reasons plticiiig a larger stent will .result ,in a better 
long-l:emj result. We have used the 6 mm stents for ehskiren 
less than 18 months, 8 mm stents for ages 18 months to 
10 years, and 10 mm stents for those greater than 10 years of 
age. The length of the stent should be the shortest that will do 
the job, and usually is 10-13 mm. It is common for a right-
sided stent to project pa,rtially into the trachea a short dis
tance. These stents come ni standard sizes, but custom-made 
stents arc available and the difference of 1 mm in length or di-
anicicr may be tpilc crucial in a small infant or child. 

(2) The bronchus must be dilated first to the same diameter as the 
stent. It is virtually impossible to insert a stent of larger exter
nal diameter thiin the lumen of the bronchus. 

(3) Granulation tissue should be removed as much as possible. 
Cleoerally speaking, granulation tissue begins to form only 
after there has been much manipulation of the airway, such as 
repeated dilatation. Therefore, I believe stents should be 
placed afler die first recurrence of stenosis, particularly if it 
occurs eat1y. Once present, ibis tissue tends to grow over 
either end of the stent, and once over the distal end the stent 
must be removed (Figure 5). This leaves very few options 
in treatment, and may lead to sleeve resection of that segment 
of bronchus, upper lobeclomy, or re-lransplanlation. 

(4) Tlie distal end of the stem must not obstruct the upper lobe 
bronchus (Figure 6). The suture line for Ihe anastomosis is 
one or two cartilaginous rings away front tlie upper lobe 
orifice. This translates to no more than . ^^ mm distance in 
children. I make every effort to ensure that the upper lobe 
bronchus is open, principally using a thin flexible broncho
scope (2.2 mm diainetei) to go ihi^ough the stent once placed, 
and into the upper lobe orifice. Frequently fluoroscopy is per
formed to conflrm Ihc iocadon (Figitre 7). 

Figure 5 CT scan of a patient with a stent in place. There is granulation 
tissue growing over the distal end of the stent (arrow) 
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'• 8 This is the assertibly we û e fur pluceiiicnl of a silicone sleni. An 
liatcly sized biOiiciioscopi' is sclccicd and an entioiracheai lube uf trie 
liatc interna! diametei i& cut to the proper Icnglli so that t!ie tube aiid 
It fit en the entire lengt'i of tlic bronclioscopc 

Figure 6 Ttiis is a plain poitaiile cliest radiograph of a patient immediaieiv 
following placemen! of a left bronchial stent, 'i'hc left upper lobe is atelectatic 
due to tiie stent occluding the lel"t npper lobe bronclrus. Tlie stem may be-
fainiij seen positioned in the left niyiiistem bronciius (arrow) 

Figure 7 This cfiesi radiograph was taken during lluorobcapy ilniowing 
eornplctioji of stent plaecuseiit in the left iHainsiejii broncims of a ciiild. To 
confirm that the upper iol̂ e orifice is patent distal m the stent a smai! flexible 
bronetioseopc is inserted into the orifice (nrrow) 

We liai'e placed sieob in six of our palicols. Our Icchiiiquc is 
derived frr>rii that described elsewhere'". The stenl is loaded onto 
ail appropriately sized rigid bronchoscope with an endotracheal 
lube cut lo the proper length loaded on behind that (Figure 8). 
Tiie bronchoscope should be tidcquately lubricated for ease of 
retnovai of the stent. The ciitiie assembly is then passed into the 
trachea, advanced down to the level of the stenosis and positioned 
carefully while viewing thixiugh the bronchoscope, usually with 
the telescope. All this must be done somewhat expeditiously 
because venlibtion is significantly compromised while the assem
bly is pa.ssed down into llie mainsteiii bronchus, since the side 
holes of the bronchoscope are occkided by the endolracheal lube. 
The stent is then held m position as the rigid bronchoscope is 
rcGioved by maintaining the position of the endotraclical tube 
loaded onto the rigid bronchoscope behind the stent. Once the 
rigid bronchoscope is removed, ventilation can be resumed 
through the endotracheal tube .still in the airway. Although the 
stetits are not radiopaque, one can vaguely see these on X-rays 
(Figure 6j, In siiifill children placement can be very time-
consuming, but it is imperative that precise placement is 
achieved lo assure that the stricture is appropriately treated and 
the upper iobe bronchus is paieni. 

These stents are left in place for a minimiitn of 6 monllts, and 
preferably 12 months. Following removal of the stent the airway 
caliber has generally remained stable (Figure 9). We have not 
noted growth in the airway by gross iiispectioo in these patients; 
however, the follow-up has been relatively short. Granulation 
tis-suc may occur at cilher end of the stent, and should be removed 
either with laser or by resectioti. Should it become particulaily 
bothersome distal to die stent, the stent may have to be removed 
and fhe airway treated with peiriocUc dilatation. I have found 
balloon dilatation to be generally less traumatic than dilatation 
with the rigid bronchoscope, and thus perhaps less likely to stimu
late growth of granulation tissue. 

The group ill Hannover has performed sleeve resection of the 
stenotic segment with good results in adults". Although this has 
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initial diiaiation wiits subsequent silicone stent placcnicnt in re-
current or severe strictures. This has provided satisfactory results 
;u!d no ceailis ixccondary to t!ic ao'way problem ilself in our series. 

B 

FigurE 9 CT scans taken on a paiient who liad previously requireci bilatera! 
stent placement for broncliia! stenosis. Tiie stems liad beeo out for 1.5 year;, a:. 
thc time these CT scans were taken. The bronchi are both widely patent 

some appeal I think il would be a very difficult procedure in diii-
dren, and I would not recommend it. When the stenosis extends 
down into the upper or lower lobe bronchi, lobectomy, or poteo-
lially retransplant, rnay be the only solution. Obviously these are 
somewhat extreme cases. Rctransplantation carries with it greater 
immunologic uncertainty, unpredictable waiting time, the con -̂.e-
quences of reoperation, and overall results which are not as good 
as first-tiinc transplants'*. However, when the stenosis extends 
down into the tobar orifices there may not be a plausible alterna
tive treatment option. 

COMMENT 

The incidence of airway coniplicaiions in children undergoing 
luria transplantation is bimiliir to that reported elsewhere in adults. 
Dehiscence is now fortunately a fairiy rare occurrence, witii stric
ture forraatioii becoming the primary coniplication. Factors im
portant in prevention inchide strict adherence to niclicuious 
surgical and organ preservation techniques and simple end-to-end 
anastomosis rather than telescoped anastomosis in chikiren. 
Endoscopic management oi' bronchial coinplicatiotis following 
limg transplantation is a challenging task. We have preferred 
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64 
Living Donor Lobar Lung Transplantation 
J.E. DAVIS AND V.A. STARNES 

INTRODUCTION 

Utilization of lung transplantation (LTx) is limited by donor 
availability. In the USA approximately 10% of patients listed for 
LTx will die in any given year. As LTx has become more ac
cepted the pool of possible recipients has grown from 149 in 1988 
to 2000 in 1995. During this same period the number of potential 
donors has remained almost constant. Living donor lobar LTx 
techniques offer a viable alternative form of treatment to patients 
with end-stage lung disease who might otherwise die while 
waiting for cadaveric LTx. While the first living donor LTx was 
reported in 1990', living donor lobar LTx (LDLLTx) has became 
an accepted form of treatment for adults and children with end-
stage lung disease at the University of Southern California (USC) 
School of Medicine^. 

INDICATIONS 

The indications for LDLLTx are the same as for cadaveric LTx. 
LDLLTx is specifically indicated when patients who have been 
listed for cadaveric LTx begin deteriorating. Potential donors are 
usually evaluated prior to the recipient's deterioration. At USC, 
31 of 34 patients who have undergone LDLLTx have had cystic 
fibrosis (CF). Patients with pulmonary hypertension, pulmonary 
fibrosis, and obliterative bronchiolitis have also been transplanted. 
In all cases the severity of the pulmonary compromise has been 
significant. The mean pC02 and /7O2 have been 65 ± 5 and 70 ± 5 
mmHg, respectively. In the patients with CF the FEV,, FVC and 
PEF25_7s were all <50% of predicted. 

Exclusion criteria are the same as for whole LTx. 

DONOR EVALUATION 

Donors for LDLLTx are usually selected from a pool of individ
uals related to the recipient, although one donor was the spouse of 
a relative. Donors undergo a battery of tests, including ABO 
blood group determination, room air arterial blood gas measure
ment, spirometry, echocardiography, ventilation/perfusion lung 

scanning, chest radiography, and computerized tomography. These 
tests serve to evaluate the ABO and anatomic compatibility of the 
donor lobe and the potential risk to the donor. Viral serologies 
and lymphocytotoxic crossmatch are also performed. The psycho
logical and social impact upon the potential donor is assessed. 

The following criteria have been utilized for donor 
acceptance': 

(1) Age <55 years. 
(2) No significant past medical history. 
(3) No recent viral infection. 
(4) Normal echocardiogram. 
(5) Normal electrocardiogram. 
(6) Normal chest radiograph. 
(7) Oxygen tension >80 mmHg on room air. 
(8) FEV, and FVC >85% predicted. 
(9) No significant pulmonary pathology on CT scan (completely 

normal on donor side). 
(10) No previous thoracic operation on donor side. 

SURGICAL TECHNIQUES 

Donor procedures 

Two donors are utilized for each recipient, with each donating a 
right or left lower lobe. The larger donor is the preferred right 
lower lobe donor due to the smaller size of the right versus the 
left lower lobe. Harvesting of the lobes is done simultaneously by 
two separate surgical teams. 

Epidural anesthesia and a double-lumen endotracheal tube are 
used. Fiberoptic bronchoscopy is performed prior to the proce
dure to exclude infection or inflammation, and to confirm 
bronchial anatomy. Patients are placed in the decubitus position 
and posterolateral thoracotomy is performed. The technique of 
lobectomy is modified to maximize the length of donor pul
monary artery and vein as well as bronchus. Dissection is gener
ally carried out on the side of the remaining lobe, to minimize air 
leaks in the recipient. 
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Donor right lower lobectomy 

The right lower lobectomy is begun by division of the inferior 
pulmonary ligament up to the inferior puhnonary vein using elec
trocautery. The mediaslinal pleura is dissected anterior to tlie su
perior pulmonary vein and posterior to the inferior aspect of the 
take-off of the right upper lobe bronchus. The pulmonary artery is 
then located within the fissure (Figure 1), and the anatomy of the 
branches is carefully defined, especially to the middle lobe. The 
distance between the superior segmental artery to the lower lobe 
and the middle lobe artery is variable and determines the length of 
the pulmonary artery cuff that can be obtained. 

The venous drainage of the middle lobe is determined to ensure 
that it does not arise from the inferior pulmonaiy vein. The peri-

Figure 1 Dissection and division of Itic, pulmonary artery for donor right 
lower lobectomy (from rcf. 3) 

superior 
pulmonary 

vein 

inferior 
pulmonary 

vein 

pericardium 

left atrium 

cardium surrounding the inferior pulmonary vein is then incised. 
This will allow placement of vascular clamp on the left atrium 
(Figure 2). 

The fissures are then divided using a 75 mm GIA stapler (US 
Surgical Corp., Norwalk, CT, USA) and any raw areas of 
parenchyma are cauterized. 

The lung is then reinflated and 10 000 units of heparin and 500 
mg of methylprednisolone are given intravenously. After 5-10 
niin of ventilation the lung is again collapsed and a vascular 
clamp is placed on the pulmonary artery between the superior 
segmental artery of the lower lobe and the middle lobe artery in 
such a fashion as to maximize the cuff of artery distal to the 
clamp (Figure 1)̂  A vascular clamp is placed oo the left atrium 
(Figure 2). The pulmonary artery and inferior pulmonary vein 
(with left atrial cuff) arc divided. 

The right lower lobe bronchus is exposed as little as possible in 
order to preserve the blood supply. The bronchus is transected 
along a line from (a) above the segmental bronchus to the supe
rior segment inferiorly to (b) just below the take-off of the middle 
lobe bronchus (Figure 3). The lobe is removed, wrapped in a cold 
moist sponge and taken to the back table for preservation. 

The transected pulmonary artery in the donor is repaired with a 
running 6/0 polypropylene suture, and the left atrium is closed 
with a running 4/0 polypropylene suture. The divided bronchus in 
the donor is then closed with interrupted simple sutures of 5/0 
polypropylene. 

Donor left lower lobectomy 

Harvesting of the left lower lobe is also begun by dividing the in
ferior pulmonary ligament up to the inferior pulmonary vein. The 
pulmonary artery is identified within the major fissure and 

Figure 2 Dissection of the ught inferior pulmoriary vein so that a %'asciilar Figure 3 Dissection and division of tijc bronchus to ttie rigiit lower lobe 
damp can lie placed on rtie mlrapericardial left atrium (from ref. 3) (from ref. 3) 
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Figure 4 Dissection and division of the pulmonary artery for donor left 
lower lobectomy (from ref. 3) 
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Fignre 5 Dissection and division of the bronchus to the left lower lobe 
(from ref. 3) 

exposed (Figure 4). The branches to the superior segment of the 
lower lobe and the Hngula are identified and mobilized. A lingular 
artery located too far distally can be ligated if small. The peri
cardium is then opened anterior to the hilum and the inferior pul

monary vein is identified and dis.sected circumferentially. 
Division of the fissure is then completed using an autoniatic sta
pling device. 

The lung is reinflated and heparin and rnethylprednisolone are 
administered. After ventilation, the lung is again deflated and the 
pulmonary artei '̂ is clamped as proximal as possible to the supe
rior segmental artery of the lower lobe (Figure 4). The inferior 
pulmonary vein is isolated with a cuff of left atrium using a vas
cular clamp, llie artery and vein arc transected and the bronchus 
is exposed (Figure 5). 

The maio bronchus is traced proxinially until the lingular 
bronchus is identified. The bronchus is then divided tangentially 
from (a) the junction of the lower lobe bronchus and the lingular 
bronchus to (b) a point approximately 3 mm superior to the supe
rior segmental bronchus of the lower lobe (Figure 5). The lobe is 
removed to the back table for preparation. The artery, atrium and 
bronchus in the donor are closed as described for the right side. 

Pulmonary preservation 

Prior to removing the lobe from the donor, prostaglandin is given 
to dilate the pulmonary vasculature. Once at the back table, the 
bronchus of each lobe is intubated with a small endotracheal tube 
and the lobe is veotilated with 100% oxygen. The preservation 
fluid is administered in a retrograde fashion to ensure complete 
perfusion of the lobe. The pulmonary vein is cannulated, and the 
lobe is flushed with at least 1 liter of modified Eoro-CoUins solu
tion or until the arterial effluent becomes clear and the 
parenchyma is white. The lobe is then transported to the recipient 
operating room. During preservation, preservation fluid is pre
vented from iooding into the bronchus. 

Recipient procedyre 

After the induction of general anesthesia, the patient is placed in a 
supine position with each arm abducted 90° and each elbow 
flexed 90°. The forearms are gently wrapped to the anesthesia 
screen frame. The chest is prepared and draped for bilateral thora
cotomy with transverse sternotomy (Clamshell incision). The in
cision is opened widely and adhesions are lysed. The hilum is 
dissected on both sides. Heparin is given and cardiopuloionary 
bypass is instituted via the ascending aorta and the right atrium. 
Recipient pneumonectomies are performed (Figure 6). Care is 
taken to preserve lengthy cuffs of recipient artery, vein and 
bronchus. 

The right donor lobe is placed into the right chest and the 
bronchial anastomosis is performed first (Figure 7), The stapled 
end of the recipient bronchus is excised and an end-to-end anasto
mosis is performed using a running 4/0 polypropylene suture. 
Telescoping is utili/xd to compensate for differences io donor-
recipient bronchus diameters. 

The venoos anastomosis is completed by anastomosing the su
perior pulmonary vein to the lobar vein using a running 4/0 
polypropylene suture (Figure 8). The venous clamp is then 
removed to allow back-bleeding. Finally, the arterial anastomosis 
is completed with a running 5/0 polypropylene suture (Figure 9), 

The right lobe is perfused while the left lobe is implanted in a 
like fashion. The patient is weaned from cardiopulmonary bypass 
and the wound is closed. 
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Figure 6 Recipient right pneumonectomy (from lef. 2) 

Figure 7 Right lower lobe (RLL) implaolalion - hrtmchial anastomosis 
(from ref. 2) 

Figure 8 Right lower lobe implanlatioii - pulmonary venous anastomosis 
(from ref. 2) 

Figure 9 Right lower \oht implantation - pulmonary arterial anastomosis 
(from ref. 2) 

ImmunosuppressioD is administered as in conventional cadav
eric LTx. 

RESULTS 

Thirty-four patients tiave undergone LDLLTx. Twenty-three of 
these required supplemental oxygen or mechanical ventilation 
prior to traosplant. Twenty-five procedures were done as an emer
gency procedure, or urgently due to clinical deterioration. The 
mean survival time is 20 months, with a 1 year survival of 66%. 
There have been seven io-hospital deaths and four late deaths. 
Rejection has occurred in 16 patients (0.07 rejection 
episodes/patient month). Postoperative infections have occurred 
in 23 patients, most bemg pscudomonal pneumonias. Fungal or 
cytomegalovirus infections occurred in 14 patients. 

FEV, and FVC increased from 23% to 68% and 37% to 67% of 
predicted, respectively. The most dramatic improvement occurred 
in the FEF25...7S measurements (9% to 68% of predicted). 
Clinically, the patients improved from NYHA Class 3.1 to 1.1 
(j7<0.00l). 

COMMENT 

A number of unique donor-specific and recipient-specific issues 
arise when I,DLLTx is being considered. 

On an individual basis ttie surgeon must decide whether the po
tential recipient will benefit more from a lobar transplant using 
live donors or from a conventional cadaveric LTx. I-,DLLTx tias 
the advantages of: (a) immediate availability of donor organs, 
(b) assurance of the health of the donor lobes due to extensive 
preoperative evaluation, and (c) control of the liming of the 
operation. The disadvantages are; (a) a slight but real risk of 
morbidity and potential mortality to the donor and (b) the 
increased technical difficulty of lobar transplantation. 

The fate of mature lobes transplanted into immature individuals 
has been studied without conclusive results*-*. .ICern et al/' have 
shown in animals that the mature transplanted lobe undergoes hy
pertrophy, but the number of functioning alveolar units does not 
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increase. The possible development of emphysematous changes 
in the transplanted mature lobe is a concern which will require 
further study. 

In summary, LDLLTx offers an alternative to cadaveric LTx 
that results in equivalent survival and morbidity. In addition, pa
tients whose life expectancy is less than the usual waiting period 
for LTx can be effectively palliated with this procedure. 
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B5 
Results of Lung Transplantation and Factors 
Influencing Surwiwal Based on the St Louis Lung 
Transplant Registrf 
M. POHL AND J.D. COOPER 

NTRODUCTION 

riie St Louis International Ijing Transplant Registry was begun 
II 1988'and contains information from 1983 when the first suc-
;essful single lung transplantation was performed for a patient 
¥ith pulmonary fibrosis. As a voluntary registry it helps to docii-
neot the indications, complications, and results of lung transplan-
ation. Since that first transplant in 1983, transplantation has 
jeconie a viable alternative for patients suffering with end-stage 
ung disease. The following information is based on data reported 
o the Registry from 121 centers, as of 1 January 199.5. 

iEGISTBY DATA 

)f these cenlens there are 45 active centers in the USA (those 
laving reported at least one lung transplantation since 1 January 
994) and 32 active centers outside the USA (Figure 1). As of 
anuary 1995, over 3836 lung transplants were registered - 2346 
ingle lung transplants {Slffx) (1160 right, 1181 left, five 
inspecified as to side), and 1490 bilateral tran.splants (230 en bloc 
louble (EBD), 12.*)2 bilateral sequential transplants (BLTx), and 
light unspecified) with an equal distribution of men (1950) and 
¥omcn (1884) transplanted. There is an increasing number of 
JLTx (Figure 2) being performed per year compared to the 
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Figure 2 Number of lung transplants per year by type (n = 3836) 

number of SLTx. A small number of EBD lung transplants con
tinue to be performed. 

SURVIVAL FOLLOWING LUNG TRANSPLANTATION 

Survival of lung transplant recipients continues to improve each 
year (Figure 3). The 1-year actuarial survival for all lung trans
plant recipients was 71 %•, the 2-year survival 64%, and the iS-year 
survival 43% (Figure 3). Most of the reported transplants have 
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Figure 3 Six-year actuarial survival of patients with lung transplants 
(n = 3739) 
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Table 1 Indications for lung transplantation (excludes en bloc double 
lung transplants) 

0«y» Bo«t Tnniptant 

Figure 4 Two-year actuarial survival of patients with lung transplants by 
transplant era 

been performed during the last 4 years. Figure 4 depicts the fact 
that patients who undergo a lung transplant today have a better 
actuarial survival than those patients who underwent transplanta
tion before 1989. Because of this increasing survival of recent 
transplants, an upward trend in actuarial survival should occur in 
the years to come. 

Influence of type of transplant (SLTx vs BLTx) 

Of note is the difference between patients undergoing BLTx and 
SLTx. Although a much smaller group of patients has undergone 
BLTx, these patients have a statistically significant better actuarial 
survival than those who have undergone SLTx and a much higher 
actuarial survival than those who have undergone EBD transplant 
(Figure 5). More lung transplant centers are beginning to employ 
BLTx rather than SLTx, possibly due to these actuarial statistics 
and to the greater reserve of pulmonary function conferred on 
someone who subsequently develops bronchiolitis obliterans or 
rejection. With the severe shortage of lung donors, institutions are 
faced not only with the medical decision of who gets transplanted, 
but also with the dilemma of using SLTx to provide a lung for a 
greater number of recipients versus the possibility of improved 
long-term results following bilateral replacement. 

Table 1 shows a breakdown for SLTx and BLTx for each major 
diagnosis. Bilateral transplants have been employed for patients 
with cystic fibrosis (with rare exceptions) because of the presence 
of chronic infection in both lungs. For other conditions, treated by 
either single or bilateral transplantation, the type of transplant 
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in = 2346) 

Bilateral lung 
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Interstitial pulmonary fibrosis 618 561 
Cystic fibrosis 505 2 
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Figure 6 Two-year actuarial survival of patients with lung transplants for 
primary pulmonary hypertension or Eisenmenger's syndrome by transplant 
type 
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Figure 5 Four-year actuarial survival of patients with lung transplants by 
transplant type 

Figure 7 Four-year actuarial survival of patients with lung transplants for 
aj-antitrypsin emphysema and chronic obstructive pulmonary disease by 
transplant type 

employed appears to have no significant influence on survival 
rate. In Figures 6 and 7 the survival curves for SLTx and BLTx 
recipients are demonstrated for patients with primary pulmonary 
hypertension (PPH)/Eisenmenger's syndrome and for those with 
chronic obstructive pulmonary disease (COPD)/a|-antitrypsin 
deficiency, respectively. One might expect the additional pul
monary reserve conferred by a bilateral transplant to favorably 
influence survival, but recipient diagnosis appears to exert a more 
significant influence on post-transplantation survival (Figure 8). 

Influence of underlying pulmonary disease 

The number of conditions for which lung transplantation is being 
successfully employed continues to expand. The most common 
indication (Figure 9) continues to be COPD, followed by 
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Influence of age of recipient 

The largest number of transplant recipients (2225) continues to 
be between 41 and 60 years of age (Figure 10). Since the age cut
off for lung transplantation at many institotions is 60, it is of con
tinued interest to evaluate the actuarial survival for those patients 
who are over the age of 60 at the time of transplantation. Figure 
11 shows that this group of patients had a 61% actuarial survival 
at 1 year, compared to the total experience of 71%, and had a 
50% survival at 2 years, compared to the total experience of 64%. 
One niust note, however, that there is a small number of patients 
iu this population group, making the statistical comparison rela
tively uneven. 

Pediatric lung transplantation has continued to increase slowly 
over the years with 151 pediatric transplants (patients less than 16 
years of age) being registered (Table 2), At 1 year this group had 
an actuarial survival of 66%, decreasing to 57% at 2 years (Figure 
12). Most pediatric transplants continue to be performed for 
cystic fibrosis, with the next largest group being those with PPH 
(Table 2). Most pediatric transplants received BLTx, with the 
largest recipient age group being the 11-16-year-oMs. 
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iterstitial pulmonary fibrosis (IFF), and cystic fibrosis (CF). 
,ung transplantation has become a viable treatment for patients 
fith PPH, who at one time would have received a combined 
eEirt-lung transplant. Although SLTx have been performed most 
ften for this condition (230 patients), the use of BLT.K (133 
atients) is increasing very significantly. 
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Figure 12 Two-year actuarial survival of pediatric patients with lung trans
plants 

able 2 Indications for lung transplantation in pediatric age groups (0-16 years) 

idication 0^5 in = 27) 
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etransplant (bronchiolitis obliterans) 
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1 
0 
0 

16 

6^10 (n = 32) 

16 
1 
2 
1 
5 
2 
5 

!!-l6(n = 92) 

54 
9 

12 
3 
3 
5 
6 

Total (R = 151) 

70 
12 
22 

5 
8 
7 

27 

597 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

Influence of cytomegalovirus (CMV) 

CMV infection remains the major source of morbidity following 
all types of organ transplantation. The incidence and severity of 
CMV infection can be reduced by matching CMV-negative 
recipients with CMV-negative donors. However, the constant 
shortage of donor lungs makes it increasingly difficult to reject a 
potential donor solely because of CMV status. Currently, with 
improved methods of prophylaxis and treatment for CMV, a 
CMV mismatch does not influence overall survival (/)=n.s.) 
(Figure 13). There is no significant difference in actuarial 
survival between CMV-negative recipients who received a 
CMV-negative donor and those who received a CMV-positive 
donor. 

Table 4 Causes of death in patients with lung transplants occurring > 90 
days post-transplant (n = 601) 

Cause of death 

Acute rejeclion/bronchiolitis obliterans 
Infection (other than CMV) 
Respiratory failure 
CMV infection 
Malignancy 
Hemorrhage 
Multi-organ failure 
Heart failure 
Other 

n 

159 
157 
.34 
34 
32 
21 
20 
12 

132 

Percentage 
of deaths 
> 90 days 

26 
26 
6 
6 
5 
4 
3 
2 

22 

Percentage 
of total 
transplants 

4 
4 

< 1 
< I 
< 1 
< 1 
< 1 
< 1 

3 
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Figure 13 Four-year actuarial survival of patients with lung transplants 
based on donor and recipient CMV status 

Table 3 Causes of death in patients with lung transplants occurring < 90 
days post-transplant (n = 675) 

Cause of death 

Infection (other than CMV) 
Primary lung failure 
Heart failure 
Airway dehiscence 
Hemorrhage 
Multi-organ failure 
Rejection 
CMV infection 
Other 

n 

178 
86 
54 
43 
41 
38 
37 
37 

161 

Percentage 
of deaths 
< 90 days 

26 
13 
8 
6 
6 
6 
5 
5 

24 

Percentage 
of total 
transplants 

5 
2 
1 
1 
1 

< 1 
< 1 
< 1 

4 

Causes of death 

The leading causes of death following lung transplantation are 
listed in Tables 3 and 4. Twenty-six percent of the 675 recipients 
who died within 90 days of transplantation died from infection 
(other than CMV), making it the most common cause of death 
for these recipients (Table 3). Primary organ failure was the 
second most common cause of death at 13%. The major causes 
of death for the 601 patients who died more than 90 days post
transplantation were rejection (both acute and bronchiolitis ob
literans) (26%) and infection (other than CMV) (26%) (Table 4). 
Most late deaths associated with infection occurred as a result 
of augmented immunosuppression for chronic rejection. 

COMMENT 

Lung transplantation continues to be a viable alternative for pa
tients with end-stage lung disease. The actuarial survival of pa
tients undergoing lung transplantation has steadily improved over 
recent years. Two major obstacles are: (a) the increasing number 
of recipients requiring a lung transplant compared to the number 
of suitable lung donors who become available and (b) the contin
ued problems of acute rejection and bronchiolitis obliterans once 
these patients are transplanted. It will only be with an increase in 
organ donation, and the development of more effective immuno
suppressant agents and protocols, that we will see an increase in 
the number of lung transplants performed and an improvement in 
patient survival. 
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Transplantation of the Heart and Both Lungs -
Experinnental Background and Earif Clinical 
Experience 
E BECERRA, J. KAPLAN AND D.K.C COOPER 

INTRODUCTION 

Transplanlation of the heart and both lungs only became a clinical 
reality in the 1980s, largely due to the introduction of cy
closporin, which enabled the patient to be immunosuppressed 
adequately during the first 2-3 weeks without the need for a corti
costeroid. The ability to imniunosuppress the patient sufficiently 
without a corticosteroid allowed time for healing of the tracheal 
suture line, which previously was a major source of early compli
cation following this operation. 

Research workers have been interested in heart-lung transplan
tation, however, for many years', and three clinical attempts at 
the procedure were carried out in the 1960s and 1970s. 

EXPERIMEIMTAL BACKGROUND 

Initial studies 

The earliest attempt to transplant the heart and both lungs was by 
Carrel (see Chapter 18, Figure 1) at the beginning of this century, 
though this involved only transplantation into the neck of a recipi
ent cat^; lung edema occurred with distension of the right side of 
the heart. 

In 1946, Demikhov (Figure 1) transplanted the heart and lungs 
of a dog, and the recipient survived for 2 hours without its own 
organs, but it was not until 1949 that more prolonged survival 
was obtained'. The technique used was ingenious (Figure 2) as it 
enabled the blood supply to the brain to be maintained contiou-
ously throughout the operation, with the exception of 2-3 minutes 
at one critical stage. Demikhov took care to dissect out the 
phrenic and vagus nerves of the recipient with the intention of 
preserving the innervation of those structures, particularly the di
aphragm, below the region of the heart and lungs. At this stage 
the right lung was removed, to facilitate later parts of the 
operation. 

After preliminary mobilization, the donor hcait-lung prepara- Figure 1 Vladimir Demikhov, •At.o. -.vorkiog io rekuive isolaiion in itie 
tion was removed from the animal by clamping and dividing the '̂•'̂ Sl«, carried oul extensive experimenlal work m ll.e field of l̂ cart and 

thoracic aorta, the inferior vena cava, the brachiocephalic and »'«irt--!iiiig iraiiNpiamatioi. m ihe tWOs and I95fjs 

subclavian arteries, and the superior vena cava. During transfer 
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Figure 2 Tlie completed operation of orthotopic heart-lung transplantation, using ihe technique described by Deitiiktiov 

the donor heail-lung was kept viable by its own closed-circuit 
circulation, blood from the left ventricle being pumped into the 
arch of the aorta, from whence it passed through the coronary 
vessels supplying the myocardium and into the right atrium, the 
right ventricle, and the lungs; oxygenated blood was returned to 
the left atrium. This fomi of heart-lung preparation was subse
quently the basis of a means of transporting and temporarily pre
serving the heart and lungs''"". 

The various vascular anastomoses were made either by sutur
ing or by 'cpick connects' over prosthetic tubes. During the infe
rior vena caval anastomosis the blood supply to the lower half of 
the body was temporarily interrupted for 15-20 mirmtes. The tra-
cheas of the transplant and recipient were then connected, cither 
by means of a special tube or by silk sutures, using a technique 
which avoided interference with respiration. 

Of 67 attempts at this procedure, only sfx dogs sui^ived for 
more than 48 hours, wilh only two surviving for more than 4 
days. Early deaths were from technical problems and thromboses 
at the various anastomoses, particularly of the brachiocephalic 
artery. Those dogs which did recover from the immediate effects 
of the operation appear to have been quite well for the few days 
until their demise. Respiration was generally ,slow, in the region 
of 12 per minute, and the pulse rale variable, though frequently 
fast. Certain dogs appeared to recover remarkably well, walking 
about dieir kennels, drinking water, eating meat, and reacting 
briskly to their surroundings. (One of thetn was even sent by train 
from Ryazan to Moscow on the fourth postoperative day and on 
arrival at its destination 'ran up the stairs by itself). 

Several important observations and conclusions have resulted 
from Demikhov's pioneering studies. IMost significant is the fact 
that following total replacement of the heart and both lungs many 

of these dogs did breathe spontaneously, and apparently ad
equately, until death, which did not appear to be the result of res
piratory insufficiency unless caused by bronchopneumonia. 
This is a particularly important finding, but one that was not 
confirmed by all subsequent workers. Secondly, the respiratory 
rate was variable. On the day following operation one dog had 
a respiratory rate of 18 per minute. On the second postoperative 
day it was noted to have a pleural effusion; attempts to aspirate 
this led to vomiting for 5 minutes, after which the dog was dys-
pnoeic 'and the respiratory rate ro.se to 135 per minute'. Four and 
a half hours later the rate returned to 12 per minute. Thirdly, the 
transplanted heart was able to maintain an adequate circulation 
for 6 days, and, despite the fact that it was totally denervated and 
neither atrium had been left in situ, it also showed considerable 
variation in rate. 

During the period of Demikhov's studies, other workers, 
notably Marcus, Wong, and Luisada''-'", were also .studying 
heart-lung transplantation. Marcus el ah developed a technique 
for transplanting the heart and both lungs into the abdomen, thus 
giving the recipient two sets of heart and lungs (Figure 3). The 
purpose of this latter experiment was to determine whether the 
donor heart and lungs could be used as a pump-oxygcnator unit 
to deliver oxygenated blood to a limited part of the host's body. 
Among their conclusions these authors suggested the possibility 
of using a heterologous heart-lung preparation as an extracorpo
real pump during intracardiac procedures. They also commented 
that the transplanted heart might act as an accessory pump to de
crease the workload of the native heart, even if only temporarily. 

Matejicek in 1956 briefly reported a study of the transplanta
tion of the heart and right upper lobe of the lung into the chest, 
but no results were reported". 
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Figure J The donar heari--liirig preparacipii 1 rati s pi an ted into the recipient 
uerla-vena Cii'/al circuhiiioi! in the abdomen, using Ihe technique described 
by Marcus ei ui.'' "'•. The ixan.spiaoted organs were able to function in 
accessory support ol 'Jn; tiosii. unirriul 

Adweiit of supportiwe techniques 

With the advent of supporlivc tcchnkjucs, total heart and lung ex
cision anrj replacemenl became more feasible. In 1953 Neptune 
elaL reported the use of hypolheriiiia to sustain life in the recipî ^ 
cnt while transpiaiitatiot! was proceeding". The surgical tech
nique, which became the basis for most of the subsequent 
experniierital studies during the ucii: 15 years, itivolved anasto
mosis or 'coupling" of the trachea. SVC. IVC and aorta. The 
longest surviving artimal recovered spontaneous respiration but 
died after 6 hours. 

In 1957 Webb and his colleagues introduced cardiopulmonary 
bypass tor the same purposes'-"'-^. After a variety of experiments 
in dogs, Webb and his co-workers came to the conclusion thai 
simultaneous bikiteral pulmonary denervation of the heart 
and hongs, or even bilateral hihir stripping, resulled in respwatory 
dysfunction or even paralysis which made aiitotransplantaiioa 
or alloiriHKpianlaiion of the heart and lutigs impracticable. 

They did suggest that, while transplantation of the heart with 
one lung was technically more difficult, the tech.niqiie might be 
feasible for use in patients vsith puhnonary hypertension. Such 
transplantation circumvented respiratory paralysis by leaving one 
innervated lung in the recipient. Continuing respiration appeared 
to be dependent on 'feedback" afierents from the respiratory 
system; they believed their studies indicated that respiratory 
paralysis was not due to phrenic nei%'e damage, excessive vagal or 
sympathetic dissection, or periods of shock accotnpatiying the 
extensive disscclion and trauma of the actual transplaui. 
Accordingly, they concluded that transplantation of the heart 
combined with both lungs was probably a physiological 
itTipossihilit)'. 

Other investigators, however, reported the resumption of spon
taneous respitation in dogs surviving after cardiopulmonary trans
plantation"^''', and it was observed that oxygenation remained 
adequate despite the fact that the respiratory pattern v/as greatly 
altered; the tidal volume v.iis increased and the respiratory rate 
diminished'". 

Lower (see Chapter 18. Figure 6) and his colleagues'' carried 
out heart^4u!ig transplantation in six dogs, two of which survived 
until i:hc fifth postoperative day. They were ambulatory, active, 
and eating until they became lethargic on the fourth day, at which 
time they began to die from respiratory insufticieocy. These 
authors fell dial llteir studies conilrrned earlier work thai the 
bronchial arterial supply to the lungs could be sacrificed without 
resulting necrosis, but the f.|uesfion of the possibility of prolonged 
sutvival after pulmonary denervation remained unanswered. It 
was evident that the sacrihee of peripheral innervation, which 
necessarily accompanies ptdnionary transplantaiion, resulted, in 
Ihe cases reported, not m respiratory paralysis but in an altered 
respiratory paliein wdiicli resembled that tjbserved after bilateral 
cervical vagotomy. The operation appeared technically feasible, 
and spontaneous respii^ations with an altered pattern appea.red to 
be siithcicnt to sustain life until allograft rejection supervened. 

Both of the .l-day-surviving dogs died from microscopic 
changes suggesting rejection of the lungs. The changes of acute 
rejeclion in the myocardium were less extensive Ihan these 
authors had observed previously with cardiac allografts of longer 
duration. This observadon has been confirmed by many subse
quent workers both in ihe experimental animal''"'-' and in patients 
undergoing heart-lung transplantation''---; the lung is generally 
more rapidly rejected tiian ttie heart and, in fact, the heart may be 
protected in some way tjy the lungs. 

De Bono", using Neptunc"s technique, obtained six surviving 
dogs ill which spontaneous respiration of an apparently normal 
pattern occurred for periods of 2 10 hours, at which times the 
diigs were sacrificed. He pointed out that pulmonary edema, 
caused by a number of factors, diminished the ventilatory capac
ity and compliance of the lungs". Sitnilar observations of a 
changed respiratory pattern, which was often inadequate, were 
ftumd by Longmorc and his colleagues in 1969'' and by Grinnan 
€1 at. in l970'-f Ixjngmore's group simplified ihe operation by 
anasloniosing the t»-'o right alria rather than both ihe SVC and the 
IVC. Only three anastomoses were now required - tracheae, right 
atria, and aortae (Figure 4). This technique forms the basis of that 
used cun^ently in clinical practice (Chapter 68). 

Further light was thrown on the elfeci of denervation of the 
.lungs on subsequent respiratory function by studies on unilateral 
tind bilateral lung transplantation. Bilateral lung denervation or 
bilareral lung transplantation resulted in a similar ctiange in res
piratory pattern. These studies are discussed in Chapter 45, and 
clinical observations are summarized in Chapter .54. 

Heart-lyng transplantation in primates 

In 1967. Nakae and his colleagues'''' carried out cxlensive pul
monary denervadon in the dog, cat and monkey, and recognized 
the abiiity of primates to withstand total lung denervation. A 
normal pattern of spontaneous b.reathing was found in primates 
after lung denervation, These authors predicted that long-term 
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Figure 4 The completed operation of orthotopic heart- lung transplantation, using the tcclinique described by Longmorc n alf-

survival could be achieved io ihis species. It was evident that pri
mates tolerated total denervation of the lung, and did not require 
the Hering-Breuer reflex as did the dog, since spontaneous res
piration, controlled by the mid-brain, was preserved. This 
observation was confirmed in 1972 by Castaneda and his 
colleagues^', who reported long-term survival of 6-24 ttionths 
after heart-lung autotransplaotation io the baboon. 

Both of these studies lent some degree of confirmation to the 
earlier work by Haglin and his colleagues in 1963-̂ *, who showed 
that total denervation of both lungs did not prevent a return of ad
equate spontaneous respirauon in primates, though it did in dogs. 

Introduction of cf closporin 

Reitz .inJ his , olle.ignf>' , wt-rknig with rhe-'U-. and ejni-inul^jiu 
monlcvs, iniidc vi,inific;i!it juiitributioii^ to chc dcvclupnicnr ,',{ 
caiiiiopuln,on.iiy ti jiisplaiitdiiun if. the late IM Ôv and caily I^HO, 
obliniing li.iia-f«r>i snr.i\.il ilir^uji'i ibe iiitroduilion tit .minum.-
siippicssu.n '.\ith c}tlospuii.T. be^eia! cuitiibutioiic -,»,tie .nade b\ 
tin, i|uiip. thc\ ia|drtnon>f,irt-ddiJi t dniliopultnniidi v b\p4is ,va^ 
piekiabl,= tu h\poth."inuc ciicuL'ti'a .nieit tu ,̂ iipp.,i1 tlie lecinciit 
Jiinng hcjii-lunj tidinpidtiKiiiun ibi cstdbL.dud that meditu 
4tiTift.jin\ pionded the beNt .ippitULh 10 the chest cji it;, tui thi> 
(»peiaiioi!, u J eM,tblishai diat itninimnsiippirssion with «̂ LlcspuiHi 
and az.ithi'.pfinr. wiih aii a tuiiK^-sietoid rliinnji riir first l4 ua\v tu 
a»oid ITS delcrenous cttcct '-n tiychcal bcalmg. c..uld h: succ; .,diil 
111 pic'.i-iitiivi iicntc lei.viiDii and uh destiihtid ihc .iicces^tiil 111 ill 
agenient 01 p>)M-t>dn>.plant lung e;lerii,j b} fluid restiictm-i and the 
adniinisiiatiun of far> .aeniide. 

With re,jjrd tt< the teihmra! ,i\pecK 01 iheir \,ork. rhe> titili/ed 
d li>'A ijachcdl anastmnoMs a* used pie^i-iu^h bl rnanj niii.̂ i 
^••'LrtN. ,11"! ,< sjiiole iiLhi dtiiul ,iii3si'iniosis as puipohed one-

inally by Longmorc et al^. The relatively heavy immuno.supprcs-
sive regimen used resulted in the development of histiocytic lym
phoma io some of their e.xpcrimemal animals. 

As a result of their studies they proposed that endomyocardial 
biopsy could be used to diagnose both cardiac and pulmonary al
lograft rejection"-'^. In retrospect this proved to be an unreliable 
method of diagnosing lung rejection, a,s rejection rarely occurs 
simultaneously in both organs, pulmonary rejection being more 
frequent than cardiac rejeclion '̂-'̂ ^ -̂̂ '-'. 

EARLY CLINICAL EXPERIENCE 

The operation was first performed clinically by Cooley (Chapter 
77, Figure 1) on 31 August 1968'"^. The patient was a 2-month-old 
infant with a complete atrioventricular canal defect, pulmonary 
hypertension and pneumonia. The patient required reopening for 
bleeding, and died 14 hours after the initial transplant operation. 
In December 1969 Lillehei performed the second such operation 
on a 43-year-old patient with emphysema and pulmonary hyper
tension^'; the patient survived 8 days, dying from pneumonia. The 
third operation was performed in Cape Town by Barnard (see 
Chapter 18, Figure 10) in July igil-'^-^'. The bronchi, rather than 
the trachea, were chosen as the site of anastomosis of the air pas
sages, as it was believed at that time that this would preserve both 
the blood supply to the recipient carina and the cough reflex in the 
carinal area more satisfactorily. The patient did well initially, but 
died on the 23rd day following the developmfint of a right-sided 
bronchopleural fistula, which necessitated right pneumonectomy, 
and which was followed by septicemia. 

All three of these early patients were imniunosuppressed with 
only azathioprine and corticosteroids, as cyclosporin was not then 
available. 
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It was not until another 10 years had elapsed that a fourth trans
plant of the heart and both kings was reported, on this occasion 
(9 March 1981) by Reitz (Figure 5) and his colleagues at Stanford 
University2«-34.M. The availability of an improved iramuoosup^ 
pressive regimen, including cyclosporin, and a better understand
ing of both the reimplantation syndrome and the blood supply of 
the trachea and bronchi, resulted in the first long-term survival of 
such a patient. This first patient was a 45-year-old woman with 
primary pulmonary' hypertension, who underwent heart and lung 
transplantation using the surgical technique and immunosuppres
sion developed in this group's experimental program. She suf
fered two acute rejection episodes, both of which were reversed 
successfully and, 10 months later, showed normal exercise toler
ance. 

Two other patients underwent the same operation during the 
following 4 months'*. One of them was a 29-year-old woman 
with a complex transposition of the great vessels who had under
gone previous cardiac surgery. Dense adhesions led to technical 
problems and a coagulopathy associated witfi the long period of 
cardiopulmonary bypa.ss. Renal, hepatic and puhrionary compli
cations followed, the patient dying on the fourth postoperative 
day. Similar experiences at several centers resulted in a reluctance 

f i g u r e 5 Bruce Reitz, who. working in Siiuniway's group at ford 

University in the USA, performed importaiii experimental work on h< iung 

tran.<iplantalion. In 1981 he lesi a team that carried out lieart-luiig tranjjplanta-

tion m a patient who becanis: the first to survive iimg-term 

of surgeons to attempt this procedure in patients who had under
gone previous surgery of the chest"''. Despite the hazards pre
sented by adhesions from previous surgery, retransplantation of 
the heart and lungs was successfully accomplished-'̂ ^. 

Although the results of transplantation of the heart and both 
lungs are still inferior to those which can be expected after heart 
transplantation alone, the improved immunosuppressive regimen 
made available by the introduction of cyclosporin and increasing 
experience in the management of patients undergoing this proce
dure offer the possibility of long-term survival in well-selected 
patients''*. 
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Transplantation of the Heart and Both Lungs -
Indications, Selection, and Evaluation 
V.R. KSHETTRYAND R.M. BOLMAN III 

INTRODUCTION 

The successful clinical heart-lung transplantation by Reitz et al.\ 
is a landmark in the annals of thoracic organ transplantation. 
Since 1981 over 1500 heart-lung transplants have been per
formed worldwide-. The aim is to increase the life expectancy of 
severely ill patients with cardiopulmonary disease and to enhance 
their quality of life. To meet this aim, expert knowledge of the 
course of their disease and of the prospects for a successful trans
plant is necessary. Advances in surgical technique, organ preser
vation, and post-transplant care have improved survival and 
long-term graft function. 

The success of heart-lung transplantation depends, in large 
part, on the selection of appropriate candidates. With an ever-
increasing pool of potential recipients, and a limited number 
of donors, it is imperative to select patients who are most likely 
to benefit. 

INDICATIONS 

Indications for heart-lung transplantation have evolved with the 
introduction and current success of lung transplantation^''. Single 
and bilateral lung transplants are increasingly being done for dis
eases formerly thought appropriate for combined heart-lung 
transplants. The increased demand for heart transplants has 
reduced the number of available heart-lung blocks. Currently, the 
need for heart-lung transplantation is determined by the degree of 
right and left heart dysfunction, the presence or absence of severe 
coronary artery disease, and the complexity of congenital 
heart disease, in conjunction with end-stage disease of the lungs 
(Table 1). 

Primary pulmonary hypertension 

Primary pulmonary hypertension (PPH) is a progressive, irre
versible, and usually fatal disease; over two-thirds of patients die 
within 2 years after diagnoses''. Although medical interventions 
have prolonged life for specific subsets of patients''•^ the long-

Table 1 Indications for heart-lung transplantation 

Primary pulmonary hypertension 
Systemic or two-thirds systemic pulmonary artery pressures 
Severe right heart failure with high-dose diuretic therapy 
3 to 4+ tricuspid regurgitation 
Right ventricle ejection fraction < 20% 

Eisenmenger's syndrome 
Irreparable intracardiac defect 
Severe right heart failure 

Pulmonary parenchymal disease 
Progressive pulmonary disease with (1) cor pulmonale or (2) .severe left 
ventricular dysfunction due to advanced coronary anery disease, valvular 
disease, and cardiomyopathy 

term prognosis without a heart-lung or lung transplant remains 
poor. 

Primary pulmonary hypertension patients may require a com
bined heart-lung transplant if they have: (a) systemic or two-
thirds systemic pulmonary artery pressure; (b) severe right 
ventricular dysfunction (as demonstrated by severe tricuspid 
valve regurgitation); (c) a right ventricle ejection fraction less 
than 20%; or (d) a significant diuretic requirement due to per
sistent right heart failure. Any concomitant cardiac condition 
(coronary artery disease, cardiomyopathy, etc.) is a definite 
indication for heart-lung transplantation in a patient with PPH. 

Eisenmenger's syndrome 

Survival is difficult to predict for patients with Eisenmenger's 
syndrome. The rate of symptomatic deterioration in this group 
(compared with PPH patients) is slower, and may occur in a step
wise fashion. There is always a risk of sudden death, paradoxical 
embolism, or cerebral abscess. Right ventricular failure that is un
responsive to diuretic therapy has a poor prognosis. An exercise-
induced decrease in oxygen saturation below 60% suggests 
serious disability and a poor prognosis'. Patients with cardiac 
defects more complex than a ventricular or atrial septal defect or a 
patent ductus arteriosus require a heart-lung transplant. 
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Pulmonary disease 

Some patients with progressive pulmonary disease - such as in
terstitial pulmonary fibrosis, cystic fibrosis, and obstructive lung 
disease - develop cor pulmonale with irreversible right heart de
compensation. Other patients may have severe left ventricular 
dysfunction due to advanced coronary artery disease. Such pa
tients are a poor risk for a lung-only transplant; instead, they 
require a combined heart-lung transplant. 

SELECTION CRITERIA 

All potential heart-lung recipients must have end-stage pulmonary 
vascular or parenchymal disease. Their functional capacity is so 
limited that current activity levels are intolerable or inadequate 
for a satisfactory quality of life. Recipients are deemed to be 
experiencing the last 2-3 years of their natural lives. 

If possible, a transplant should be discussed with potential re
cipients early in the course of their progressive decline in health. 
In this way the patient comes to view the transplant as one of 
several treatment modalities, rather than a last-ditch effort. The 
waiting time for heart-lung transplants varies in different geo
graphic regions; therefore, patients should be evaluated well 
ahead of time, if they are to survive in a stable condition until 
transplanted. Because of the limited availability of donor organs 
the following criteria are a guide for recipient selection. The cri
teria are designed to help determine the severity and nature of the 
underlying illness, the prognosis, and any contraindications 
(Table 2). 

Age 

Recipient age under 50 years has been an arbitrarily selected 
criterion. However, an upper age limit is not supported by any 
clear data. The only valid concern regarding age as a criterion 
is the ethical dilemma of allocating scarce donor organs. 

Disease stage 

Heart-lung transplant recipients must be in New York Heart 
Association (NYHA) class III or IV, defined as severe functional 

Table 2 Heart-lung recipient selection criteria 

A fie 
< 50 years 
Disease stage 
New York Heart .Association stage 111 or IV 
End-stage pulmonary vascular or parenchymal disease associated with severe 
right ventricular dysfunction or severe tricuspid regurgitation 

Body weight 
Within 20% of ideal range 
Psychological profile 
Stable personality 
Good compliance 
Family support 

Corticosteroid use 
None to < 20 mg prednisone or equivalent per day 

limitation in performing activities of daily living. However, ii is 
important to evaluate patients before they reach class IV. Many 
such patients may not be optimal transplant candidates. It is im
perative to critically evaluate recurrent right heart failure, whether 
treated or not. Patients with an advanced degree of right heart 
failure with ascites and liver failure are not optimal candidates for 
any thoracic organ transplant. Patients in NYHA class IV who 
have disabling symptoms at rest, or who cannot walk 600 feet in 
6 minutes, may already be too severely ill for a successful 
heart-lung transplant. 

Body weight 

Weight above or below the predicted range is associated with in
creased morbidity. Obese patients have an increased incidence of 
postoperative atelectasis, pneumonia, and difficulty in physical re
habilitation'". Similarly, malnourished patients are at greater risk 
for such postoperative complications as infection, wound healing, 
and physical deconditioning", although a preoperative trial of hy
peralimentation may improve their nutritional status. Patients 
whose body weight is more than 140% or less than 75% of their 
ideal body weight should not be on a transplant list. The best can
didates are within 20% of their ideal body weight as adjusted for 
their height, sex, and ethnic origin. 

Psycliosocial profile 

Recipients must be psychologically and socially stable for the 
transplant to succeed, given its extraordinary demands on their 
lifestyle. The burden of a severe illness, a stressful operation, 
changed finances and relationships, and possible relocation, can 
be overwhelming, even under the best circumstances. A stable 
personality profile, as well as solid support froin family or 
friends, are paramount. 

Corticosteroid use 

In the early years of lung transplantation the consensus was that 
corticosteroid use impaired tracheobronchial healing''. However, 
as experience in this field has grown, successful airway healing 
has been achieved in patients on low-dose corticosteroids". 
Tracheal anastomosis after heart-lung transplantation has a low 
incidence of airway complications. Patients taking up to 20 mg 
per day of prednisone or the equivalent can be safely transplanted. 
However, any large-dose steroid use should be appropriately 
tapered pretransplant. 

Prior thoracic surgery 

Postoperative hemorrhage after heart-lung transplantation has 
been a major cause of early inortality. Prior thoracic surgery was 
long considered a contraindication. However, with increased ex
perience and refined surgical techniques, patients are now evalu
ated on an individual basis, and prior thoracotomy or sternotomy 
are now relative contraindications only. Nonetheless, patients 
with extensive pleural scarring are still excluded from heart-lung 
transplantation. 
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CONTRAINDICATIONS 

To improve the results of heart-lung transplantation, certain ab
solute and relative contraindications have been defined (Tables 3 
and 4). In general the operation is not offered to patients who 
have systemic diseases with multisystem involvement. 
Multiorgan involvement limits full recovery post-transplant. 
Similarly, patients with active malignancy are excluded. 

Table 3 Absolute contraindications for heart-lung transplantation 

Systemic or multisystem disease 
Active malignancy 
Active extrapulmonary infections, including hepatitis B and C, and immun
odeficiency virus 
Active pulmonary fungal infections 
Irreversible renal dysfunction (serum creatinine > 2 mg/dl, creatinine 
clearance < 50 ml/min) 
Irreversible hepatic dysfunction {total bilirubin > 2.5 mg/dl) 
Mechanical ventilation 
Chronic high-dose steroid therapy (> 20 mg prednisone or equivalent/day) 
Current drug, alcohol, or tobacco abuse 
Unstable psychological profile 

Table 4 Relative contraindications for heart-lung transplantation 

Body weight outside 20% of ideal range 
Peptic ulcer disease 
Steroid use (10-20 mg prednisone or equivalent per day) 
Free of malignant disease > 5 years 
Prior thoracotomy or sternotomy 

Patients with active extrapulmonary infections are at high risk 
of developing sepsis in the face of immunosuppression. Active 
fungal pulmonary infections require aggressive treatment and 
close evaluation. 

Most recipients develop some degree of renal insufficiency due 
to the transplant surgery and the nephrotoxic effects of cy
closporin. All require sufficient renal reserve to withstand this 
period. Those with pre-existing renal failure whose serum creati
nine level is greater than 2 mg/dl, and whose creatinine clearance 
is less than 50 ml/min, are at high risk for developing irreversible 
renal failure post-transplant'". 

Many recipients develop hepatic dysfunction secondary to right 
heart failure. If this persists despite diuretic therapy, and the total 
bilirubin level remains greater than 2.5 mg/dl, severe liver failure 
can develop post-transplant". 

Mechanical ventilation is also a contraindication to heart-lung 
transplantation. Often such patients require prolonged ventilation 
and tracheostomy, and become ventilator-dependent'*. 

Patients with ongoing psychiatric illness or continuing alcohol 
or drug abuse are excluded from transplantation, because experi
ence has shown that they may be unable to comply with the rigor
ous post-transplant regimen. Similarly, patients who currently use 
tobacco are excluded; former smokers must have abstained for at 
least 6 months. Compliance with smoking cessation is strictly en
forced with random testing of urine for nicotine metabolites. 

EVALUATION 

Potential heart-lung recipients undergo a careful history and 
physical examination. After initial screening a thorough evalu
ation is carried out to determine suitability for a transplant. Blood 
tests should be done to determine the complete blood count; 
platelet, electrolyte, and creatinine levels; liver function; blood 
group and HLA typing; antileukocyte antibody screen; HIV 
status; and viral antibody titers for cytomegalovirus, Epstein-Barr 
virus, herpes simplex virus, and varicella-zoster. Also needed are 
pulmonary function tests, cardiac catheterization, and MUGA 
scan for right and left ventricular ejection fraction. Psychological, 
social, dental, and gynecologic evaluations should also be per
formed. Other tests may be indicated by the history and physical 
examination. Our evaluation protocol is summarized in Table 5. 

Once the patient is selected and listed for a heart-lung trans
plant, a considerable wait usually ensues. During this period the 
patient's medical and physical condition must be optimized, with 
regular outpatient evaluation by the transplant physicians. Any 
deterioration in the patient's status that might complicate the 
transplant is aggressively treated. However, some patients may 
need to be temporarily or permanently taken off the transplant 
waiting list. Close communication with the patient, family 
members, the transplant team, and the referring physician is es
sential to expedite prompt, appropriate, and compassionate care. 

COMMENT 

Indications, selection criteria, and evaluation for heart-lung trans
plantation are complex. The process requires teamwork involving 
several medical disciplines. Potential recipients must be carefully 
chosen to ensure that scarce organ resources are used wisely. 
Most important, patients and family members must be treated 
with skill, dignity, and respect. 
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Table 5 Heart-lung recipient evaluation 

Hematolofiy 
Complete blood count with differential 
Coagulation studies 

PT, PTT. platelet count 

Chemistry 
Glucose and electrolyte panel, POj, amylase, AST, total bilirubin, alkaline phosphatase, thyroid function tests. TSH, total protein, albuinin. carboxyhemoglobin 
24-hour urine creatinine clearance 

Immunoldny 
ABO typing and screen 
HLA A, B, C, and DR typing and panel reactive antibody (PRA) 
Quantitative immunoglobulins with G subclasses I. II, III, IV 

Virolof'y/serotof'y 
Titers for CMV, EBV, VZV, HSV, HIV, toxoplasmosis 
Hepatitis profile (A. B, C) 

Microbioltifiy 
Sputum for routine culture and fungus 
Urine analysis and culture 

Tesrs 
Chest X-ray (PA and lateral, and AP supine at 40 inches height) 
Stool guaiac x .̂  
12-lead EKO 
MUGA scan (first pass right and left ventricular ejection fractions) 
Lung scan with quantitative perfusion imaging 
6-minute walk test 
Echocardiogram (with estimate of RV pressures) with bubble study 
Cardiac calheteri/ation. Must include pulmonary artery pressures and pulmonary vascular resistance. Left ventriculography and coronary arteriography if > 40 

years old 
Pulmonary function tests 
CT of chest without contrast (including high-resolution cuts) 
Bilateral mammogram for female patients > 35 years 
PPD (five test units), mumps, and Candida (adults only) skin tests for patients with no history of positive PPD or verified TB 
Skeletal X-rays: spine (thoracic and lumbar); hip, bilateral 
Complete dental examination by local dentist 

Vaccimilion 
Pneumovax (pneumococcal vaccine) 0.5 ml intramuscularly (only if patient has not received it before) 

Consults 
Transplant surgeon, cardiologist, and pulmonologist 
Social .services 
Neurologist 
Psychologist 
Transplant coordinator 
Gynecologist for female patients (PAP smear and pelvic exam) 
Chaplain 

Jamieson SW. Stinstm KB, Oyer PE et at. Heart-lung trunsplaiituiiori for irreversible 16. Yacoub MH, Banner NR, Khaghani A er cil. Combined heart and lung transpjanta-
pulnmnary hypertension. Ann Thorac ,Surg. I984;.̂ 8:.5.54. !ion for eystic fibrosis and subsequent 'domino" eardiac transplant. J Heart 
Kramer MR, Tirokc A, Marshall SE et ui The elinical significance t>f hyperbiliru- Transplant. I99():9:4.59. 
bineinia in patients with pulmonary hypertension undergoing heart-lung transplant. 
J Heart Transplant. I99();9;79A. 
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68 
Transplantation of the Heart and Both Lungs - Organ 
Procurement and Recipient Surgical Techniques 
V.R. KSHETTRYAND R.M. BOLMAN III 

INTRODUCTION 

Since its introduction in 1981', clinical heart-lung transplantation 
has developed into a viable treatment for patients with end-stage 
cardiopulmonary diseases. Original surgical techniques have been 
well described-. As the worldwide experience has increased, 
several refinements in the selection and care of donors, and in sur
gical technique for recipients, have contributed to improved 
outcome. These issues are discussed in this chapter. 

HEART-LUNG PROCUREMENT 

A shortage of donors continues to restrict the number of 
heart-lung transplants. Of all organ donors only 15% are suitable 
for heart-lung donation'. Prompt and efficient care of donors by a 
dedicated team of health-care professionals is a prerequisite to 
success. 

In the early experience of clinical heart-lung transplantation, 
lack of a suitable lung perfusate necessitated moving the donor to 
the recipient hospital. Research was directed at developing preser
vation methods that would allow distant procurement. Initially, 
autoperfusion was used, but the cumbersome technical require
ments of this setup precluded broad application'*'. Next, profound 
systemic cooling of the donor on cardiopulmonary bypass (before 
procurement) was introduced, with good clinical outcome''. 
However, the need for cardiopulmonary bypass equipment at the 
donor hospital limited the use of this modality. 

Finally, Euro-Collins solution for pulmonary artery flush and 
preservation was successfully used in a canine lung modeP. This 
simple method of lung preservation, combined with topical 
cooling, is now used worldwide for distant organ procurement in 
humans. This combined method allows ischemic times beyond 
4 hours, and achieves excellent graft function** '*. 

Prospective donors under age 50 are further evaluated for 
normal cardiac function and gas exchange, arterial oxygen greater 
than 100 mmHg on inspired oxygen of 0.4, and peak airway pres
sure of less than 30 mmHg on normal tidal volume. The chest ra
diograph should be normal, and pulmonary secretions minimal. 
The presence of fungus in any amount, or of Gram-negative 

bacteria in large numbers, contraindicates donation: the risk of 
post-transplant infection increases morbidity and mortality. Also 
excluded are donors with a history of penetrating or blunt chest 
trauma with lung contusions or hemothorax. Criteria for suitable 
heart-lung donors are li.sted in Table 1. 

The donor and recipient should be matched according to ABO 
blood group, and the lymphocytotoxic cross-match should be 
negative (Table I). ABO identity between the donor and recipient 
is recommended to prevent graft-versus-host disease in the form 
of hemolytic anemia. 

The size match between the donor and recipient is important; 
the donor lungs must not be too large. The height and weight of 

Table 1 Heart-lung donor selection criteria 

Age 
< .iO years 

History 
< 20 pack-year smoking 
No significant cliest trauma 
No tracheobronchial aspiration 
No prior cardiopulmonary operation 

Immum>l<>);y 
ABO identify 
Lymphocytotoxic crossmatch for sensitized patients (i.e. those with panel-
reactive antibody > 10%) 

Pulmonary function 
Clear chest radiograph 
Pa02 100 mmHg or greater on f.o, of 0.4 
Lung compliance normal (peak airway pressure < ,̂ 0 mniHg on normal tidal 
volume) 

Hemodynamics 
Minimal inotropic support (dopamine hydrochloride < 10 /jig kg ' min ') 
Good right and left heart function on echocardiogram 

Microbiology 
No obvious pulmonary sepsis 
No purulent pulmonary secretions 
No fungal organisms or large numbers of Gram-negative organisms 

Si7.e match 
Lung volume same as or less than the recipient's 
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POSTERIOR ANTERIOR 

Figure 1 Measurements of anteroposterior and lateral chest radiographs found helpful in assessing relative si/.es of donor organs and recipient thoracic cavity. 
All measurements are made on chest radiographs taken in tlie supine position with ihe camera at a set distance from the radiographic plate. Measurements include 
(1) vertical distance from the apex of the pleural cavity to the diaghragm on both right and left sides; (2) the transver.se diameter at the widest point of the chest 
(this is usually near at the costophrenic angle); (3) the anteropcslerior diameters measured on rhe lateral chest radiograph frotn anterior surface of the vertebral 
column to the posterior surface of the sternum, and from the posterior curvature of the ribs to the bacic of the sternum, both of these measurements being made at 
the mid-sterna! and diaphragmatic levels 

the donor and Ihe recipieni should be about the same. Height, in 
particular, is a better indicator of relative lung size than weight'". 
A chest rocnlgenogram, taken in full inspiration, may also be a 
useful guide for size match. Especially crucial are the vertical 
measurerofiiits from the apex of the lung to the dome of the dia
phragm, and the transverse ineasurements at the level of the arch 
of the aorta and the dome of the diaphragm (Figure 1). 

Careful assessment and management of the donor's fluid and 
electrolyte status, before and during procurement, are critical. 
Fluid overload must be avoided. The donor must be maintained as 
dry as possible, consistent with stable hemodynamic function and 
perfiision of any other organs being procured. 

Surgical technique 

Heail and lung procurement occurs routinely as part of a multiple 
organ retrieval operation. The chest is opened through a midline 
sternotomy. Both pleural cavities arc entered. The lungs are in-
.spected for evidence of contusion or laceration. The pericardium 
is opened and the heart in,spected. Any evidence of myocardial 
contusion or other injury is noted. The overall contractility of the 
left and right ventricles is also noted. The coronary arteries are 
palpated for coronary artery disease. 

The pericardium is attached to the edges of the stcmoiomy with 
sutures. The superior and inferior vena cava and ascending aorta 
are all encircled in preparation for organ removal. Purse-string 
sutures are placed in the ascending aorta and main pulmonary 
artery for insertion of cardioplegia and pulmonary flush cannulae. 
The trachea is then exposed through the posterior pericardium 
between the aorta and superior vena cava, at a level 2-3 cm cepha-
lad to the carina. This dissection can be facilitated by ligation and 

iranehes of infarior 
thyroid aftery 

Trachea 

Ascending aorta 

Btonchial arteries 

Branches from 
coronary arteries 

Bare'-area ol ttie heart 

_Ric)tit pulmonarji veins 

Pericardlat reflection 

Figure 2 Posterior view of heart and trachea, sliowing blood supply to the 
trachea, carina and bronchi. (Î V = left ventricle) 

division of the innominate vessels. Unnecessary dissection of the 
trachea should be avoided, to limit damage to the peritracheal tissue 
which contains a blood supply from coronary collaterals (Figure 2). 
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i i i . r 4 - , Arch of aorla 

, Left lung 

Pericardium 

Diaphragm 

Figure 3 ExcLsioii i)!' i!;:.(ior organs. A meoian blcriioioiiiy lias been (jeiforraed, and pericaf.'Jieciorn> cjirried out. Fioth nleoral caviiics ha¥c been opened to allow 
iiispeciion of liis ku'.gs. Cooling, of the heart and iinigs can be carried o;ii by (!) a pump-oxygenatcr i bringing about total body cooling) and the infasion of a car-
liioplegit agent, or by (2) siiimltarieous infasion of a cardiopiegic ageaii into the ascending aorta and a 'palmoplegic' agent into r!ie main pulmonary artery. In this 
ngure cooling liaf- been by piicnp-oxygeiiator. The aortic and right atria! cannulae have already been rcir.ovcd. biU' the sites of canniiiation in the arch of Ihe aorta 
and riiihl, atrial appendage are indicated. The curdaoplegiC int"u?ion eataiuia is not f.ho¥.'n. The .̂ -aperior vena cava has i:-cen dotibly iigated and divided. The inferior 
ijava has been divided. The aseendiiig aoita has been eross-chuiipcd as tigh as possible and divided. (Ablirevialions used in shi.s chapter: SVC = superior vena 
cava; RA = right alriurn; tVC = inferior vena cava: R V = riglit venlricie: P.4. -= piiiraonary ariery; PV - pulnionary vein; AO = aorta) 

When the abdoinijial viscera are iiiobJIized arid ready to lie 
re.iiH.ived. reirieval of the, liearl and lung block can proceed. 
Intravenous heparin at a do.se of 400 iinits/iig of body wci.ght i.s 
given. .All cenrral venous !ine.s arc removed. Removal o.f the 
organs begins w,!th ligatioti and division of the superior vena cava 
and azygos vein. The infcricir vena cava is divided tlush vvilh the 
right atrium, which allows the bean to empty. The aorta is cross-
clamped ai the base of the iiinorniiiate iirtery., Cardiopiegic solu
tion IS infiisetJ into the aorta aiitdl cold rnodified EIH'O-Col Urns 
solution into the main pulmonary artery. The lip of ihe .left aiiiai 
appendage i.s airipu.r.al:ed to ailovc the pulmonarj" preservation %o-
iution K) drain out and prevent distensiori of the left heait. 

Topical cooling with normal saline at 4"'C helps preserve the 
organs. During infusion of tlic preservation solulion ihe Itings are 
gently ventilated with room air. When about 1 liter of cardio
plegia solution and 3-^1 liters of modified Euro-Collins solution 
have been infused, the organs can be renioveu. The aorui is tran
sected just proximal to the crosRclansp (Figure 3). Botli inferior 
pulmonary ligaments are di\ided. The endotracheal mbe is with
drawn. The trachea is stapled as high as possible with a .stapling 
device with 4.8 mm staples, and divided (Figure 4), The lung.s 
remain partially mfiated, to prevent atelectasis duniig storage. 

The heart-lung block is then detached from the posterior 
rnediasimal attachments, v,ith the surgeon working, cephtriad lo 

caudad using electrocautery (Figures 5 and 6). The area of the 
posterior tracliea must he approached with special care. It is ex
tremely important not l:o enier the trachea inadvertently during 
this dis;>eeiion (Figure 7). Ii is also ittipottant to leave ail adventi-
lial tis.sue surrounding the trachea intact, to avoid devasculariza-
lion of this vita! structure. The heart-lung block is then removed, 
pittced in cold saline, and packaged for return to the recipient hos
pital (Figures 8 imd 9). 

RECIPIENT OPERATION 

Heart and lung transpiantation routinely requires cardiopul
monary bypass. Given the enormous surgical field in this opera
tion, coupled with the need for total anticoagulation, the potential 
for life-threatening hemorrhage is great. .Vluch attention must be 
directed lo achieving heinostasis at all stages of the operation. 

Initiation of cardiopylmonary bypass 

The chest IS opened through a midline sternotomy. Both pleural 
spaces arc entered. Any adhesions are divided and made hemostatic 
ficfore iieparm is administered. The pericardium is opened longitu
dinally m the midline; stav sutures are used to retract it. The 
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Divided Irachea 

r 

Right , 
pulmonary 
artery 

Fignre 4 The ascendhig ar>ita has been retractcc! downwards and to the left, 
exposing tiic trachea, which lias been clamped and divided as high as possible 
(after withdram-al of the cndotradieal lube) 

Esopbagys 

Trachea 

Li' 

Figure 5 Mobilizalion of liie heart away from the posterior mediastinal 
tissues is begun in a craiiiocaudal direction by retracting ttic distal trachea an
teriorly and downwards, exposing the esophagus and descending aorta 

Divided Irachea 

. Aorta 

-Esophagus 

_i_,_Posl6rior mediastinal 
/ tissye 

Figure 6 Indicates the plane of the dissection between heart (and lungs) and 
rxisrerior iriediasiinal stj'uccures (esophagus and descending aort.a) 

Figure 7 To facilitate the dissection, the surgeon's fingers are in.serted pos
terior to ihe heart to retract this organ forwards and downwards 
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Perfusion cannula 
Clamp 

efl main 
bronchus 

Figure 9 The excised organs. The cardioplegic perfusion catheter remains in 
situ. Tlie right atrium has been mcised in preparation for insertion into the 

Figure S Major struclures remaining after removal of the heart and lungs recipient 
from the thoracic cavity 

SVC snare 

Sternal 
retractor 

Right lung lung 

tVC snare 

Figure 10 A median sternotomy has been performed. The ascending aorla has been mobi!i/ed from the pulmonary artery. Tapes have been passed around the as
cending aorta, superior (SVC) and inferior (IVC) venae cavae. Purse-string sutures tiave been placed in the aorta, SVC and IVC. Tlie pleura has been opened on 
each side anterior to the phenic nerves, exposing the lungs. {Abbreviations used in this chapter. SVC = superior vena cava; RA = right atrium; IVC = inferior vena 
cava; RV = right ventricle; PA = pulmonary artery; LA = left atrium; LV = left ventricle; AC = aorta) 
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Figure 11 The aorta, SVC and IVC have been canniilated, and ihe ascend
ing aorta cross-damped 

ascending aorta is mobilized from the pulmonary artery. Tapes 
are placed around t!ie ascending aorta and the superior and 
inferior venae cavae. Heparin is administered and prcpai^ations are 
made for cannulation (Figure 10). The aorta is cannulated at the 
base of the innominate artery. The superior and inferior venae 
cavae are cannulated via ttie riglit atrium (Figure 11). If the superior 
vena cava is enlarged, a right-angled venous cannula should be 
used. Tliis facilitates exposure and performance of the right, atrial, 
or separate superior and inferior caval, anastomoses. Cardio
pulmonary bypass is then instituted. Both venae cavae are snared 
over tlie cannulae. The body is systcmicaily cooled to 28°C. 

Excision of recipient iieart and lungs 

First, preparations are made for cardicctomy. The aorta is cross-
clainpcd just proximal to the aortic cannula. The aorta is transected 
at the level of the commissures of the aortic valve. The right atrium 
is transected, beginning midway betw-een the tip of the right atrial 
appendage and the junction of the superior vena cava and right 
atrium. This incision is carried inferiorly, leaving an adequate cuff 
of right atrium anterior to the venous cannulae. Care is taken to 
avoid injuring the Swan-Ganz catheter, if present. Superiorly, the 
incLsion is carried to the root of the aorta. The left atrium is incised 
just posterior to the aorta with a no. 11 knife blade. With both atria 
open, the right atrial .septum is divided well anteriorly. The inci
sions in the septum and the hiteral atrial wall join at the ostium of 
the coronary sinus. The pulmonary artery is divided at its midpoint. 
The recipient cardicctomy is completed by an incision along the 
atrioventricular groove on the left side (l-'igure 12). 

Attention is then directed to the removal of the lungs. 
Electrocautery :is used oo low setting. A pedicle of pericardium and 
phrenic nerve is created bilaterally. An incision is made in theperi-

Dwided 
t./;•-«., main PA 

Divided RA 

Atrial sapt'Jtri ,• ftirtially divided LA 

,1" 
Figure 12 The aorta and pulmonary anery liave been divided distal to their 
respective valves. The right atriurn has been divided, and the left atrium is in 
the process of division 

cardium at the level of the main pulmonary artery, with great care 
taken to avoid injury to the phrenic nerve. The phrenic nerve must 
be repeatedly visualized, both medially and laterally, on the peri
cardial pedicle during this dissecrion. The incision is carried cau-
dally from the pulmonary artery to the diaphragm, again with great 
care taken to avoid injury to the phrenic nerve. An opening large 
enough to permit passage of the donor lung into the pleural space is 
created. It i.s not necessary to carry this incision cephalad to the 
main pulmonary aitery: in fact, especially on the left side, the re-
cuiTent laryngeal nerve may be injured if this incision is canied 
above the pulmonary artery. The phrenic nerve lies very close to 
the pulmonary hilum on the right side and proceeds posteriorly in 
its course towards the ditiphragm. Thus, it is very easy to injure the 
phrenic newe on the right side, unless this .structure is repeatedly 
vi.sualized during the dissection of the phrenic pedicle. 

The recipient pneumonectomy follows. Under direct vision the 
inferior pulmonary ligaments are divided with electrocautery and 
surgical clips if necessary. A TA-90 stapler is passed extraperi-
cardially around the left pulmonary hilum, with care taken to 
avoid injury to Ihe phrenic nerve. The hiMm is stapled, and the 
lung is removed (Figure 13). Similarly, the right pneumonectomy 
is performed. The staple lines are bilaterally made hemostatic, 
with electrocautery, clips, and sutures if necessary. 

With the diseased heart and lungs removed, the posterior media
stinum and trachea must be prepared for implantation of the donor 
heart-lung block. The posterior left atrium is removed, leaving a 
.small cuff attached to the right atrium. A passage is created poste
rior to the right atrium through the posterior pericardium, to allow 
the right lung to enter the right pleural space (Figure 14). All struc
tures in this plane - from the diaphragm to the trachea - must be 
divided, to prevent any tension on the tracheal suture line. 
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Figure 13 The left pleuropericardiurn has been incised posterior lo the 
phrenic nerve. Tlie left lung lias been withdrawn from the left cavity into Ae 
pericardial cavity by passing it posterior to the phrenic neurovascular pedicle. 
The left bronchu.s has been dissected out and is about lo be stapled and 
divided 

Aorta rettaeled lo tlie left 

Right anterior and •-. 
posterior pleufo-
pericardial wmdO¥fs 

Right pteuropericartJium 
conlainina ptireoic neyro-
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Figure 14 An inciyion has bt-eri made in the right pleuropericardiurn poste
rior to the right phreriic neurovascular bundle. The right lung has t!eeu with
drawn into the pericardial cavity, and has been excised (as was the left luiigi. 
The remnants of the two bronchi and lower trachea have been niobiii7.cd, and 
are being excised 

In transecting the left atrium, it is imporlatil lo avoid buttonhol
ing tlie posterior right atrium. The tilriai septutii effectively 
becomes the outside wall of the right atrium after heart and lung 
transplantation. Thetxftjrc any small septal defects, a patent 
foramen ovale, or otiier openings must be secured: Ihi.s area of the 
heart is completely inaccessible after the dtMior organs are im
planted. We have Ibitnd it useful to approximate any remaining 
left: atrial tisstje posterior to the atrial septum to improve 
hemostasis. 

Left recurrent 
laryngeal nerve 

Left vagys nerve 

"Aorta Icross setitionl 

.igamentum arteriosum 

Figure 15 Drawing to illustrate the proxitnity of major thoracic nerves to 
the trachea, bronchi, and aona. The potential sites of damage of these nerves 
during the operation of transplantation of the heart and lungs are obvious 

The recipient trachea is then mobilized via die posterior peri
cardium between the aorta and superior vena cava. To g.ain access 
to the trachea the entire right pulmonary artery must be removed. 
The remnant of left piihiionary artery should be left in place, to 
avoid injury to the recurrent laryngeal nerve. The trachea is cin 
cumferentially mobilized at the level of the carina and divided. At 
litis point, vessels accompanying the trachea must be carefully 
controlled with surgical clips. Ex.tensive dissection in this area 
should be avoided, to prevent damage to ncijrovascular structures 
which lie in proximity to this atiatomic area (Figure 15). 

The recipient thoracic cavity ts now prepared for implantation 
of the donor organs. Hemostasis must be immaculately secured in 
the posterior mediastinum, surrounding both pulmonary hiltt, in 
the inferior pulmonary ligaments, suiTounding the remnant of left 
pultnoiiary artery, surrounding the trachea, and at any points 
whei'e pleural adhesions were divided. Access to any of these 
points after the donor heart and lungs are implanted is at best 
difficult, and at worst impossible. Surgical clips or sutui^c liga-
lures are preferred to obtain hemostasis. 

Implantation of donor organs 

The tlonor and recipient tracheae, aorlae, and right atria must be 
anastontosed. The donor heart-lung block is brought to the opera
tive field. The donor trachea is ti-ansected one tracheal ring above 
the carina; all of the adventitia must he left in place surrounding 
the carina and main stern bronchi. Aggressive skeletonization of 
these structures risks devascularization and subsequent anasto
motic dehiscence. 

Cultures are taken from the donor trachea, to help identify 
donor-transmitted bacterial pneumonia. The donor superior vena 
cava is reinforced, and an incision is miade from the inferior vena 
cava! orifice toward the right atrial appendage, staying well away 
from the area of the sinoatrial node. The donor atrial septum is in
spected for any atrial septal defects, which are closed with a 
running suture. The heart-lung block" is then placed in the recipient 
chest. The heart is positioned in the pericardial cavity. The right 
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Figure 16 The donor heart and lungs wih be inserted into the recipient chest 
by passing Ihe donor right lung posterior to the recipient right atrium and right 
pherenit neurovascular bundle. The donor left lung %vill be passed posterior to 
the left phrenic neurovascular bundle. An incision has been made in the wall 
of the donor right atrium from die orifice of the IVC into the atrial appendage 

lung passes behind the recipient right atrium and right phrenic 
nerve; the left lung passes behind the left phrenic nerve (Figure 16). 

Implantation begins with anastomosis of the donor and recipi
ent tracheas, which are joined end-to-end with a running 3/0 
polypropylene suture (Figure 17). If desired, the tracheal anasto
mosis can be wrapped with donor pericardium. The donor right 
atrium is positioned anterior to the recipient right atrium (Figure 
18). The oblique incision in the donor right atrial wall can be ex
tended, if required, to match the orifice of the recipient right 
atrium. The right atrial anastomosis is performed with a continu
ous 3/0 polypropylene suture. The donoî  and recipient aortas aî e 
then shortened and anastomosed end-to-end with running two-
layer 4/0 Prolene sutures; an inner horizontal mattress layer and 
an outer running layer arc used (Figure 19). Wlien the anastomo
sis is completed, a vent site is placed in the ascending aorta. The 
crossclamp is removed lo restore perfusion to the graft. 

A Swan-Ganz catheter, which had been removed from the 
heart before the cardiectomy, is repositioned into the pulmonary 
artery. The cava! tapes arc removed. After at least 30 minutes of 
repcrfusion and multiple maneuvers to remove air from the trans
planted heart, the patient can be weaned from cardiopulmonary 
bypass. The ampiilalcd left atrial appendage and the pulmonary 
preservation cannulation site must be closed. Where visible, tlie 
suture lines are checked carefuhy for hemostasis and are rein
forced if necessary. If hemostasis appears adequate, protamine is 
given to counteract the heparin, and decannulation is accom
plished (Figure 20). Each pleural space is drained by a large-bore 
right-angled catheter over the diaphragm and a large-bore straight 
ctiest catheter to the apex. The chest cavity is copiously irrigated 
with antibiotics. The chest is closed in a routine fashion. 

Figure 17 Ttie donor heart and lung.s are now in position in the recipient's 
chest. The tracheal anastomosis is being cairicd out. (The stay sutures at the 
junction of tlie membranous^;artilaginous traciieas are not shown) 

Tracheal 
sutur* line, 

cr. 

Figure 18 The tracheal anastomcsis has been completed. Tlic areolar tissue 
around the donor left atrium which is u,scd to co%'er the site of the tracheal 
suture line is indicated, but in this drawing has not been sutured over the anas
tomosis. The two right atria are in process of being anastomosed 

SPECIAL TECHNICAL CONSIDERATIONS 

Postoperative bleeding 

Bleeding has been a major cause of early postoperative morbidity 
and mortality after heart-lung transplants"''". Life-threatening 
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Figure 19 The right atrial anastomosis has been completed. The aortic anas
tomosis is in progress 

bleeding cats develop in patients iviih iiiirathoracic ndliesiotirs due 
to previous surgery, or with abundaot enlarged bronchia] arteries 
and pleural collaterals due to underlying disease. However, as ex
perience in heart-lung transplantation has grown, several strategies 
have emerged Ihal help reduce po.stopuraiive hernonliage'"'̂ '-" .̂ 

Posi:erinr mediastinal attachments of the donor graft can bleed 
after ioiplanlaiion. Careful inspection and ligation of bleeding 
tissue will improve hemoslasis. Sinuisirly, afler the reversal of 
heparin, the phrenic nerve neurovascrilar pedicles should be iri-
spected for bleeding sites, which are secured witli sulure ligation. 

Mclkutous hcmostasis of the recipient posterior niediastmum, 
before the liearl -lung block is implanted, is pariirnouni. Most of the 
posterior pericardium shoidd be left mtact without undue dissection 
or excision. The mediastirial parietal pleura should be suturetl to the 
lateral edge <of the pericardium with running 4/0 polypropylene 
sutures. Hcmostasis of the peribronchia! tissue should be carefully 
inaintaiiied during dissection of the carina; clips or sutiij-e ligaiures 
are preicn:cd to elccirocautciy. Areas around inferior pulrn.c>nary 
liganieiiis should be observed and bleeding sites controlled. 
Pulmonary adhesions should he divided before giving heiianrr. elec
trocautery and argon beam coagulation can help reduce bleeding. 

Coagulopathy may bsr induced by cither piroperaiive medica
tions or hepalie failure. Its elTcct can l̂ e compounded by [he use 
of cardiopulmonary bypass during the transplant. Aprotinin, a 
serine protease inhibitor derived itorn bo\ine lung tissue, has 
been shown to decrease postoperative bleeding and blood p.roduci 
transfusion requirements in patients undei^going open-heart 
surgery'*'""'*, Aprotinin augments postoperative hei"nostasis after 
heart-lutig transplantation'-*. Decreased bleeding and blood 
product transfusions benefit the right heart and pulmonary func
tion postoperativeKs However, diere is no substitute for meticu
lous surgical technique and attention to detail. 

Donor right tang Donor left lung 

Figure 20 'flic aortic anastomosis lias been completed, and all canniilac 
have been removed 

Patent ductus arteriosus 

Some patients with Risenmenger's complex and elevated nul-
n"ionary artery pressures may have a patent ductus arteriosus that 
is not visualized on preoperative testing. In this group of patients, 
coiurolhng the PDA during surgery can be difficult. The ductus 
tissue is very friable; ligation should not be attempted hcfijre 
preparations are completed for cardiopidniona.ry bypass. Durmg 
die recipieni cardieclorny, a previously undiagnosed PDA may 
become apparent if unexplained bleeding occurs when the aorta is 
transected alter crossclaniping. Systemic perfusion may be 
greatly reduced as the blood is shunted into the lungs. Divisittn 
and control of a PDA may require circulatory itrrcsl lechniques to 
provide good visualization. Secure closure is accomplished vviih 
Teilon-suppotted sutures, afier wliich the transplant can proceed. 

Torsion of the grafted lungs 

During passage of the right and left lungs into the recipient chest, 
great care ,should be taken to avoid torsion of either pulmonary 
hilum. Each lobe of the lung should be identified and the position 
of the lungs checked, to ensure that rotation of lung or lobe is not 
present at the hilum. Such defects are impossible to correct after 
the anastomosis is completed. 

Cardiac bicawai anastomosis 

In orthotopic heart transplantation, anastomosis of the donor atrium 
to the recipient atrium alters the anatomic size and geometric shape 
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of the atria, as seen on echocardiography-"-'.Consequently, mitral 
and tricuspid regurgitation are frequent. To circumvent these 
problems, alternative anastomosis techniques have been de
scribed--. Heart-lung transplantation involves only right atrial 
anastomosis; to reduce tricuspid regurgitation, bicaval anasto
moses can be performed - a technique favored by our group re
cently. To use this technique, some simple modifications are 
required during procurement. To obtain maximum length the su
perior vena cava should be transected above the azygos vein. The 
inferior vena cava should be divided at the diaphragmatic 
reflection. The recipient superior and inferior venae cavae should 
be cannulated with right-angled cannulae, which facilitate the 
bicaval end-to-end anastomoses. 

POSTOPERATIVE CARE 

Intensive-care unit 

Patients are nursed in the intensive-care unit until extubated. 
Strict attention to fluid management is maintained. Ruid overload 
and renal impairment are common, due to the effects of car
diopulmonary bypass and cyclosporin therapy. Diuresis is 
achieved with diuretics and low-dose dopamine (2-3 Aig/kg per 
minute) by intravenous infusion. Patients also receive intravenous 
isoproterenol for 2-3 days, which has beneficial chrono
tropic effects and reduces pulmonary vascular resistance. 
Cardiovascular performance is optimized to improve oxygen 
delivery. 

Early weaning from the ventilator is encouraged, based on 
physiologic respiratory parameters. The inspired oxygen (Fpi) on 
the ventilator is kept at the lowest possible level, to keep the arter
ial oxygen (Pao^) around 80 mmHg or to maintain an arterial 
oxygen saturation of 90% or greater. Positive end-expiratory pres
sure (PEEP) is used, as needed, to maintain adequate oxygena
tion. PEEP and peak inspiratory pressure (PIP) are kept below 
10 cmHjO and 30 mmHg, respectively. For the first 3 days chest 
roentgenograms are obtained twice a day. Diffuse pulmonary 
opacities may be seen, due to preservation injury, which usually 
resolves after conservative treatment with diuretics and pul
monary toilet. Fiberoptic bronchoscopy is carried out within the 
first 24 hours to assess the tracheal anastomosis, and thereafter as 
indicated by the patient's clinical condition, chest radiograph, or 
arterial blood gases. 

immunosuppression 

All of our recipients receive triple-therapy immunosuppression, a 
protocol introduced at the University of Minnesota in 1983 for 
heart transplants'^' (Table 2). Cyclosporine (CsA) is started pre-
operatively at 4-6 mg/kg, depending on renal function. 
Postoperatively, CsA is administered at 1-2 mg/h as a continuous 
intravenous infusion. In addition, CsA is given orally or via naso
gastric tube at 4-6 mg/kg per day in two divided doses 12 h apart. 
Whole blood CsA levels are checked every day for the first 10 post-
transplant days and every other day thereafter. Oral CsA doses are 
adjusted to maintain a level of around 300 ^g/1 in the first month 
post-transplant (as determined by high-performance liquid chro
matography). The correlation between blood CsA concentration 

Table 2 Immunosuppression for heart-lung recipients 

Preoperative 
CsA 4-6 mg/kg orally depending on renal function 
AZA 2-3 mg/kg orally 

Intraoperative 
MP 500 mg intravenously at the time of reperfusion 

Postoperative 
CsA 

Oral (nasogastric) 4-6 mg/kg per day in two divided doses. 12 h apart 
Intravenous 1-2 mg/h by continuous infusion 
Dosage adjusted to achieve whole blood CsA level of .300 jjig/l 

AZA 
Oral or by nasogastric tube 2-3 mg/kg per day 
Dosage decreased if WBC count < 5000 mm' 

MP 
Intravenous 12.'i mg every 8 h for three doses 

Prednisone 
Oral 0.5 mg/kg per day in two divided doses beginning on day I 

Maintenance 
CsA 5-6 mg/kg per day in two divided doses (adjusted to maintain blood 
CsA level of 200-300 jig/l) 
AZA 1.5-2.5 mg/kg per day (decreased if WBC count < 5000 mm') 
Prednisone tapered to 0.1 mg/kg per day by 3-6 months (depending on 
clinical course) 

CSA = cyclosporine: AZA = azathioprine; MP = methylprednisolone: 
WBC = white blood cell 

and effect is weak, but concentrations less than 100 /ng/l in the 
immediate post-transplant period are frequently associated with 
rejection. Similarly, the correlation between blood CsA concen
tration and toxicity is relatively poor but, in general, risk of toxicity 
increases significantly with levels greater than 350 ^g/1. As the 
time post-transplant increases, the need for frequent CsA blood 
level monitoring decreases. After 3 months post-transplant, 
monthly monitoring is sufficient for stable patients. 

Azathioprine (AZA) is administered preoperatively at 
2-3 mg/kg. Postoperatively, AZA dosage is targeted to main
tain a white blood cell count of 4000-5000 cells/mm'. 

Methylprednisolone (MP) is administered intraoperatively at 
the time of reperfusion at 500 mg intravenously. Postoperatively, 
MP is given intravenously at 125 mg every 8 h, for a total of three 
doses. Low-dose (0.5 mg/kg per day) oral prednisone is begun on 
postoperative day 1. In our early experience with heart-lung 
transplants, oral prednisone was withheld for the first 2 weeks, to 
promote healing of the airway anastomosis. However, most pa
tients received pulse MP therapy 1-3 weeks post-transplant to 
treat pulmonary rejection - and their airway anastomosis still 
healed satisfactorily. Our current practice, therefore, is to main
tain low-dose prednisone from postoperative day 1. By 3-6 
months post-transplant, prednisone has been tapered to 0.1 mg/kg 
per day. 

Infection prophylaxis 

Infections are the leading cause of morbidity and mortality after a 
heart-lung transplantation '̂'- '̂. Surveillance cultures of sputum, 
urine, and blood, and viral antibody titers should be routinely 
monitored. In our institution all patients receive perioperative 
vancomycin for 24 h and cefamandole until all drainage catheters 
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and monitoring lines are removed. Further antibiotic therapy 
depends on the results of donor bronchial secretion cultures. 
Every attempt should be made to treat identified infections only, 
and to avoid indiscriminate use of antibiotics, lest fungal or re
sistant bacterial overgrowth develops. 

Heart-lung recipients are especially prone to pneumonias, par
ticularly those caused by opportunistic organisms such as cy
tomegalovirus (CMV) and Pneumocystis carinii. Recipients who 
are CMV-seronegative prctransplant receive CMV-negative blood 
and blood products. In addition, donor or recipient CMV-
seropositive status requires treatment with intravenous ganci
clovir at 5 mg/kg twice a day for 14 days, then 5 mg/kg per day 
for 8 weeks. The dose of ganciclovir is adjusted according to 
renal function. Mycostatin is given by mouth for ?> months 
post-transplant. Trimethoprim-sulfametho.xazole is given 
indefinitely to prevent infections caused by Pneumocystis and 
Nocardia organisms. 

RESULTS 

Improved patient selection, surgical techniques, and postoperative 
care have reduced 30-day mortality after combined heart-lung 
transplantation to around 20%. However, the outcome for long-
term survival has not changed markedly. The international 
Society for Heart and Lung Transplantation report I-, 5- and 10-
year survival rates of 59%, 42%, and 20%, respectively, among 
1567 heart-lung transplant recipients worldwide-''. In our institu
tion the heart-lung transplant program (begun in 1986) has sur
vival rates of 82%' at 1 year and 64% at 5 years (Figure 21). 
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Lung and Heart-Lung Transplantation: A Review of 
Progress and Current Status based on the Registrf of 
the International Society for Heart and Lung 
Transplantation 
G.B. HAASLER AND J.D. HOSENPUD 

INTRODUCTION 

The past decade has witnessed the rise of lung transplantation 
(LTx) as a viable clinical entity, and has seen substantial revi
sions in the concepts iinderlyiog the techniques and indications 
for LTx and heart-lung transplantation (ULTx). From rather in
auspicious beginnings in the late 1960s and 1970s, LTx has 
emerged as a modality useful for treating both end-stage primary 
lung disease in a variety of settings'"" and the polmonary seque
lae of congenital heart disease'*''̂ '"-'*"*'. Over 500 single lung, 300 
double lung, and 100 heart-lung transplants were carried out in 
1994 (Figures 1-3), Single (SLTx) and double (or, more cor
rectly, bilateral single) (DLTx) lung transplantation have resulted 
in substantial reversibility of right heart dysfunction secondary to 
pulmonary vascular disease in both primary and secondary pul
monary hypertension, allowing preservation of the patient's own 
heart where formerly HLTx was considered a necessity'*'-̂ -. This 
has resulted in a significant reduction in the number of heart-lung 
transplants yearly (Figure 3). In addition, tlie routine use of DLTx 
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Figure 2 Number of bilateral and double iung iransplanls performed 
198£^1994. This includes both the en-bloc DLTx (done eariier) and ttie more 
recent bilateral sequenti,il SI-Tx, which has become the major way in which 
two lungs are transplanted currently. The volume may be stabilizing due to 
oon^ncrease of the donor pool. However, 1994 data may still reflect some in
complete acquisition. (Source: ref. 10) 
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Figure 1 Number of SLT.x perfooiied 1985-4994. There was a progre.ssive 
increase in the number of SLTx carried out annually until 1993. Data for I&94 
may reflect some incomplete acquisition. However, the number of transplants 
performed may be stabilizing due lo restriction of the donor pool. (Source: 
ref. 10) 

Figure 3 Number of HLTx performed 1983-1994. The number of HLTx 
has clearly decreased since 1989 with the realization that SLTx and bilateral 
pulmonary replacement could often allow recovery of a failing heait. In addi
tion, increasing success in LTx for cystic fibrosis has resulted in fewer HLTx 
being carried out for the indication. (Source: ref. 10) 
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ia septic conditions, such as cystic fibrosis and bronchiectasis, has 
demonstrated thai transplantation and imniunosuppression can be 
carried out in a unique setting of infection where significant resid
ual bacterial colonization still exists in otlier body reseiA'oirs--^ '̂-'-'. 

The techniques and principles that have led to the resurgence 
and modern development of LTx liave proven ahiiost as pliant as 
the organs themselves. Principles such as the avoidance of routine 
corticosteroids and omental wrapping of bronchial anastomoses 
have not been proven as essential as once thought^-''-*. Other de
velopments such as an increased awareness of the lungs' meta
bolic activities have resulted in specific pulmoprotective 
techniques that are unique to LTx and not just borrowed from 
other organ transplant technology'-''"^'*. Constant improvements 
in techniques and in perioperative care are allowing patients with 
a variety of conditions and attendant medical problems to safely 
undergo pulmonary replacement*-^*''. As selection criteria pro
gressively change and liberalize, it remains to be seen what effect 
these policies will have oo organ availability and mortality 
statistics. 

This chapter will examine successes, trends and problems in 
LTx and HLTx based on current literature and data from the 
International Society for Heart and Lung Transplantation 
(ISHLT) Registry. 

Hlo I OiilvrtL r t r i ^ P tip I IV t 

James Hardy (Chapter 18, Figure 9) of Mississippi carried out the 
first clinical human LTx in 1963 (Chapter 45). At that time, with 
there being very limited knowledge and means, the patient sur
vived for 18 days, expiring of renal failure"*. Over the next 15 
years approximately 40 lung transplants were carried out world
wide, without a single long-term survivor. The reasons for failure 
in these patients were chiefly technical, with bronchial dehiscence 
the major source of mortality'. Recipient selection involved ex
tremely ill patients, with perhaps predictably poor outcomes. 
Following this period, clinical LTx was thought to be unfeasible. 
While solid-organ transplantation continued to develop in the 
renal and cardiac arenas, LTx remained confined to a few animal 
laboratories. 

Pioneering work by Morgan and others'-*-^'', suggested that im
proved vascularization of the ischemic donor bronchus would be 
possible using the omentum as a wrap. L'sing three other clinical 
and scientific premises - (a) the rise of cyclosporin A as a new 
immunosuppressive agent, (b) the desire to avoid large doses of 
steroids which inhibit healing, and (c) the selection of patients 
who were not yet so ill as to be preterminal, and therefore could 
be improved clinically prior to transplantation - Joel Cooper 
(Chapter 4.5, Figure 1) and others at the Toronto General Hospital 
Program carried out several successful SLTx for idiopathic pul
monary fibrosis*-'*-'"'-'^. It was initially thought that pulmonary 
fibrosis, without cUnical sepsis and with a shrunken contralateral 
lung, would be the ideal setting for future LTx, although the 
number of patients with pulmonary fibrosis was small compared 
to other pulmonary disorders. 

Heart-lung transplantation had been carried out for primary 
pulmonary hypertension and secondary pulmonary hypertension 
due to congenital cardiac disorders. It was rapidly recognized that 
SLTx could offer a superb low-resistance circuit for blood flow 

that would allow recovery of right-sided cardiac function alone. 
The transplanted lung could function not only as an organ of oxy
genation but as the ideal 'runoff for an overloaded right ventri
cle. The implications of this concept have been enormous"•2o.22,.w^ 
resulting in a progressive decline in the performance of HLTx 
(Figure 3) when it was discovered that even a severely compro
mised right ventricle could recover substantial function if left 
ventricular function was still intact. (A parallel experience in pul
monary endartcrcctomy for chronic pulmonary emboli demon
strated reversibility of right ventricular ejection fractions as low 
as 10%.) 

A variety of combinations of heart and lung transplantation 
were subsequently earned out, including SLTx, DLTx, SLTx with 
heart transplantation'', and SLTx or DLTx with concomitant in
tracardiac repair of a congenital defect'-'"-"" '̂--*. Current indica
tions for SLTx, HLTx, and DLTx are oudincd in Figures 4-6 and 
Tables 1 and 2. Emphysema (acquired and congcnitally predis
posed) constitutes the single largest group of patients obtaining 
SLTx. Nearly equal numbers of patients with emphysema and 
cystic fibrosis receive DLTx. The original indication for SLTx, 
idiopathic pulmonary fibrosis, cutTently forms a fairly small 
group at 16.7%, reflecting the large increase in LTx for 
emphysema. 

Technical advances had improved in clinical HLTx also-'^-*. 
Confidence over the ability to sustain a transplanted heart-lung 

Emohysema 42,3% 

A1A 1.5.7% CF 0.4% 

fylisc 'n.7% 

3.3% 
FPU 9.2% 

Kgiire 4 Indication;, for aiiiilt .SI.Tx. Acquired and tongeriiial (AiA) ein-
physema corisliU-ile ihe majorily ot SLTx. The oi-igiiial primary indication for 
SLT.K, idiopaliiic pulfiioriary IstirosLs (IPF). cuirenlly co.'isiitiites a lelati'veh' 
sraail percentage of cases. Patients with primary pulmonary liypertftihiiKi coii-
sihute B fairiy \maU group (in t)Oih SLTs and bil.-Hcra! DLTxi. A cert.iiii 
niunber of palifiils vvilh coiigciiital heart disease and secondary pulmonary 
hypertension are included in Ihc miscelianeriiis category. (.Souree: ref 10) 

IPF 4.2% 
A1A 13.4% 

PPH 10.(. 

ReTx 3,9% 

Misc 16.9% 

imphysema 17.0% 

CF 35,7% 

Figure 5 Indications for adult bilateral/DLT,\, Emphysema and septic lung 
disease due to cystic fibrosis constitute the major indications, (Source; ref. 10) 
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PPH 31.4% 

mifal 28.0% 

A1A 3.3% 

'iViPHYSEr,1A 6.5% 
IPF 3.i 
ReTx 

Figure f> Inclicatioris for aduil HI.Tx. Primary pulmonary hypertension and 
congenital heart disease with secondary piilmonary hypertension constitute 
the m-ijor indications. Pa.ticnts v.itli emphysema who undergo HLTx are pri
marily those with additionai left ventricuiar dysfunction. (Source: ref. !0) 

Table 1 End-stage lung diseases suitable for single or bilateral lung 
Iraiisplantation (sec also Figures 4 and S) 

Idiopathic interstitial pulmonary fibrosis 
Pulmonary fibrosis of occupational etiology 
Sarcoidosis 
Toxin-induced irreversible pulmonary disease (non-narcotic) 
Eosinophilic granuloma 
Primary pulmonary' hypertension 
Acquired or congenital emphysema (not volume reduction or buOectomy 

candidates) 
Chronic pulmonary embolic pulmonary hypertension (not amenable to 

tbrombo-endarterectomy) 
Scleroderma 
Cystic fibrosis 
Bronchiectasis 
Bronchiolitis obliterans 
Lyinphangioleiomyomato.si s 
Multiple arteriovenous malformations (not amenable to other measures) 
Other le.ss common interstitial or obstructive lung diseases as determined by 

Individual consideration 

Table 2 Indications for heart-lung transplantation (see also Figure 6) 

Congenital heart disease (with anatomic abnormalities not reparable) with 
pulmonary hypertension 

End-stage lung disease with left ventricular dysfunction with or without 
clinical right heart dysfunction 

Primarj' pulmonary hypertension (with LV dysfunctiim) 
Cystic fibrosis (usually bilateral lung transplant now) 

block led .sorgeons to consider llLTx for cystic fibros.is'-*-'^--'''*-"'' 
and to domino procedtires, wherein tt piitient with priiBary pul
monary disease and secondary right ventricular hypcrti^opiiy 
would receive a heart-hiiig block from a donor, while tiie recipi
ent's own heart ('conditioned' wifli secondary right ventricular 
hyperlrophy after functioning for many niooths in the presence of 
pulmonary vascular disease) would be transplanted into a person 
requiring chiefly a heart transplant, but with moderate elevations 
of pulmonary vascular resistance*'"^--. While ingenious and suc
cessful by short-lerin consideration, ethical reservations were 
voiced on several fronts regarding thi.s modality, given the uncer
tainties of futnre eardiac graft vasciilopathy (clironic rejectiotfi. 
The overall utilization of heart-lung blocks has decreased over 
the past few years (Figure 3) with a con'esponding increase in the 
number of SLT.\. 

Bilateral LTx proved necessary for a vaxiety of conditions, in
cluding bronchieciasis and cystie fibrosis, where a SLTx might 

be soiled by a remaining septic luog (Table 1). Isolated reports of 
SLTx with contralateral pneumonectomy for cystic fibrosis were 
published*-"^, but generally the DLTx has been prefeiTed. Post-
pneumonectomy space problems can be avoided in this way, 
and lung function appears to be better after DLTx in young 
people. 

Initially, it was thought that DLTx was also routinely required 
for emphysema because of the fear that a SLTx would be over
whelmed by a more compliant hyperin-flated remaining 
lung*-'-'-'-'̂ '''*. While this appeared to occur in some instances, 
further experience suggested that lung reduction of the remaining 
lung could be carried out, resulting in satisfactory decompression 
of the transplanted lung. Increasing awareness that unilateral 
transplanted organ compression appeared more likely due to graft 
dysfunction than to compression led to a better understanding of 
the pathophysiology in these transplants. The advent of SLTx and 
DLTx for ctiiphysema'--"-*-'" led to a large cohort, of patients be
coming immediately available for transplantation (Figures 4 and 
5). In addition, the emphysema patients, who were generally 
-more stable than other patients preoperatively, proved to be more 
stable postoperatively with consequently better survivaF-'" 
(Figure 7). 

Techniques for DLTx initially followed that of HLTx^', with a 
single tracheal anastomosis, a single pulmonary arterial anasto
mosis, and a single left atrial anastomosis, constnicted with the 
patient's heart arrested on cardiopulmonary bypass. This proce
dure had significant complications in the form of trachea.l anasto
motic problems, low cardiac output, and neurologic sequelae of 
cardiopulmonary bypass'*-'*. The recognition that DLTx could be 
carried out much more easily, and with greater safety, often 
avoiding cardiopulmonary bypass altogether, using a sequential 
bilateral SLTx technique, further reduced the risks and problems 
associated with DLTx-''-^-''''. This signiicantly affected the early 
mortality after DLTx. Concomitant improvements in critical care, 
peri-transplant infection control, and earlier recognition and treat
ment of rejection have also been the subject of significant study, 
a.nd have contributed to improved clinical outcomes'*"'*-"-''^'*. 

3 4 5 6 7 e 9 10 11 12 

Months Post iransplantation 

--E.mpriysema —IPF —PPH 
N=624 N=261 N=154 

•-A1.A 
N=247i 

Figure 7 Actuarial patient survival tollowmg .SLTx l)y indications. Patients 
with acciuired emphysema constitute the laigest Bfoup and have the best long-
term survival. A significant con-|[X>nenT to survival is the initial posroperarive 
course, with palmonary hypertension patients faring the worst. After the first 
month the courses arc app.ro.Kimateiy parallel, with late complications of LTx 
representing the main reasons for eventual death. (Source: ref. 10) 
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IMPROVEMENTS IN DONOR LUNG SELECTION AND 
DONOR MANAGEMENT 

Early efforts in LTx involved the use of a donor situated in an 
adjacent operating room to that of the recipient, or required trans
port of the donor to the recipient hospital-". The management of 
donors has undergone significant improvement since lungs were 
first considered for transplantation'*'''*^\ Since kidney viability 
and transplantation were early priorities of most organ procure
ment agencies, some of the policies which would favor the 
kidneys, such as vigorous hydration of the donor, would in fact 
hurt the lungs due to the development of pulmonary edema. In 
addition, the importance of optimal pulmonary management early 
on in the post-injury period was not clearly appreciated as it 
related to organ donation. Aggressive pulmonary care early on 
after a neurologic event was thought to cause wide swings in in
tracerebral pressure, and was therefore considered inadvisable. 
Subsequently, the understanding that aggressive suctioning of 
pulmonary secretions, careful identification and control of aspira
tion pneumonias, and judicious fluid management were required 
to keep the lungs in a condition that might favor donation became 
better appreciated. 

The lung is in a unique position as a transplantable solid organ 
in that it is constantly in communication with the outside environ
ment, being subjected not only to inhaled material, but also to 
substances pushed through by positive pressure ventilation and 
intravenous routes (such as air and embolic material). The realiza
tion that the metabolic functions of the lung could also be com
promised by shock led to improved understanding of apparent 
lung dysfunction after injury. 

The basic criteria for lung donation have not changed over the 
years in that evidence of adequate oxygenation (POj greater than 
300 or 350 on 100% O, and 5 cm of PEEP) is required by most 
groups. Certainly, unilateral pulmonary dysfunction in the donor, 
which has been explained on a non-septic etiology, has been in
creasingly recognizable in patients suffering from post-traumatic 
pulmonary contusion, and may allow use of the contralateral lung. 
Whereas initially it was thought that lungs without an absolutely 
clear chest radiograph could not be used, this has been shown to 
be an erroneous assumption. Aggressive bronchoscopy may 
reveal airway plugging that can be safely cleared out, improving 
donor oxygenation. While 'marginal donors' have occasionally 
been used successfully''^''', the basic requirement for fairly ad
equate oxygenation persists, and situations must be carefully indi
vidualized by considering donor history and recipient status. 

Lung procurement and preservation techniques have similarly 
evolved with the rest of the science. Initially, lungs were rapidly 
harvested from a donor in an adjacent operating room and pre
served in an atelectatic state by cold immersion'"^". 
Subsequently, the need to obtain organs from more distant loca
tions - and the recognition that explanted, cold lungs continue to 
exhibit aerobic metabolism - led to the development of other pul-
moprotective techniques. The first major change involved perfu
sion and flushing of the donor organs with a balanced electrolyte 
solution. Euro-Collins solution was accepted as a superb physio
logic solution, and was modified with glucose and magnesium to 
allow metabolism to occur in the excised lung. It was recognized 
that the lung should be kept inflated in order to avoid atelectasis, 
loss of surfactant, and continued air substrate for the lungs' meta

bolic activities. With this, preservation of the lung improved sub
stantially, allowing long-distance transport with a subsequent de
crease in the incidence of primary graft failure-"-" •'-'''•'^. In 
addition, the recognition that better cooling and delivery of 
washing substances could occur by administering prostaglandin 
El as a pulmonary vasodilator appeared to result in better lung 
preservation. 

While much interest focuses currently on issues of lung preser
vation, no solution or perfusion technique has been demonstrated 
to be clearly superior over another for preservation of the lung. 
For harvesting of the heart-lung block, where heart utilization, 
either separately or as part of a HLTx, is planned, the use of 
University of Wisconsin (UW) solution has been demonstrated in 
cardiac transplantation to result in earlier return of function and 
fewer rhythm problems for the cardiac portion. For lung function, 
UW solution has been shown to extend ischemic time in labora
tory animals^l Active research is taking place with other solution 
additives to reduce lipid peroxidation (allopurinol and lazaroid 
compounds)-'''*''. 

RECIPIENT SELECTION 

Significant interest has also focu.sed on the optimum timing of 
LTx and on the physical condition of the transplant recipient in 
order to favorably influence outcome. Initial patients selected for 
early attempts at LTx in the mid-1970s were frequently ventila
tor-dependent, extremely ill patients in poor physical condition 
who proved unable to withstand the rigors of transplantation. 
Much work has subsequently focused not only on determining the 
optimum point in a person's disease where LTx should occur, but 
also on the condition in which the patient is able to be brought for 
transplantation'*"'\ The realization that patients could not be trans
planted with high expectations of success if they were nearly dead 
led to extensive interest in the natural history of various pul
monary disorders and indices of eventual failure'"'^'"'\ In each 
of the major disease entities (emphysema, cystic fibrosis*''*, pul
monary hypertension''', pulmonary fibrosis-**), indices of deterio
ration were identified and assessed in the context of the natural 
history of that disease. 

In emphysema, the onset of oxygen use, more frequent hospi
talizations, and increasing pulmonary exercise disability were felt 
to represent increased risk for death over the next 2 years 
compared to the outcome that LTx could offer-". As the post-
transplant results for emphysema have improved, LTx has 
appeared even more attractive. These functional characteristics 
appeared to be more reliable as indicators than any absolute 
value of spirometric function, although most early patients 
undergoing LTx for emphysema have had FEV, determinations 
<30'7c of predicted. The non-transplanted emphysema patient 
who deteriorates to the point where he or she begins to require 
night-time oxygen has a predicted 2-year survival of 60%, down 
from 80% expected when not requiring oxygen-". 

With pulmonary hypertension, similar criteria were developed 
in the form of progressive disability, mean pulmonary arterial 
pressure 5^50 mmHg, decreased cardiac index =s2.5 1/m-, mean 
right atrial pressure S ÎO mmHg, syncopal episodes, and the de
velopment of hemoptysis. Because pulmonary hypertension, par
ticularly of the idiopathic variety, is associated with an often 

624 



LUNG AND HEART-LUNG TRANSPLANTATION: PROGRESS REVIEW 

100 

t 

N=154 

N=446 ' • 
- I . 

0 1 2 3 4 5 6 7 8 9 10 11 12 

Months Post Transplantation 

— BL/Dougle Lung —Single Lung --Heart-Lung ! 

Figure 8 Actuarial patient survival for PPH following LTx by procedure. 
Patients undergoing bilateral LTx, as opposed to SLTx, have an initial better 
in-hospital course. This may reflect that initial adjustments in cardiac output 
and residual pulmonary hypertension may play a major role in the early post
operative course after transplantation. It is rather striking, however, that these 
curves converge at 4 months and remain parallel thereafter. This may reflect 
the total dependence on transplanted tissues that the patients with DLTx face. 
As in other categories where HLTx is carried out, survival is significantly 
poorer than after SLTx or DLTx. (Source: ref. 10) 

unpredictable progression, it is the trend towards increasing events 
or more frequent hospitalizations that identifies the need for trans
plantation^''-^'*. Whether patients with pulmonary hypertension 
should be considered for SLTx or DLTx is still a controversial 
topic. Lower pulmonary pressures and improved heart function are 
seen with DLTx or HLTx'-^. However, organ availability and the 
critical condition of some of these patients may restrict this choice. 
The SLTx is coinparatively flooded with blood froin the time of 
transplant, making the postoperative period potentially more 
difficult. The influence of the choice of transplant procedure 
(single or double) on long-term survival therefore remains a 
concern. ISHLT Registry data (Figure 8) suggest decreased sur
vival of SLTx versus DLTx recipients within the first 6 months, 
although later survival appears superimposable. The early results 
of SLTx for primary pulmonary hypertension are certainly worse 
than those for the other conditions requiring SLTx (Figure 7). 

The recognition of the complex milieu of cystic fibrosis led to 
identification of several predictive factors for mortality in this 
condition. These were the increasing need for hospitalization, the 
development of weight loss, a rising PcOj, and an FEV, <.'50% of 
predicted'•^•-'•'''*. In cystic fibrosis patients the assessinent of the 
referring pulmonologist in identifying early signs of inevitable 
deterioration was considered a key component of assessing the 
patient for LTx. The importance of proper selection of patients 
became more acute in cystic fibrosis for other reasons also, given 
that these patients frequently had highly aggressive resistant or
ganisms present in the tracheobronchial tree that would most 
likely remain after transplantation\ Most cystic fibrosis patients 
have reservoirs of Pseucloimmas aeruginosa and Pseudomonas 
cepacia, as well as Aspergillus, in their respiratory tree, particu
larly in their sinusesl The recognition that sinus disease could 
prove a major problem in the postoperative period led to prophy
lactic sinus drainage procedures. While these have not stood the 
test of time as being essential (and have sometimes proven med
dlesome), the attention which was focused on all sources of per
sistent bacteria, as well as the need to control any infection, has 

led to a general improvement in the perioperative management of 
transplanted cystic fibrosis patients. 

The need for nutritional supplementation has been noted in all 
areas of LTx, most notably in cystic fibrosis and chronic lung 
disease patients. Frequently, both groups represent a nutritionally 
depleted patient population and nutritional supplementation, 
coupled with an appropriate exercise regimen, can help these pa
tients enormously™. Calcium supplementation may also be indi
cated, as osteoporosis is frequently seen in this patient population. 

Initially, good-risk patients were selected, while patients on 
mechanical ventilators or in older age groups (>60 years) were 
automatically excluded. Subsequently, as LTx has become more 
successful, many programs have chosen to offer LTx to older in
dividuals, as well as to those who appear more ill, and often to 
cystic fibrosis patients who require short-term mechanical ventila
tion immediately prior to the transplant procedure-'*'*^. In addi
tion, whereas inechanically ventilated patients were initially 
excluded, the realization that stable, non-infected mechanically 
ventilated patients may benefit from LTx has led to a reassess
ment of this requirement-**. It remains to be seen whether the 
patient selection criteria, as they are liberalized, will result in a 
subsequent decrease in overall survival rate. 

The criteria for selection that have been developed in patients 
with emphysema are now facing a new consideration - the rise of 
lung reduction surgery for certain patients with this condition 
(Chapter 89). The concept of this surgery involves physiologi
cally reducing the size of the lungs that can be demonstrated to be 
overdistended and that have focal areas of worse disease"'. In 
general, poorly perfused and poorly ventilated areas are preferen
tially excised, in contrast to lung parenchyma which is obviously 
functional. Ongoing changes in approach for patients with differ
ent types of emphysema and multiple medical problems, or in 
whom different anatomic technical considerations exist (such as 
previous surgery, which might preclude lung reduction but not 
LTx), may alter the potential recipient profile or post-LTx sur
vival for this disease entity in unpredictable ways. 

DEVELOPMENT OF CHANGES IN IMPLANTATION 
TECHNIQUES AND PERIOPERATIVE MANAGEMENT 

The bronchial anastomosis is generally avascular. Healing relies 
on the presence of collateral circulation from the pulmonary 
artery and lung parenchyina flowing retrograde into the bronchial 
circulation, in order lo nourish the bronchial anastomotic region. 
Depending on the initial condition of the donor, the status of the 
donor bronchus can be quite variable. For the most part, donors 
with diffuse tracheobronchitis or aspiration pneumonitis are 
avoided, although those with mild degrees of tracheobronchitis in 
an otherwise clear lung field, and no obvious history of major as
piration, can be utilized safely. 

Techniques for carrying out the bronchial anastomosis have 
changed substantially over the past 10 years. When initially con
ceived it was felt that bronchial anastomoses, because of their in
herently avascular nature, would require wrapping in omentum in 
order to be properly sustained^". Some impressive early studies 
demonstrated revascularization of ischemic bronchial stumps by 
the use of an omental wrap'*". A variety of techniques had been 
employed prior to this, including the telescoped anastomosis that 
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has currently become more popular, but other factors with respect 
to wound healing and organ rejection resulted in these anasto
motic techniques being unsuccessful in the past. It has become 
apparent that rejection can alter donor bronchial blood flow, and 
perhaps increase the effect of ischemic injury. This would partly 
explain why distal bronchial complications rarely accompany 
standard bronchial sleeve lobectomies. 

As the omentum was used frequently for wrapping of bronchial 
anastomoses, the complications inherent in its use (ileus, addi
tional pain, as well as prolonged operating time) became less de
sirable, and surgeons began to seek alternatives. The work of 
Calhoon et al. at the University of Texas-*^ demonstrated that safe 
donor-to-recipient anastomoses could be carried out without an 
omental wrap, using sutures placed in a figure-of-eight pattern 
and a telescoping anastomotic technique. The importance of 
bronchial stump length and length of the donor bronchus became 
increasingly obvious. If the donor bronchus was kept fairly short 
(one or two rings) proximal to the lobar bifurcation, bronchial 
anastomotic healing was improved. 

It had been previously thought that corticosteriods exerted such 
a negative impact on bronchial anastomotic healing that these 
were to be entirely avoided. However, it became clear that, 
despite the original desires to limit steroid use, steroids were fre
quently being employed in the management of these patients for 
the treatment of presumed rejection episodes. Furthermore, fairly 
large steroid doses were being given at these times. As shown by 
Calhoon et al.-'', small doses of steroids in the preoperative 
patient or significant routine doses of methylprednisolone in the 
immediate postoperative period, did not seem to impair bronchial 
anastomosis healing with the telescoping technique. This new 
'tolerance' of steroids occurred in a complex milieu of increasing 
knowledge regarding lung preservation and bronchial anastomotic 
techniques, and more familiarity with post-transplant care. 
Increased awareness regarding ischemic times and the im
portance of pulmonary perfusion, and the more careful use 
of immunosuppressive agents all contributed to a better under
standing of the transplant process, and probably improved 
survival of the bronchial anastomosis and pulmonary graft. 

The telescoped bronchial anastomosis-* has become increas
ingly utilized, being used in bilateral LTx as well as in HLTx. 
The safety of this anastomosis compared to other techniques has 
also contributed significantly to early post-transplant survival. In 
addition, abdominal complications of omental harvest are 
avoided. In pediatric situations the small size of the telescoped 
anastomoses was associated with strictures, and therefore end-to-
end techniques have proven more useful". 

At the same time as techniques for constructing the bronchial 
anastomoses were being advanced, those anastomoses that failed 
were also being handled with increasing expertise and better 
results '-". The judicious use of lasers, transbronchial debride
ment, and occasionally endobronchial stents, resulted in salvage 
of many patients who might otherwise have lost their grafts and 
their lives. While avoidance of bronchial anastomotic problems 
is clearly the goal, it appears that these problems will continue to 
find occasional incidence and require expert management. 
Techniques of direct bronchial arterial revascularization appear to 
be effective, but add significant complexity to donor organ pro
curement and the recipient operation. These approaches have not 
been accepted as standard in the major centers. 

Vascular anastomotic techniques for the pulmonary great 
vessels have also changed. The technique of constructing an atrial 
anastomosis for the pulmonary vein confluence, instead of indi
vidual pulmonary venous anastomoses, was first suggested by 
Metras in 1949*''''. A venous anastomosis at the atrial level has 
proven to be a much more feasible and forgiving anastomosis 
than anastomosis of each pulmonary vein. Experimental studies 
have shown that individual venous anastomoses are certainly pos
sible, but the atrial suture line offers significantly larger and more 
substantial tissues for suturing. 

Initially, the concept of an atrial anastomosis was extended to 
the double lung en-bloc procedure wherein all four pulmonary 
veins were anastomosed to the left atrium as a single donor block. 
This large single anastomosis, carried out on the back wall of the 
heart, required cardiopulmonary bypass (CPB), cardiac arrest, and 
elevation of the heart with opening of the chambers and 
significant subsequent risk of air embolism. The realization that 
two lungs could be sutured separately and sequentially into a 
patient without CPB-"", or at least without cardiac arrest, led to a 
significant reduction in potential morbidity and mortality. 
Publication of the first major series of bilateral sequential LTx'-
demonstrated an 89% in-hospital survival rate, a previously un
achieved success rate. The pulmonary arteries, rather than being 
anastomosed at the level of the main pulmonary artery, were 
anastomosed separately at the more peripheral levels of the right 
and left pulmonary arteries. The bilateral LTx experience also led 
to the realization that current pulmonary protective means were 
fairly satisfactory since acceptable function, with excellent imme
diate P02 levels, were achieved up to 10 h after ischemia for the 
second lung (of the bilateral sequential pair). 

The use of adjunctive CPB during lung implantation has been a 
subject of some debate. There are surgeons on each side of the 
issue, some recommending bypass during bilateral LTx proce
dures and others not recommending it'' '^-''7? There are situations 
in which CPB must be used, such as in HLTx and in SLTx or 
DLTx for pulmonary hypertension (where one lung is generally 
not sufficient to sustain the circulation in the presence of the 
severe hypertension and subsequent right heart failure). On the 
other hand, for diseases such as cystic fibrosis or other bilateral 
LTx procedures, the question arises whether CPB has advantages 
that balance or override the potential disadvantages of coagula
tion disturbances"-*, need for additional surgery and, in some 
cases, the need for an additional incision (in the groin). 

Most patients undergoing CPB for DLTx can be easily placed 
on CPB through the chest, as can the occasional SLTx patient 
with a large chest cavity due to emphysema. For SLTx through a 
lateral thoracotomy for pulmonary hypertension, a groin incision 
is usually required. Advocates of CPB say it makes preliminary 
dissection easier and protects the first lung after it is implanted if 
the second lung is to be placed sequentially. In addition, the em
ployment of CPB allows for simultaneous lung implantation, 
which is impossible without CPB. This technique has been used 
frequently in children'^. The use of adjunctive drugs, such as 
aprotinin given to reduce bleeding, and leukocyte-depleting filters 
to minimize reperfusion injury, has allowed some additional gains 
secondary to the use of CPB. 

Direct revascularization of the bronchial artery has remained 
of interest to surgeons. A variety of anastomotic techniques to 
restore blood flow directly to the bronchial artery have been at-
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tempted. TTiese have included: (a) saphenous vein grafts between 
the aorta and the bronchial artery, (b) internal mammary artery 
pedicles, as well as (c) buttons of aorta attached to bronchial ar
teries that could be implanted directly. None of these has proven 
essential so far, although the techniques clearly result in excel
lent bronchial anastomotic revascularization. 

Anesthetic considerations have also certainly evolved over the 
years'*'^'' (Chapter 49). A major component of LTx mortality has 
always been related to the operative procedure itself. Anesthetic 
techniques allowing greater stability of donors and recipients 
have clearly influenced current outcome. Careful hand ventilation 
in emphysematous patients, and transesophageal echocardiogra
phy for continuous monitoring of right ventricular function, are 
among the specific anesthetic techniques that have contributed to 
improved intraoperative results, although these adjuncts are not 
required in every case. 

ADVANCES IN POSTOPERATIVE CARE 

The postoperative management of LTx patients has become in
creasingly more sophisticated. While basic premises have 
changed little, and the diagnosis of rejection is still sometimes 
more art than science, management has steadily improved until 
we now have substantial familiarity with the normal pattern of 
events seen after LTx''-''^''""'*'. By itself, this has allowed earlier 
recognition and treatment of potentially life-threatening problems. 
For diseases such as cystic fibrosis', the early aggressive treat
ment of anticipated bacterial problems has become standard prac
tise. Recognition of sinusitis as a potential major septic problem 
after operation has allowed preoperative examination of CT 
scans, and preemptive treatment as needed. Where cystic fibrosis 
patients tend to have extremely erratic cyclosporin levels due to 
variations in absorption, management of early cyclosporin dosing 
with augmented doses of pancreatic enzymes and/or the use of 
i.v. dosing, or more soluble oral cyclosporin preparations, has 
allowed for more .stable levels in the early postoperative period. 

For all patients the simultaneous progress occurring in aggres
sive pain management techniques (e.g. epidural catheters and in
trathecal injections) has also influenced post-transplant recovery, 
allowing early extubation and reducing the risk of pneumonia. 
The use of thoracic epidural catheters has proven useful, not only 
for posterolateral thoracotomies but also for sternotomy incisions 
and bilateral submammary incisions. 

The recognition of rejection as a nearly inevitable, yet highly 
treatable, event in the early postoperative period has led to earlier 
suspicion and treatment'*^. The diagnosis of rejection is made pri
marily by clinical criteria, with the development of sudden fever, 
a decrease in oxygenation, leukocytosis, and a diffuse infiltrate 
on chest radiograph, often perihilar without discrete localization 
to one side or the other (as might be seen with infection)***"'. 
Much attention has been paid to standardizing reporting of lung 
biopsy rejection grades, and to determining bronchoscopic proto
cols for the early and consistent diagnosis of rejection''""^'^''. 
Between six and nine areas of lung are biopsied using trans-
bronchial biopsy techniques. This seems to provide adequate 
tissue for identification of rejection. In addition, recognition of 
Leu-7 lymphocytes", as well as other compounds such as inter-
leukin-2R''- and hyaluronic acid"*' in bronchoalveolar lavage 

(BAL) fluid during rejection, may offer cytologic as well as 
chemical markers for rejection**'. 

Growing experience with immunosuppressive therapy**""', in
cluding the emergence of tacrolimus (FK506) (to help induce graft 
'tolerance') and OKTS'*" (to help reverse steroid-resistant rejec
tion**̂ ) as alternatives to cyclosporin for difficult cases of rejection, 
or for long-term therapy, has suggested that better initial graft 'tol
erance' may be achieved and that refractory rejection may be re
versed. Different immunosuppressive regimens are associated with 
specific patterns of early rejection''*-''. In antilymphocyte-
globulin-treated patients, there is an almost inevitable occurrence 
of a rejection episode within the first 9 or 10 days, which generally 
responds readily to steroid bolus therapy. For subsequent episodes, 
additional steroids may be given as needed, and immuno
suppressive regimens augmented or diminished depending on 
effectiveness or the development of intolerable side-effects. 

Despite bronchoscopic techniques and experience, the suspi
cion and recognition of rejection remains as much an art as it is a 
science. A high level of clinical suspicion is required, and at times 
the willingness to try a dose of steroids and observe the response 
is needed. If treatment of rejection does not rapidly return the 
lung to a pre-rejection baseline, then open-lung biopsy may be re
quired to further differentiate rejection from infection. 

Advances in the treatment and recognition of cytomegalovirus 
(CMV) disease have also been among the major contributions of 
the past 10 years-'*' ' '*'"'- (Chapter 57). Early mortality was 
significant when CMV matching was not considered or tested 
for"''. The development of rapid spin shell vial assays for CMV 
has allowed rapid diagnosis of CMV infection with minimally in
vasive techniques. The recognition of CMV as a major pathogen 
for early mortality and morbidity'''"'"'*'*""* '"\ as well as a later 
mediator of obliterative bronchiolitis (chronic rejection)"""'*'"'', 
has been key to understanding the natural history of chronic trans
plant failure. 

Whereas patients who are CMV-negative and receive a CMV-
positive organ are at the greatest risk, it has also become clear 
that patients who have already tested positive for CMV are still at 
substantial risk from reactivation of their CMV. Although the 
need for aggressive prophylaxis of CMV disease is very clear in 
the mismatched transplant (donor (D)+/recipient (R)-). it has 
been realized that patients who have been previously exposed and 
are CMV-positive are still at fairly high risk for CMV disease 
after transplantation. The best prophylactic regimen for these two 
groups is still hotly debated. A number of empiric protocols for 
treatment of CMV in high-risk populations have been advanced 
and have resulted in a substantial reduction in CMV infec
tion"'"". The length of prophylactic therapy required to prevent 
symptomatic CMV infection is not at all clear, and the commonly 
accepted treatment of patients with D+/R- status for 90-100 days 
is largely empiric. The period of prophylaxis for patients who are 
R-f/D- (or +) is even less clear-cut, with various periods of drug 
therapy being employed. Full-blown CMV pneumonitis can still 
carry up to a 50% mortality, so early recognition and treatment 
are important. Ganciclovir, which is now available in both oral 
and i.v. forms, has clearly revolutionized the treatment of CMV 
pneumonitis. However, it appears that the major benefit of the 
drug as a prophylactic agent may be to defer the initial serocon
version of patients to a time when they are more stable, and able 
to tolerate a minor CMV infection. 
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Table 3 Risk factors for 1-year single lung transplant mortality (n = 1034; US data 1987-1994) 

Variable Odds ratio p-Value 95% Confidence interval 

Ventilator 
Congenital 
Previous Tx 
Recipient with PPH 
Recipient with IPF 
Recipient 40-59 years 
Recipient > 60 years 
CMV; Donor+/Recipient-

4.09 
3.57 
3.59 
2.45 
1.57 
1.63 
2.67 
1.58 

0.002 
0.001 
0.003 

< 0.001 
0,016 
0.015 

< 0.001 
0.036 

1.69-9.88 
1.67-7.62 
1.56-8.29 
1.52-3.94 
1.09-2.27 
1.10-2.42 
1.55-4.58 
1.03-2.41 

CMV mismatching (i.e. the insertion of a CMV+ organ into a 
CMV- recipient) carries with it a persistently increased risk of 
mortality at 1 year (Table 3). This may be due to overt infection, 
or to a less well-defined detrimental CMV effect on the body. 

While the donor shortage has not permitted the use of only 
CMV-matched organs, according to the St Louis Lung 
Transplantation Registry the mortality at 1 and 2 years post-trans
plant is not different as a result of CMV mismatching (Chapter 
65). In contrast, the ISHLT Registry 1995 Report demonstrates a 
1.58 odds ratio mortality risk at 1 year for CMV- recipients re
ceiving a CMV+ donor organ (Table 3). 

RECOGNITION AND MANAGEMENT OF OBLITERATIVE 
BRONCHIOLITIS 

It has long been suspected from the experience in HLTx that 
obliterative bronchiolitis (OB) might represent lung rejection. 
That this process was not unique to HLTx was suspected early 
during the SLTx and DLTx experience. It has subsequently 
become clear that OB is the major manifestation of chronic lung 
rejection. Currently, most center experiences suggest that 40% of 
patients who undergo LTx will develop OB within a 5-10-year 
period. In some the process will advance to severe pulmonary 
insufficiency and retransplantation will have to be considered. 
While there remains no good management for OB, some patients 
may respond to increased steroids, and the bronchiolitis process 
may stabilize if augmented immunosuppression is instituted at the 
time of recognition. The predisposing factors to OB that have 
been identified include CMV-mismatch and repeated CMV infec
tions and multiple episodes of rejection in the early postoperative 
period. This knowledge has led to CMV donor-recipient match
ing (where possible) and to careful management of CMV infec
tion postoperatively. 

The diagnosis of OB may be exceedingly difficult'*". The 
finding of pulmonary interstitial infiltrate in the absence of infec
tious symptoms is suggestive, but not diagnostic. Several CT scan 
studies have suggested patchy pulmonary vascular infiltrates and 
vascular pruning associated with some bronchiectatic changes as 
suggestive of OB. Pulmonary function studies will demonstrate 
decreased FVC and FEV,, as well as a decrease in flow 
mechanics, particularly the FEF 25-75%. The most definitive test 
remains lung biopsy, by either a transbronchial or an open route. 
Both of these diagnostic techniques are fraught by the fact that 
OB may be a patchy process, and therefore difficult to identify 
due to sampling errors. Multiple bilateral transbronchial biopsies 
are generally required, and these must be taken from at least the 

terminal bronchiole level. The yield with open lung biopsy also 
depends on location of the process. The use of CT scans to iden
tify suspicious areas has helped in biopsy planning. 

Earlier recognition of rejection episodes, more complete treat
ment of such episodes, increased surveillance (possibly requiring 
repeat biopsies), and increased recognition of the impact of CMV 
disease on the development of OB may be contributing in a major 
way to improved survival of LTx and HLTx. Since the major late 
morbidity after HLTx appears to be a deterioration in lung func
tion due to the development of OB, rather than the development 
of cardiac graft atherosclerosis, it makes sense to continue to 
make major efforts in this regard. While improvement in techni
cal aspects of HLTx may be a major factor causing improved sur
vival in this arena, the importance of long-term surveillance for 
OB cannot be overestimated. OB will continue to be the major 
problem faced by most LTx recipients who survive beyond the 
initial 6 months. Effective strategies for the prevention or man
agement of OB, once established, may well constitute the next 
major leap forward in LTx. 

HEART-LUNG TRANSPLANTATION 

The overall patient survival after HLTx has improved by about 
10% over the past 8 years'". Despite this, the long-term survival 
of patients undergoing HLTx remains lower than that of patients 
undergoing either heart or lung transplantation alone. Current 
1-year survival (according to the 1995 ISHLT Report) is 56%, 
with 10-year survival being less than 20% (Figure 9). 

In the current era the indications for HLTx have changed sub
stantially. Fewer patients are receiving HLTx for cystic fibrosis, 
because these patients usually undergo bilateral LTx^-. In addi
tion, a number of patients with pulmonary hypertension with or 
without congenital heart disease are being given lung, as opposed 
to heart-lung, transplants (often with correction of the underlying 
heart defect). The change from requiring HLTx to being able to 
survive with LTx alone will by itself improve survival in patients 
with these conditions, although this will be hard to measure. The 
increased risk associated with HLTx is primarily related to the 
magnitude of the surgical procedure and to the possibility of tech
nical and perioperative problems. The availability of aprotinin for 
better control of perioperative bleeding, and greater familiarity 
with the surgical techniques, will undoubtedly continue to 
improve results of HLTx. In the meantime, fewer HLTx proce
dures are being carried out for end-stage lung disease, except 
where it is associated with left ventricular dysfunction or 
intractable ventricular arrhythmias. 
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Figure 9 Actuarial patient survival following HLTx up to 10 years after 
transplantation. These are the longest available follow-up data. No compara
ble SLTx or DLTx data are as yet available. Short-term results have certainly 
demonstrated SLTx or DLTx to be superior to HLTx in certain diagnostic cat
egories. However, since diagnostic categories are different, and indications 
for transplantation are changing, long-term data may be less meaningful than 
initially thought. (Source: ref. 10) 

Initial experiences with HLTx for cystic fibrosis resulted in a 
fairly acceptable 5-year survival (36%)'•^^•^''•'", but one must re
member that, at that time, the techniques of SLTx and DLTx had 
not yet developed to a point that allowed definite comparison. 
Once LTx had evolved to a more sophisticated level, results in 
early survival after bilateral sequential LTx appeared to be superi
or to those obtained with HLTx^'^^. Because of concerns relating 
to the development of graft vascular disease (jeopardizing long-
term cardiac allograft survival) HLTx is now employed less 
frequently. 

In the 12th Official Report of the Registry of the ISHLT'" the 
major incremental improvement seen is in survival during the first 
8 months after HLTx (Figure 10). Subsequently, the survival 
curves are essentially parallel between the two eras of HLTx 
(prior to and subsequent to 1988). This suggests that, although 
perioperative management has improved, no major improvement 
in long-term survival has been achieved. In cystic fibrosis patients 
undergoing HLTx, studies have shown no recurrence of cystic 
fibrosis, the major morbidity being the development of OB. 

RISK FACTORS FOR MORTALITY AFTER LUNG 
TRANSPLANTATION 

In the light of the foregoing discussion, the most recent Registry 
information from the ISHLT has identified several risk factors for 
mortality after SLTx, DLTx, and HLTx. 

After SLTx, several factors leading to several-fold incremental 
risk of mortality were identified (Table 3). These included: 
(a) being on a ventilator at the time of LTx (four-fold risk). 
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Figure 10 Actuarial patient survival following HLTx by era. Selection cri
teria and initial perioperative management of HLTx patients have clearly im
proved in the current era (1988-1994). Long-term morbidity and mortality 
may be chiefly due to other factors that have not changed substantially. 
(Source: ref. 10) 

(b) having a non-emphysema indication for LTx such as primary 
pulmonary hypertension, congenital heart disease, or idiopathic 
pulmonary fibrosis, (c) being >60 years of age (2.67-fold risk), and 
(d) being CMV mismatched. Both CMV mismatching and (e) re
cipient age between 40 and 59 conferred approximately a 1.6-fold 
increased 1-year mortality. The highest risks were associated with 
(0 having had a previous transplant, (g) having congenital heart 
disease, or (h) being on a ventilator. The fairly high risk of age 
>60 years should cause serious pause when considering patients in 
this age group, especially in light of the donor shortage. Patients 
who are on a ventilator are clearly comparable to the original 
cohort of LTx patients of the late 1970s, in whom LTx was simply 
not successful, partly due to the patients being in an advanced state 
of debility. The high risk of death in patients with congenital heart 
disease is most likely related both to the presence of pulmonary 
hypertension and to the additional need for intracardiac surgery. 

Table 4 identifies risk factors for mortality 1 year after a bilateral 
sequential LTx or double LTx. The recipient's status again proved 
to be of key importance, particularly if the patient was on a ventila
tor at the time of transplant. Earlier transplantation (before 1990) 
and en-bloc double lung transplants (frequently from the same era) 
conferred significantly increased inortality. In addition, the older 
donor, whose lung function was probably not as good as a younger 
donor's, conferred a 2-fold increase in the mortality risk after 
DLTx. 

In HLTx, once again, patient status at the time of the procedure 
was a key determining factor (Table 5). Patients sick enough to 
require mechanical ventilation at the time of transplantation had 
almost a 7-fold increase in mortality at 1 year. The combination 
of end-stage cardiac and pulmonary failure, which is frequently 
the indication for HLTx, suggests a profoundly ill patient. With 

Table 4 Risk factors for 1-year bilateral/double lung transplant mortality (n = 484; US data 1987-1994) 

Variable Odds ratio p- Value 95% Confidence intenal 

Ventilator 
En-bloc double 
YearofTx< 1990 
Donor > 45 years 

4.07 
1.69 
2.7 
2.09 

< 0.001 
0.05 
0.006 
0.018 

1.90-8.68 
1.00-2.84 
1.33-5.45 
1.13-1.35 
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Table 5 Risk factors for 1-year heart-lung transplant mortality (n = 318; US data 1981-1994) 

Variable Odds ratio p-Value 95% Confidence interval 

Ventilator 
Recipient male 
Donor > 40 years 
YearofTx< 1990 

6.77 
2.06 
2.04 
1.6 

0.004 
0.003 
0.045 
0.5 

1.85-24.8 
1.29-3.29 
1.02-4.08 
1.00-2.55 

the overall results for HLTx being far worse than for SLTx or 
DLTx, it is questionable whether patients requiring HLTx who 
deteriorate to the point of mechanical ventilation should be trans
planted at all. The heart-lung block being implanted could, alter
natively, be used for two or three other patients, hopefully with a 
much greater degree of success. 

Figures 11 and 12, demonstrating the actuarial LTx survival for 
patients with emphysema by procedure, certainly established bi-
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Figure 11 Actuarial patient survival following LTx for empliysema by pro
cedure. Patients clearly do better after LTx without heart transplantation. This 
may well represent a statistical model for comparing patients with other dis
eases where choice of transplant is an option. The crossover of survival in 
SLTx versus DLTx between early and late phases is of interest, and requires 
observation in future studies. (Source: ref. 10) 
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Figure 12 Actuarial patient survival following bilateral LTx by procedure. 
Patients who have undergone DLTx by the en-bloc technique have clearly not 
fared as well as those undergoing the newer bilateral LTx. While there is a 
significant initial difference in survival, which is probably accounted for by 
technical problems, the later separation of the curves may also reflect the fact 
that bilateral LTx has been carried out in more recent years than the en-bloc 
DLTx. (Source: ref. 10) 

lateral LTx as the procedure of choice for emphysema. Survival 
appears somewhat better at 12 months post-transplantation (79% 
versus 75%), and clearly establishes that patients with a DLTx do 
not survive as well as those undergoing bilateral LTx, To some 
extent these groups are not completely contemporary in that 
DLTx was for the most part discarded once successful bilateral 
LTx was demonstrated. 

Patients with primary pulmonary hypertension appear to do 
better with a bilateral procedure initially^^ (Figure 8). However, 
within 1 year the results of SLTx lung versus DLTx are compara
ble. Once again, patients undergoing HLTx for primary pul
monary hypertension do substantially worse than patients 
undergoing LTx without cardiac replacement. This gives addi
tional credence to the fact that HLTx confers greater mortality 
risk, questioning the validity of the 'domino' operation. 

The results of SLTx demonstrate that patients with idiopathic 
pulmonary fibrosis (IPF) do somewhat worse than the group as a 
whole. This is not only true acutely (Figure 7), but this diagnosis 
appears to influence late survival, even in patients who survive 
1 year (Figure 13). The mechanisms responsible for the increased 
risk of IPF patients even late post-transplantation is unclear. 

Patients undergoing bilateral LTx clearly do better if they are 
younger. Figure 14 demonstrates bilateral LTx survival by age. 
There is an initial difference in mortality in the perioperative 
period of approximately 5%. With time this is maintained, sug
gesting that the major increased risk in older patients is confined 
to the first 2 months. After this there are parallel survival curves 
at 1 year. Following the initial postoperative period there is an 
approximate 10% incremental mortality for every year after bilat
eral LTx (Figure 15). Therefore, at 3 years post-transplant, an ap
proximate 50% survival may be expected. Figure 16 shows the 
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Figure 13 Long-term risk factors following SLTx in the USA (1988-1994). 
Patients receiving SLTx for idiopathic pulmonary fibrosis appear to have an 
incremental worsened risk of death compared to other groups. Additional 
comparisons can be seen in Figure 7. (Source: ref. 10) 
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Figure 14 Actuarial patient survival following bilateral LTx by age. Patients 
>45 years of age at the time of transplantation do somewhat worse than 
patients <45 years. (Source; ref. 10) 
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Figure 15 Actuarial patient survival following bilateral/DLTx. One-year 
survival is 67%. falling to 47% at 3 4̂  years. Risk factors contributing to mor
tality at 1 year are outlined in Table 4. (Source: ref. 10) 
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faced. The first i.s that of the neonates, infants and young chil
dren. The second is that of older children in their teens. 

Major indications for LTx or HLTx in neonates and very young 
children include: (a) congenital heart disease with complex cyan
otic problems, including anomalous pulmonary venous drainage 
(often after an initial attempt at correction); and (b) other irrepara
ble cardiac disorders with associated anomalies of the pulmonary 
circulation or intractable pulmonary hypertension. In the older 
age group, pulmonary hypertension may be seen in the presence 
of better-tolerated congenital defects, and may be corrected by a 
SLTx with concomitant repair of the congenital cardiac defect. In 
addition, the older age group contains patients with cystic fibrosis 
who become increasingly symptomatic as they enter their teens 
and young adult life. Both surgical techniques and mortality vary 
widely in this group of patients. Cardiopulmonary bypass is em
ployed for all HLTx and frequently for bilateral LTx (for cystic 
fibrosis or pulmonary hypertension) and SLTx (for pulmonary hy
pertension). As one might expect, the additional difficulties inher
ent in managing small children with complex conditions, 
extensive medication needs, and difficult postsurgical courses, 
result in a higher mortality, which is highest during the first 3 
months. After pediatric HLTx a nearly 20% difference is seen in 
survival at the end of the first 3 months, with the younger children 
at significantly greater risk'" (Figure 17). Thereafter the survival 
courses are essentially parallel. 

In pediatric LTx certain technical modifications have also 
proven necessary due to the small size of the structures involved. 
According to Spray and Huddleston''', telescoping anastomoses 
in children (as advocated by Calhoon el al. for adults*'') lead to 
bronchial stenosis with progressive granulation tissue or tracheo
malacia. End-to-end bronchial anastomoses have therefore been 
preferred more recently over the telescoping technique. 
Absorbable suture material is desirable to maximize growth po
tential in vascular anastomoses. Omental wraps are also not gen
erally utilized, because of the small, tenuous nature of the 
omentum in most children; pericardial fat pads have been utilized 
instead. 

The double-lumen tube employed for split-lung ventilation in 
adults is not generally feasible in smaller children. For this reason 
cardiopulmonary bypass has proven more necessary in children 
than in adults. In addition, the management of thick secretions in 
cystic fibrosis is more difficult through smaller airways; use of a 
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Figure 16 Actuarial patient survival following SLTx. Survival is 67% at 
1 year, 57% at 2 years and 42% at 4 years. The risk factors contributing to 
mortality at 1 year are outlined in Table 3. (Source: ref. 10) 

long-term survival for all patients receiving SLTx, and this is only 
minimally worse than the bilateral LTx survival statistic. 

PEDIATRIC LUNG TRANSPLANTATION 

The development of pediatric LTx''' has occurred in two separate Figure 
clinical patient groups where significantly different problems are by age. 
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17 Actuarial patient survival following HLTx in the pediatric group 
(Source: ref. 10) 
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Figure 18 Thirty-day mortality for all thoracic organ transplants in the 
pediatric group by age 

Standard single-lumen endotracheal tube has made intraoperative 
secretion management much easier. 

Thirly-day monality for all thoracic transplants in children is 
shown in Figure 18. The results arc only slightly worse than in 
adults. 

COMMENT 

Results of both LTx and HLTx continue to improve annually. 
Significant improvement has been seen over the past several years 
due to progress in several contributory basic scientific and cUnical 
arenas. Technical achievements, and an increased familiarity with 
the potential technical problems associated with LTx and their 
management, have resulted in improved perioperative survival 
rates. New techniques for surgical anastomoses, and increased 
knowledge of various support procedures and pharmacologic 
management, have reduced mortality from techoical failures, 
early rejection, and infectioo. 

The major problems facing patients with lung and heart--lung 
transplants now and for the next several years will be chronic re
jection and unusual infection problems. The role of viral infections 
continues to change as new viral pathogens are identified and 
evolve genetically. Post-transplant Epstein-Barr viral-related ma
lignancies''*-™* are a constant reminder of the delicate equilibrium 
mankind maintains with surrounding pathogens by way of his 
finely tuned immune system. CMV has remained a major long-
term risk factor for organ loss, general debility, and prolonged 
morbidity. Major problems still occur from the side-effects of our 
most effective immunosuppressive agents, including renal failure 
(secondary to cyclosporin), and osteoporosis"" and stress fractures 
(due to steroids) - to mention only two of the most important. 
Progress in these areas will undoubtedly allow improved survival 
and quality of life for LTx and HLTx patients. 

Whether or not the primary condition may recur after LTx (e.g. 
cystic fibrosis, sarcoidosis, or interstitial pneumonitis)*-"'"" and 
the significance of minor degrees of recurrence still remain to be 
clarified. So far, cystic fibrosis has not recurred in transplanted 
lungs, although sarcoidosis and giant-cell interstitial pneumonitis 
have. 

As progress continues io the management of thoracic transplant 
patients, wc have seen organs being offered to patients with a 

variety of additional diseases and in older age groups. Some of 
these trends may impact on survival statistics negatively. The 
persistent overall shortage of donors for both LTx and HLTx con
tinues lo be a major problem that prevents the more widespread 
use of these technologies. The realization that acceptable results 
may be achieved using less-than-ideal donors may allow for some 
increase in the donor pool. Whether this will impact significantly 
on waiting-list mortality remains to be seen. Clearly, management 
of donors or critically ill patients who may become donors needs 
to be optimized as much as possible. General improvements in 
critical care may result in healthier lungs being presented for do
nation"'. The financial environment currently faced by transplant 
programs, recipients, and potential recipients alike will continue 
to exert a strong restraining influence on transplant volume, 
i'uture financial considerations may further restrict the numbers 
of centers carrying out transplants. This may also impact 
significantly on both the number of transplaiited patients and the 
results reported by transplant programs. The need to maintain a 
stalistically acceptable survival rate may significantly influence 
choice of both recipients and donors. 

From a programmatic perspective the best results will be 
achieved by utilizing only the best donors and best recipients. 
Because LTx continues to represent a high risk for patients (a 
one-way road from which there is no turning back) and enormous 
financial expenditure to patients and their insurance companies, 
the need for quality outcomes must continue to take precedence 
over the number of transplants performed. As patients who are in 
better physical condition will sometimes be given preference over 
patients who are in worse condition, the natural history of these 
diseases (that require transplantation) must be carefully reviewed 
at intervals to sec whether or not transplantation is clearly of 
benefit with regard to survival of the recipient. Patients with em
physema show slow natural deterioration, and survival may not 
be significantly different in those who undergo LTx from those 
who do not. Certainly, LTx or HLTx can result in a spectacular 
early improvement of lifestyle and unquestionable prolongation 
of survival. However, this eoines at significant cost in terms of 
additional hospitalizations, medication, and the risk of eventual 
graft failure. The results of retransplantation remain poor (Figure 
19), and undoubtedly reflect a number of factors (Chapter 60). 

9 12 15 18 21 24 27 30 33 .M 

Months Post Tran.spiantation 

'-^Lung Heart-Lung ' 

Figure If .Actuarial patient survival following lung and heart-lung retrans
plantation. There is a sharp initial perioperative mortality for patients untler-
going eitlicr lung or heart-lung retransplantation. The 1-. 2-, and 3-year 
actuarial survival rates for lung retransplantation are 39%, "iVk and 2\%. 
respectively. (Source: ref. 10] 
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The poor results must make us pause to reflect on the current uti
lization of scarce donor organs in settings where long-term 
success is so unlikely"-. 

Education of the public regarding organ donation, and the need 
for discussing this issue amidst family and religious contexts, 
must remain a major effort for the medical establishment. Many 
usable organs are continuing to be wasted, and lawmakers must 
look seriously at options such as implied consent. Even if lung 
donation remains possible in only a small proportion of organ 
donors, an overall increase in the number of lungs available 
would clearly result from an increase in the overall number of 
donors becoming available. As successes in transplantation con
tinue to be brought to the public's attention through the media, 
organ donation may become more acceptable and better under
stood by an increasing percentage of the population. It is only in 
this way that we can take maximum advantage of natural organs 
which, after thousands of years of evolution, remain the most 
durable and functionally complete substitutes for failing hearts 
and lungs. 
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70 
New Pharmacologic Immunosuppressive Agents 
S. TREHAN, D.O. TAYLOR AND D.G. RENLUND 

The wizardry necessary for the management of existing non
selective drug regimens recalls the dances, chants and songs 
practiced by the Babylonians in accord with their concepts of 
numerology, astrology and fetishism'. 

INTRODUCTION 

The last quarter-century has seen the evolution of cardiac trans
plantation from a rare experiment to an accepted therapy for end-
stage heart failure. The success of this endeavor has been 
primarily credited to an improved understanding of the immuno
logic mechanisms associated with allograft rejection and our 
ability to modify these with the available armamentarium of im
munosuppressive agents. 

Clinical immunosuppression originated from the observation 
of profound immunodepressive effects of X-ray irradiation^. 
However, the narrow window between insufficient and excessive 
effects of X-ray irradiation limited its role in the transplant enter
prise. Chemical immunosuppression, initiated with the weak, 
non-selective antiproliferative agent azathioprine and glucocorti
coids, entered its adolescence with the discovery of cyclosporin, 
which displayed an action relatively selective for T cells. 

Contemporary immunosuppressive strategies in clinical trans
plantation administer relatively large doses of potent agents with 
the consequent penalty of considerable toxicity. The toxicity 
profiles of the aforementioned agents have precluded further en
hancement of allograft protection from rejection without a 
significant risk of infection or malignancy. Further, to date no 
therapy prevents allograft coronary vasculopathy, which is a 
major determinant of long-term survival following cardiac 
transplantation. 

Current practice tends towards the purgative approach to im
munosuppression without due attention to a fine immunologic 
balance between suppression and surveillance. Recently, a large 
number of newer immunosuppressive agents have graduated from 
the laboratory to extensive clinical trials of their safety and 
efficacy. Optimal use of these agents demands an understanding 
of their mechanisms of action and of basic transplant 

immunobiology. The following section will present a brief 
overview of the immunologic responses and the effector mecha
nisms associated with transplant rejection. 

IMMUNOLOGY OF REJECTION 

The understanding of immunology of acute and chronic rejection 
is helpful in management of patients, and is essential for making 
any real progress in designing new and more specific methods of 
immunosuppression. The primary immune response is allorecog-
nition, a process by which the graft is recognized as foreign. The 
major histocompatibility complex (MHC) is a genetic region 
which codes for specific products devoted to providing extracellu
lar representation of foreign antigens. The MHC-encoded class I 
and class II molecules provide peptide-binding sites which evoke 
the effector responses upon recognition of the foreign peptide by 
the antigen-specific receptors of the T lymphocyte'. 

The majority of T cells have T cell receptors (TcR) with a and 
P chains, and identify the antigen present in the form of the 
peptide in the groove of MHC molecules. CD4 and CDS proteins 
present on the reciprocal peripheral T lymphocytes react with 
class II and class I MHC molecules respectively*'. The relative 
importance of these subsets of T lymphocytes has come to light 
only in the recent past, as it has been observed in animal experi
ments that rodents without any T cells do not reject transplanted 
organs. However, when repopulated with CD4 cells alone the 
same animals are able to reject allografts. The CDS cells usually 
cannot do this; hence, CD4 cells are both necessary and sufficient 
to cause rejection, although they may recruit other cells (i.e. 
macrophages, cytotoxic T cells, NK/LAK cells, B cells) into the 
process rather than cause the damage themselves''^. 

Transplantation immunity can be induced in either of two 
ways: direct activation of T lymphocytes by the so-called 'passen
ger donor lymphocyte' (PDL), a bone marrow-derived cell 
present within the allograft, or alternatively an indirect pathway 
where the peptides derived from allogeneic proteins are taken up 
and processed by specialized host antigen-pre.senting cells (APC) 
such as interstitial dendritic cells (DC). The recognition of 
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allogeneic 'foreign' allopeptides is then self HLA restricted, 
which may restrict the ability of the activated effector cells to find 
target structures expressed on the allograft". 

The importance of PDL for induction of immune responses has 
been highlighted in several reviews'^'" and clearly suggests that 
the activation of T cells relies not only on the recognition of these 
cells as allogeneic but also on the immunostimulatory capacity of 
these cells. They have to present donor MHC-class II antigens 
with bound allopeptides to peripheral T cells" and provide recip
rocal accessory bindings such as those between leukocyte func
tion antigen, LFA-1 (CDl la/CDI8), and intercellular adhesion 
molecule, ICAM-1(CD54), and between CD28 and CTLA-4 with 
CD80 (B7) and B70/B7-2'2". If the graft-derived passenger cells 
lack the immunostimulatory capacity they have to be degraded 
and presented to the T cells, following processing of the allo
geneic peptides by the host immunostimulatory cells, i.e. antigen-
presenting cells*. Murine experiments have shown that T cell 
recognition of foreign peptides on cells which lack immunostimu
latory capacity does not result in activation'''. 

Hence, T cell activation requires both an antigenic stimulation 
and a co-stimulatory signal. The TcR in association with the CD3 
complex, consisting of four or five non-polymorphic polypeptide 
chains, is clearly involved in antigen-specific recognition and trig
gering of transmembrane signals leading to cellular activation and 
signal transduction". There appear to be two early signal trans
duction pathways, the inositol-phospholipid pathway and the ty
rosine kinase pathway (Figure 1). The former pathway results in 
the cleavage of phosphatidyl-inositol biphosphate (FIP2) into in
ositol triphosphate (ITP) and diacylglycerol (DAG), which act as 
second messengers and result in increased intracellular calcium. 
The calcium influx activates calcineurin, a calcium-sensitive 
phosphatase, which dephosphorylates the nuclear factor of acti
vated T cells (NFAT-1). The transcription of IL-2 mRNA is under 

the regulatory control of NFAT-1, which activates the promoter 
region of the gene resulting in production of IL-2" ' ' . 

The TcR coupling to the tyrosine kinase pathway remains a 
mystery, but it is well recognized that one of the substrates of ty
rosine phosphorylation, a 70 kDa tyrosine phosphoprotein ZAP-
70, associates with the CD3-f (zcta) subunit"*, and possibly has a 
role in augmentation of IL-2 production via the CD28 co-
stimulation pathway, which stabilizes the AP-1 transactivating 
factor. The loss of function of this co-stimulatory signal results in 
functional anergy and consequent inadequacy of IL-2'''. The co-
stiinulation pathway is induced by surface proteins expressed on 
APC, namely CD80 (B7/BBI), which have a reciprocal binding 
ligand on T cells in the form of CD28 and CTLA-4, and this 
appears to be independent of increase in cytosolic calcium or acti
vation of protein kinase C'^ '**. 

Once the process of allorecognition and subsequent signal 
transduction resulting in transcription of specific genes is com
plete, the next phase of the immune response to the allograft 
begins with clonal proliferation of cytotoxic lymphocytes, which 
occurs primarily due to the growth factor effects of IL-2. 
Interleukin-2 also induces higher levels of synthesis of other cy
tokines such as IFN-y, TNF-/3 and B cell growth factors (IL-4, 
IL-5, and IL-6) (Figure 2). The cytokines facilitate the activation 
of macrophages and other inflammatory cells, and the production 
of allospecific anti-graft antibodies by B cells which can recruit 
complement and cause damage to vascular endothelium-^"-'. An 
additional function of cytokines is to increase the expression of 
class I and class 11 MHC antigens, and expression of adhesion 
molecules such as ICAM-1, granule membrane protein GMP 140, 
and VCAM-1 in response to IFN-y, TNF-/3 and I L - I " " . 
Furthermore, it has been noted that rejecting cardiac allografts 
have increased expression of ICAM-1, VCAM-I and MHC class 
II on the capillary endothelia'^''. 
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Figure 1 Molecular basi.s of early signal transduction pathways and co-stimulation for IL-2 production. APC, antigen-presenting cell; IL-2. inierleukin 2: 
PLCyl, phospholipase C-yl; PIP2, phosphatidyl inositol biphosphate; IPj, inositol triphosphate; DAG, diacylglycerol; PKC, protein kinase C; NFATc, nuclear 
factor of activated cells cytoplasmic component. Modified with permission from ref. 17. 
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Figure 2 The rejection cascade, The initial activation of T lielpcr cells re
quires exposure to the MHC class Il-peptide complcK on the antigen-
preseating cell leading to production of a variety of lymphoidnes once the T 
helper ceils are activated. The principal iymphokines involved with the rejeĉ  
tion process are IL-2, IFN-y and TNF-|3, while the IL-4, lL-5 and IL-6 ai"e in
volved as B cell growth factors. IL-2 is involved in activation of cytotoxic T 
cells, natural killer (NK) and lyniphokine-activated killer (LAK) cells, and 
also stimulates large granular lymphocytes (LGL) to take up IgG antibodies 
on their surface receptors and participate in antibody-dependent cell mediated 
cytotoxicity. IModified witli permission from Rose ML, Yacoub M. 
Immunology of heart and lung transplantation. Edward Arnold; 1993:4 

The combination of clonal expansion of allospecific cytotoxic 
T lymphocytes and the production of cytokines leads to the cvcn-
tnal cascade of rejection culminating in graft death. We have now 
expanded our horizons of knowle4ge of the iiiitminologic re
sponse to the allograft substantially, and this enables us to 
develop specific therapeutic approaches which should be more ef
fective and safer than those in contemporary use. The newer im
munosuppressive drugs and modalities are listed in Table 1. 

Table 1 Classificalion of newer iiiuiiunosuppresslvc agents 

Early Tcell activation inhibitor.-. 

Lalf T tell at'livadon nibibilurs 

Antimetabolites 

Receptor antagofiists 

Suppressor/regulator inducers 

Others 

Cyclosporin G. FK-506 
Rapamyciri, ieilanoniide 

Mycopheiiolatc niofetil, mizoribine, 
brequinar 

Deoxyspergualin, monoclonal/ 
polyclonal antibodies 

SKF 10568.5, photopheresis 

Castanospetmine, discoderinol ide, 
LP 08-0299, bryostatin, enisoprost. 
SC 45662 (5-LO) 

NORVALME CYCLOSPORIN G fSDZ OG 37-32 i | 

The search for an immunosuppressive cyclosporin derivative that 
would .surpass the performance of cyclosporin A (CsA) in clinical 
practice has been extremely difficult. Over 700 natural, synthetic 
or semisynthelic analogs of CsA have been produced^'. 
Norvaline-cyclosporin, formerly known as cyclosporin G, is a 
naturally occurring cyclosporin, isolated, like CsA, from the 
fungus TolypockuUum inflatmn Gams, which differs from CsA at 
tlie amino acid residue in position 2 of the peptide ring in that the 
a-aminobutyric acid is replaced by L-nor valine (Figure 3)-*. 

©G 37-325 

^ o l o l o i o ] 
" 7 A A 

rigire 3 Molecular structure of Norvaline-cyclosporine G. Reproduced 
with permission from Hiestand PC, Traber R, Borel JF. Pharmacological 
studies with NoTvaline cyclosporin in comparison with cyclosporin A - a 
summary. Transplant Proc. 1994;26:2999 

M e c h i n i s m of act ion 

The bulk of experimental data suggests that the mechanism of 
action of Norvaline-cyclosporin G is similar to CsA, if not identi-
caP'-'*. Norvaline-cyclosporin G uses tlie same pathway as CsA 
to inhibit lymphokinc gene activation following signal transduc
tion after the TcR-CD3 ligation. While the final pathway leading 
to lymphokine gene transcription remains to be fully elucidated, a 
number of required intermediary steps are known. At least two 
pathways, one leading to activation of ras and one involving a 
calcium-dependent event leading to the activation of the 
serine-threonine phosphatase calcineurin, appear to cooperate for 
lymphokine gene transcription''^^^. Cyclosporine binds to a 
family of specific intracellular receptors termed cyclophilins, and 
it is the cyclosporin^cyclophilin complex which inhibits cal
cineurin and hence the T cell lymphokine gene transcription 
process'^ and the production of IL-2, lL-3, TL-4, TNF-a, IFN-y, 
and GM-CSF, among others (Figure 4)̂ *>3'. 

Pharmacokinetics 

Norvaline-cyclosporin G is rapidly absorbed following single oral 
dosage, although the extent of absorption appears to decrease 
with increasing dosage, e.g. 90% to 62% with an increase of dose 
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Finiire 4 Mec.tianism of acsion of cyclosporins and tacioliniiis: inliibitjoa of 
the T cell receptor-mediated signal Iransductitm pathway. Reproduced with 
permission from Liu J. FK306 and cyclosporin, molecular probes for studying 
iniraceilular IniGsductioiL Imniuno! Today. 1%11; 14:292 

from 150 nig to 600 nig. Peak serum concentrations occur 2-3 
hours after an oral dose*. Absorbed Norvaline-cyclosporiii G is 
slowly but extensively metabolized prior to excretion, and to dale 
seven major metabolites have been identified. The inimunosup-
pressive activities of the metabolites are less than onc-tcnth those 
of the parent compound-'^. 

Norvaline-cyclosporin G, much like CsA, has a non-linear dis
tribution in blood with a plasma;blood ratio of 0.8, and its 
metabolites tend to associate preferentially with erythrocytes in a 
nianner that appears to be related to relative polarity. In the 
plasma, most of the Nor\'aline-cycIosporin G is bound to high-
density lipoproteins. The elimination from the blood is biphasic, 
with a terminal half-life of 9- i 1 hoiirs^*. The overall disposition 
of Norvaline-cyclosporin G is independent of dose, with predomi
nantly fecal excretion. Only 3% of the oral dose is renally ex
creted as compared to 6% for CsA-̂ *, 

Experimental pharmacology 

The experimental in vitro and in vivo studies from the Sandoz lab
oratories comparing Norvaline-cyclosporin G to CsA suggest that 
the former has essentially the same phartnacologic profile aod 
similar immunosuppressive potcncy^'^f In vitro Norvaline-
cyclosporin G is as potent as CsA in the suppression of mitogen-
induced cell proliferation, mixed lymphocyte reaction. 

cell-mediated lympholysis, and immune interferon produe-
{jQjj2S,4i_ j„ yjy^ Norvaline-cyclosporin G is cquipotent with CsA 
in preventing delayed-type hypersensitivity reaction to oxazolone 
or tuberculin, and localized graft-versus-host (GvH) reaction in 
rats, and in prolonging heterotopic neonatal cardiac allograft sur
vival in the mouse car. Some of these results haYe been repro
duced by independent investigators in experimental allografting 
of kidney, heart, heart and lung in rats**^^', kidney and liver in 
dogs*' *', and heart in primates** .̂ 

Norvaline-cyclosporin G has also been successfully tested in 
several autoiinniune models such as Freund's adjuvant arthritis, in 
which it inhibits both the developing and established disease*', 
and collageo arthritis in mice'", and in experimental autoimmune 
uveoretinitis in rat^'-'^. While all these studies suggest equipotent 
potential of Xorvaline-cyclosporin G, decreased efficacy in rat 
lung and heart, and in cynomolgus monkey heart allograft models 
has been reported"**-'''. 

Clinical trials 

The clinical transplantation studies were designed to demonstrate 
that Norvaline-cyclosporin G is as effective as CsA in maintain
ing graft and patient survival, and that Norvaline-cyclosporin G 
has a better safety profile, particularly with less renal dysfunction. 

An open-label, multicenter phase II study in primary cadaveric 
renal tran.splant recipients was conducted at seven US transpLanta-
tion centers*''. Preliminary results from 153 patients, after 4 
months of follow-up, suggest similar rejection rates in the high-
dose Norvaline-cyclosporin G and CsA groups with a higher 
number of rejection episodes in the low-dose Norvaline-
cyclosporin G group. Four allografts were lost in the CsA and 
low-dose Norvaline-cyclosporin G groups each with a 100% graft 
survival in the high-dose Norvaline-cyclosporin G group. An 
initial trend for lower serum creatinine was noted in the high-dose 
Norvaline-cyclosporin G group, an advantage which was main
tained for 16 weeks; however, following that the difference was 
no longer evident. 

In a randomized, double-blind, phase 11 trial at Ohio State 
University Medical Center, 44 primary cadaveric renal transplant 
recipients were randomized to receive either Norvaline-
cyclosporin G at a dose of 6.25 mg/kg per day or CsA at a dose of 
10 mg/kg per day. Dosage of the study drug was titrated to clini
cal response and serum creatinine, and not to blood level. The 
number of patients experiencing at least one rejection episode was 
similar in both groups (11 in Norvaline-cyclosporin G and 10 in 
CsA), two grafts were lost in the Norvaline-cyclosporin G group 
with none lost in the CsA group. The patients who experienced 
rejection in the Norvaline-cyclosporin G group had lower whole 
blood trough levels compared to those who did not reject within 
the same group, suggesting that the starting dose of 6.25 mg/kg 
may be inadequate. 

Toxicity 

The available tox:icology studies on Norvaline-cyclosporin G 
demonstrate that prolonged administration of the drug to rats at 
a high dose of 45 mg/kg/day resulted in slight nephrotoxicity 
and hepatotoxicity after 26 weeks. In contrast CsA showed a 
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higher toxic potential in this study, with 40% of the rats dying at 
the end of this study with undoubtedly more distinct renal 
morphological changes than those produced by Norvaline-
cyclosporin G'". 

The gingival hyperplasia and hematologic abnormalities seen 
in dogs were of minor degree, and comparable to those seen in 
cyclosporin-treated animals. No teratogenic effects were seen in 
either rats or rabbits, and no mutagenic potential was observed 
in bacteria. Embryotoxicity was observed only in rats given 
60 mg/kg per day, a dose that also caused maternal toxicity*'. 

The data from the two phase II clinical trials in the US revealed 
that patients treated with Norvaline-cyclosporin G had improved 
renal function, lower serum creatinine and significantly higher 
GFR as measured by inulin clearance at 3 and 6 months when 
compared with CsA (46±5 vs 35±3 ml/min at 3 months, 44±9 
vs 31 ±5 ml/min at 6 months respectively)'''''*. Elevation of liver 
enzymes was noticed in 30-40% of patients receiving Norvaline-
cyclosporin G and appeared to be transient and dose-dependent. 

Future potential 

The clinical data suggest that Norvaline-cyclosporin G in ad
equate starting dosages may be equally effective as CsA and pos
sibly less nephrotoxic. If future trials confirm this advantage 
with no further risks, Norvaline-cyclosporin G could replace CsA. 

TACROLIMUS-FK506 (PROGRAF) 

Tacrolimus was discovered in 1984 by Fujisawa scientists in 
Japan. It is a macrolide antibiotic produced by the fungus 
Streptomyces Isukuhaensis^^. The drug demonstrated several bio
logical activities in vitro but its immunosuppressive properties 
were most impressive. The molecular structure of tacrolimus 
(Figure 5) is unrelated to cyclosporin, and the two drugs have dif
ferent cytosolic binding sites; however, their mechanism of action 
is quite similar. 

Mechanism of action 

Tacrolimus interferes with a Ca^^-sensitive T cell signal transduc
tion pathway, thereby preventing the activation of specific tran
scription factors (such as NFAT-I and NF-IL-2A) involved in 
lymphokine gene expression. Four intracellular receptors 
for tacrolimus (FK binding proteins, FKBP) have been charac
terized by molecular weight, localization and activity'*'*"''-''. The 
individual functions of each of these receptors are detailed in 
Table 2. 

Stimulation of the TcR/CD3 complex results in mobilization of 
intracellular calcium and activation of caicium-calmodulin-
dependent serine/threonine phosphatase calcineurin. Calcineurin 
dephosphorylates nuclear factor of activated T cells (NFAT-1) 
which acts as a transcription factor that binds to IL-2 promoter 
and up-regulates IL-2 gene transcription. Tacrolimus-FKBP12 
complex binds to calcineurin and inhibits the modulation of 
NFAT-I, effectively blocking the subsequent steps necessary for 
IL-2 gene transcription and the activation cascade (Figure 4)'''^'"'. 
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Figure 5 Molecular .structure of tacrolimus (FK .S06) and sirolimus (ra
pamycin). Modified with permission from Morris R. Modes of aclion of FK 
506, cyclosporin A, rapamycin. Transplant Proc. 1994:22:.^272 

Table 2 FK binding proteins 

FKBP .59 

FKBP 2.5 

FKBP 13 

FKBP12 

Heatshock protein p59, a hetcro-oligomcric glucocorticoid 
receptor in the cytosol 

Nuclear receptor combines with casein kinase II. a serine 
protein kinase involved in cell and ribosome synthesis 

Major rapamycin-binding protein found in ER which may 
regulate degranulation 

12 kDA cytosolic protein with peptidyl-prolyl ci.t-rrrtn.v 
isomeric activity in T cell activation which mediates 
immunosuppressive effects 

Pharmacoitinetics 

The absorption of tacrolimus from the gastrointestinal tract after 
oral administration is variable. Peak blood and plasma levels are 
obtained at 1-3.5 hours after an oral dose, bioavailability aver
ages 12-27%. In liver transplant recipients the drug is 73% 
protein-bound in plasma and highly bound to erythrocytes. The 
disposition of tacrolimus from whole blood is biphasic with a 
terminal elimination half-life of I l.7±3.9 hours in liver trans
plant recipients and 21.2±8.5 hours in healthy volunteers^'. 

Tacroliinus is extensively metabolized by the mixed-function 
oxidase system, primarily the cytochrome P-450 enzyme system. 
In humans less than 1% of the drug is excreted unchanged in the 
urine. Of the 10 known metabolites, two may have immunosup
pressive activity. Excretion is predominantly through the biliary 
tract, and even mild hepatic dysfunction can alter metabolism and 
clearance. Tacrolimus is not dialyzable^-^^^ 
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Experimental pharmacology 

Tacrolimus affects the earliest steps of T cell activation. The T 
cell proliferative responses are highly sensitive to inhibition by 
tacrolimus, including proliferation in response to alloantigen. 
phytohemagglutinin and concanavalin A, anti-CD2 and anti-CD3, 
and it further inhibits long-term IL-2-stimulated survival, and 
primary and secondary generation of cytotoxic cells. 

Tacrolimus does not affect T cell proliferation once activation 
has occurred, and does not inhibit the effector function of NK 
cells. The suppression of B cell proliferation and immunoglobulin 
production is limited to the T cell-dependent antigens and stimu
lation of receptors which utilize the Ca-̂ * dependent signal trans
duction pathway. Further, it does not reduce the production of 
immunosuppressive cytokine IL-10 by T-helper 2 cells"'"''. 

Tacrolimus has been demonstrated to prevent rejection of solid-
organ allografts in various animal models. In rat skin''*, lung'"', 
heart'"^" *", liver*""*', limb""' and even multivisceral models™' allo
graft survival is prolonged, and in many situations the drug is able 
to reverse ongoing rejection"^"''. In dogs, renal** ,̂ hepatic"**, and 
pancreatico-duodenal"'' allografts have prolonged survival. In non-
human primates, cardiac'"''" and renal"^ allografts survive longer 
with tacrolimus. The drug has also prevented or delayed onset of 
hereditary or induced autoimmune reactions in animals, such as 
collagen-induced arthritis''-, experimental allergic uveitis'", experi
mental glomerulonephritis'^"' and diabetes in BB rats'̂ '̂ . 

The xenogeneic transplant model has provided a more rigorous 
test of the efficacy of tacrolimus, as in this setting both cell-
mediated and humoral mechanisms of rejection operate. Tacrolimus 
alone is found to be inadequate in the above circumstance; however, 
in combination with other antiproliferative agents such as brequinar, 
mycophenolate mofetil or 15-deoxyspergualin it prolongs survival 
of cardiac, hepatic and pancreatic islet xenografts'""'". 

Clinical trials 

The first clinical use of tacrolimus was in the treatment of chronic 
refractory allograft rejection in liver transplant recipients who 
were not responding to conventional immunosuppression. About 
50-70% of these patients had both clinical and histopathological 

Table 3 FK-506 in liver transplantation 

improvement upon conversion to tacrolimus-based regimens, and 
75% of the patients were still alive 3 years following conversion, 
with 65% of the liver allografts still functioning^". 

Since the initial experience three large trials have been per
formed comparing tacrolimus to CsA in primary liver transplanta
tion. The results and conclusions from these trials have been 
summarized in Table 3'̂ '' "". The common finding among all the 
studies was that tacrolimus is associated with fewer episodes of 
acute or steroid-resistant or refractory rejection. Patient and graft 
survival was better than, or the same as with cyclosporin in all 
studies; however, the US Multicenter group reported increased in
cidence of side-effects with tacrolimus'*'*. 

The use of tacrolimus in renal transplantation was initially as 
rescue therapy for refractory rejection. In a series of 35 patients, 
those with ongoing acute cellular rejection, 71% were able to be 
successfully rescued'"'. The results of a phase II trial of tacrolimus 
and prednisone, when compared with a historical control group re
ceiving a cyclosporin-based regimen, show no significant differ
ence in patient and graft survival at 1 year, rate of rejection or 
steroid-resistant rejection. However, the incidence of steroid depen
dence and hypertension was lower in the tacrolimus group'"-'. 

The reported clinical experience with tacrolimus in cardiac 
transplantation has been limited to the University of Pittsburgh. 
Armitage et al. have reported on 72 patients who were prospec
tively entered into a primary prophylaxis study of tacrolimus and 
corticosteroids for immunosuppression in cardiac transplantation. 
The overall I-year survival was 92% with an actuarial freedom 
from rejection at 90 days of 41 % and an average of 0.95 episodes 
of rejection per patient. When compared with a historical control 
group treated with cyclosporin-based regimen, the rate of recur
rent rejection (28% vs 48%) was lower in the tacrolimus-treated 
group"". A phase II randomized, comparative, open-label, 
prospective, multicenter study is now under way and the results of 
this study should be available in the next 2 years. 

Favorable results have also been reported with lung trans
plant'"'*, bone marrow transplant'"^""' and autoimmune disorders 
such as uveitis'"'', psoriasis'"** and autoimmune hepatitis'"'*. 
Additional long-term randomized studies are needed to determine 
the role for tacrolimus in these conditions. 

Siie unci immher ofpatienls One-yearpalieni Oneycar anifl 
siin'iviil 

Freedom fntm 
rejection 

Other 
salient features 

Universily of Pittsburgh. /; = 129 (101) 
FK-506 92% 
CsA 8.";% 

European FK-506 study. ;i = 5' 
FK-5()6 
CsA 

US multicenter FK-506 
Liver Study Group. 
;i = 529(99) 

FK-506 
CsA 

45 (100) 
849f 
79% 

88% 
88% 

88% 
79%. 

81% 
77% 

82%, 
79% 

63% 
42%' 

61% 
50%. 

24% 

(1) FK-5()6 had the ability to treat 
refractory rejection in CsA group. 

(2) Freedom from steroid use and 
lower incidence of hypertension. 

(1) Enhanced patient 
and graft survival 

(1) FK-506 better in preventing 
acute steroid-resistant 
and refractory rejection 

(2) Greater incidence of adverse 
effects requiring withdrawal 
from study (14.1 % vs 4.9%) 

640 



NEW PHARMACOLOOIC IMMUNOSUPPRESSIVE AGENTS 

Toxicity 

The wealth of clinical experience with tacrolimus demonstrates 
that it is tolerated as well as cyclosporin and does not cause hir
sutism, gingival hyperplasia or facial dysmorphism, as CsA does. 
Insomnia, tremors and headache were the most frequently re
ported side-effects in patients taking oral tacrolimus, while those 
being administered intravenous drug reported headache, nausea, 
vomiting, and hyperesthesia. 

The spectrum of renal toxicity is similar to that of cyclosporin. 
The neurotoxicity of tacrolimus includes seizures, akinetic 
mutism, coma, aphasia, focal deficits, psychosis, and en
cephalopathy. Hyperglycemia in liver transplant recipients is re
ported in 47% and 29% in the US and European randomized 
trials, respectively, and may require treatment. 

The incidence of EBV-related lymphoproliferative disorders 
with tacrolimus is reported to be 1.6%, which is comparable to 
that with cyclosporin"*'. 

Drug interactions with tacrolimus have not been extensively 
investigated but, due to potential for additive renal toxicity, it must 
be carefully co-administered with drugs that may be associated 
with renal dysfunction such as amphotericin B, aminoglycosides 
and cisplatin. Co-admini.stration of cyclosporin with tacrolimus 
results in additive nephrotoxicity. Reciprocal antagonism is seen 
between tacrolimus and rapamycin. Drugs which are metabolized 
by the cytochrome P-450 IIIA system, or drugs which induce this 
enzyme system, may alter blood levels of tacrolimus. 

Future potential 

While the early optimism for tacrolimus seems to have ebbed, it 
still remains at the forefront of the immunosuppressive armamen
tarium likely to be inducted into clinical practice in a similar role 
as cyclosporin. If the data from cardiac transplant studies suggest 
that it is more effective, with decreased dependence on concomi
tant immunosuppression and lower incidence of hypertension, 
then it will be an attractive alternative to cyclosporin. 

RAPAMYCIN (SIROLIMUS) 

Rapamycin (sirolimus) is a new immunosuppressive agent, struc
turally similar to tacrolimus. Sirolimus was originally isolated in 
a discovery program for novel antifungal agents. It is a macro-
cyclic triene antibiotic produced by Streptomyces hygroscopicus, 
an actinomycete which was isolated from a soil sample collected 
from the Vai Atore region of Easter Island'" "^ sirolimus is a 
potent antifungal agent and several yeasts, including Candida al
bicans, and filamentous fungi are sensitive"'"'*. Sirolimus is also 
active in several murine tumor models. The effects of sirolimus 
on the immune system were briefly examined in experiments on 
autoimmune diseases in rodents"^ and then not actively pursued 
until the discovery of tacrolimus with which sirolimus shares 
structural resemblance (Figure 5)' "•. 

Mechanism of action 

Sirolimus belongs to the class of macrocyclic immuno
suppressants that block the T cell proliferation between Gl and S 

phases of the cell cycle. However, its effects are distinct from 
those of CsA or tacrolimus, the other macrocyclic immunosup
pressants in this class. In order to mediate their effects, CsA. 
tacrolimus and sirolimus must each bind to a cytosolic target 
protein generically known as immunophilins. The first im-
munophilin to be identified was cyclophilin. which binds to CsA. 
and subsequently the family of FK binding proteins (FKBP) were 
described which bind to tacrolimus and sirolimus as a result of 
their identical binding domains" \ The cyclophilin-CsA and the 
tacrolimus-FKBP complexes interfere with the calcium-
dependent signal transduction pathways for IL-2 gene expression; 
however, the FKBP-sirolimus complex seems to affect calcium-
independent pathways which are still not completely elucidated. 
The molecular target for sirolimus akin to calcineurin remains 
elusive to intensive research in this area, but the following is 
known about its biochemical target. 

(1) The sirolimus-FKBP complex is necessary for inhibition, 
since molar excess of tacrolimus can block rapamycin's 
effect"". 

(2) Sirolimus at immunosuppressive concentrations inhibits IL-
2-stimulated p70 S6 kinase and its subsequent activa
tion"*"". 

(3) The sirolimus-FKBP complex has no inhibitory effect on the 
p70 S6 kinase activation in a cell-free system, suggesting that 
it possibly forms a ternary complex mediating inhibition of 
the kinases'-". 

(4) The p70 S6 kinase activation is not directly involved in S 
phase entry for cell proliferation; however, it has been 
demonstrated that IL-2-stimulated expression of serine threo
nine kinase p34 cdc2, that is known to be required for G1 to S 
transition, is a target of rapamycin, TOR'-'. 

(5) Sirolimus blocks cell cycle progression at a point where many 
early-to-mid-Gl cell cycle regulatory proteins have accumu
lated, i.e. cyclins D2, D3 and E, yet are unable to execute 
their function, possibly due to lack of a triggering event'-'. 

(6) The activation of the cyclin E/cdk2 kinase complex, which is 
inhibited by sirolimus, may be the potential triggering event 
required for progression into S phase (Figure 6)'- ' . 

(7) Sirolimus prevents the down-regulation of inhibitory peptide I 
kappa B alpha by CD28 stimulation, as the continued down-
regulation of I K/Sa leads to enhanced nuclear translocation of 
C-rel (CD28 response element binding factor), which in turn 
results in increased transcription of IL-2'--. 

(8) Sirolimus and CsA act synergistically in vitro, whereas 
tacrolimus and sirolimus are selective reciprocal antagonists 
for all parameters tested'". 

Pharmacokinetics 

Phase I pharmacokinetic studies of rapamycin have been pub
lished''^''. Following a single intravenous dose the pharmacokinet
ics are non-linear, and the drug appears to distribute out of the 
blood compartment. Its long terminal half-life, more than 13 
hours, indicates slow clearance. The distribution of sirolimus, 
when studied with human blood incubated with radiolabeled drug, 
reveals that 94% of the drug is contained in red blood cells and 
less than 3% is distributed to other cells; only 3% is in the plasma 
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fraction and 97.5% of this fractioo is bound to proteins, leaving 
only 0.175% of the total drug free in blood'^^. A reverse-phase 
iiigli-performance liquid chromatography assay is now available 
ff)r quantitatiiig levels of sirolimus io whole blood, with a lower 
limit sensitivity of 1.0 jug/l''*. 

Sirolimus is lipid soluble witli poor oral absorption, the 
bioavailability being reported to be as low as 1.6%"''. 

Experimental pharmacology 

Sirolimiis inhibits murine, porcine, and human T lyiBphocyte pro
liferation induced by mitogenic lectins, antigens, crosslinking of 
cellular receptors with monoclonal antibodies, i.e. CD3 or CD28, 
alloantigens, phorbol esters, caleium inophorcs and lymphokines 
(IL-2, n..-4, IL-6)'^*''^''. Sirolimus inhibits the proliferation of ac
tivated T cells even when it is added up to 12 hours after stimula
tion, whereas CsA and tacrolimus lose their effect when added 2 
hours after stimulation'*. Further IL-2-depcndcnr T cell prolifera
tion is inhibited by sirolimus, unlike CsA or tacrolimus which are 
unable to suppress lymphokine-mediated proliferation"". 

SiroHmus inhibits calcium-dependent proliferation of B cells with 
a potency equal to that of tacrolimus, but about 70-fold higher than 
that of CsA, Sirolimus also inhibits lipopolysaccharide-induced B 
cell proliferation, which is a calcium-independent pathway resistant 
to inhibition by tacrolimus or CsA'-^"-'-''. Sirolimus also inhibits 
spontaneous and pokeweed mitogen induced, IL-2 plus 
Staphylococcus aureus Cowan 1-stimulatcd production of im
munoglobulins from human B cells, and lL-4-stimulated IgE pro
duction by human peripheral blood mononuclear cells'-^'. 

The immunosuppressive activity of sirolimus has been investi
gated in several animal models of organ transplantation. 
Sirolimus is known to prolong sur\'ival of heterotopically trans
planted hearts in mice'-'-', rats'-'*, and cynomolgus monkeys"^, 
and orthotopic renal transplants in rats'-'^, dogs'- '̂̂ , pigs'^'' and 
baboons'-""*. Sirolimus was effective in the engraftment of islet 
cells in streptozocin-induced diabetic mice and prolonged graft 
survival to 56±11 days compared to 22 ±4 .7 days in untreated 
animals, at a dose of 0.1 mg/kg. However, 10-50-fold higher 
doses are not as effective in maintaining normoglycemia, presum
ably due to sirolimus's to.w effect on islet cells'^'*. 

Sirolimus is also able to reverse ongoing rejection in rat cardiac 
allografts in a dose-dependent manner, and when used in combi
nation with CsA they were able to prolong survival of allografts 
10-fold as compared to use of CsA alone (10±2 vs >100 days)'*. 
Tlie synergism of sirolimus and CsA for prophylaxis of rejection 
has also been reported by other investigators"*, and the ability of 
Sirolimus to reverse ongoing rejection in non-heart, experimental 
kidney and small bowel allografts has also been demonstrated'^*. 

Sirolimus has also been shown to inhibit arterial intimal thick
ening in response to alloimmune and mechanical injury, and may 
provide a novel strategy in the prevention of allograft pro
liferative arterlopathy'*'. Sirolimus is also able to induce 
alloantigen-specific immunologic tolerance in mouse ear-heart 
models, and treatment with sirolimus combined widi donor bone 
marrow sensitization is superior to that of bone marrow plus 
thymectomy'-''*''''^. 

Sirolimus has also been studied in several models of auto
immune diseases and its efficacy io prevention of experimental 
allergic uveoretinitis in a dose-dependent manner is well estab-
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lished"'-'. Sirolimus has been shown to be effective in other 
models such as mice collagen-induced arthritis, NOD diabetes, 
and rat adjuvant arthritis''*''. 

Clinical trials 

Several phase I studies to assess the safety and pharmacokinetic 
profile of the drug are presently ongoing, and the results should 
be available soon. 

Toxicity 

A complete toxicity profile of sirolimus is not currently available. 
The animal toxicology data suggest minimal adverse effects. 
Sirolimus causes insignificant changes in renal function with no 
histologic changes, and appears to be less nephrotoxic than 
CsA''*'. In rats, mild focal myocardial necrosis, glucose intoler
ance and thymic involution have been noted'"*. 

Future prospects 

Sirolimus' unique immunosuppressive profile and remarkable 
efficacy in a variety of organ transplantation models suggest 
significant clinical potential. Its ability to control acute, ongoing, 
chronic allograft rejection, as well as effects on allograft vascu-
lopathy and possible induction of immunologic tolerance, make it 
an attractive armament in the immunosuppressive arsenal; 
however, its ultimate role will depend on the phase II and III 
trials, and its therapeutic and safety profile relative to other 
immunosuppressants. 

LEFLUNOMIDE (HWA 486) 

Leflunomide (LFM), formerly known as HWA 486, was derived 
from a series of compounds synthesized as agricultural herbicides 
by the scientists at Hoeschst AG. It is a small-molecular-weight 
isoxazole derivative which has shown remarkable potential as an 
immunosuppressant in experimental autoimmune disorders and 
organ transplantation. LFM is a prodrug and is rapidly metabo
lized in most animal species and humans to the immunologically 
active component A771726 (Figure T)'"". LFM has no structural 
or chemical resemblance to any other immunosuppressants. 
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Figure 7 Molecular structure of leflunomide. Reproduced with permission 
from Chong AS, Xiao F, Xu X, et al. In vivo and in vino immunosuppression 
with leflunomide. In: ? Recent developments in transplantation medicine, vol. 
1: Newer immunosuppressive drugs. Glenview, IL: Physician and Scientists 
Publishing Co.; 1994:165 

Mechanism of action 

The precise mechanism of action of LFM is not completely un
derstood at present, but it is believed to mediate its immunosup
pressive effects by inhibition of the enzyme tyrosine kinase which 
results in inhibition of tyrosine phosphorylation, an important 
event in the signal transduction pathway after the engagement of 
the TCR-CD3 complex and the IL-2 receptor'"*"-'''. In addition to 
activation of the TCR-CD3 complex there are a unique set of co-
stimulatory molecules such as CD28 and CTLA4, which play an 
important role in augmenting IL-2 production and preventing the 
induction of anergy, perhaps by prevention of degradation of IL-2 
mRNA by a complex array of biochemical events (Figure 1)" '''". 

Though LFM blocks T cell proliferation stimulated by allo
genic cells, anti-CD3, IL-2, or anti-CD28 plus PMA, it does not 
alter the expression of IL-2R and only partially reduces IL-2 pro
duction by activated T cells, suggesting that it acts in the T cell 
activation sequence later than cyclosporin, and resembles the ac
tivity of rapamycin"". It is also likely that LFM acts later in the 
signal transduction pathway, by inhibiting phosphorylation in
volving other kinases and substrates, which may account for its 
antiproliferative effects''"''", or by its effects on the co-stimula
tory CD28-mediated pathways. 

Pharmacokinetics 

LFM is rapidly metabolized to its active component A771726, 
which is water-soluble, is stable and represents 90% of the 
metabolites of LFM found in serum of humans and animals. The 
half-life of the active metabolite varies in the different species 
from 10 to 30 hours. The data from clinical trials in rheumatoid 
arthritis suggest that the drug has an excellent safety profile with 
no toxic effects"-'. 

Experimental pharmacology 

LFM is insoluble in water, and the in-vitro experiments are 
usually performed using the soluble metabolite A771726, which 
inhibits proliferation of immune mediator cells and other cell 
lines including epidermal cells, carcinoma cells, fibroblasts, 
macrophages, bone marrow cells and T and B lymphocytes in as
cending order of sensitivity; B lymphocytes are the most suscepti
ble '" . A771726 may also possess anti-inflammatory properties. 

A771726 inhibits T cell proliferation stimulated by allogenic 
challenge in a one-way mixed lymphocyte reaction, anti-CD3 
monoclonal antibody plus PMA, and anti-CD28 monoclonal anti
body plus PMA, whereas cyclosporin can only inhibit the prolif
eration stimulated by anti-CD3 plus PMA"'*. A771726 also 
inhibits the in-vitro generation of murine B cell plaque-forming 
colonies in response to T-dependent antigen such as sheep RBC, 
even when added to a 5-day assay, and the murine B cell prolifer
ation stimulated by a T-independent pathway such as anti-IgM or 
LPS (lipopolysaccharide). The proliferative responses of other 
cells such as mast cells and promyelomonocytic progenitors 
induced by IL-3, cellular responses to TNF-a, G-CSF, etc., are 
also inhibited by A771726'^*'. 

LFM has demonstrated remarkable efficacy in prevention of re
jection of skin''''", kidney'"*^ and heart'""* allografts in rats. Its per-
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formance in kidney and skin transplantation is comparable to cy
closporin, and is superior to azathioprine and corticosteroids. 
Further, LFM is able to induce permanent allograft tolerance"', a 
phenomenon which was further enhanced by donor-specific blood 
transfusion. The rat cardiac allograft model also established the 
comparable proficiency of LFM in prevention of acute rejection, 
but superiority was noted in the ability to treat established rejec
tion when compared to cyclosporin"''. LFM has been particularly 
impressive in its ability to inhibit the development of allospecific 
antibodies, halt the increase in IgM antibodies when LFM admin
istration is delayed up to 4 days post-transplantation, and inhibit 
the class switch and development of allospecific IgG antibod-
ies"2.i57. 

LFM has also had encouraging results in cynomolgus monkey 
cardiac allograft experiments, with successful prolongation of 
graft survival at varying doses and in combination with cy-
closporin"**. LFM has also been found effective in delaying acute 
rejection and prolonging survival in concordant hamster-to-rat 
cardiac xenografts, while used as a solitary agent and in combina
tion with cyclosporin it provides indefinite survival and control 
over xenoreactivity'•'''*. 

LFM has been shown to inhibit smooth muscle proliferation 
stimulated by mitogens and intimal thickening in response to 
balloon catheter injury"**. 

Clinical trials 

The clinical trials with LFM have until now been restricted to pa
tients with rheumatoid arthritis, and no data are available on its 
use in clinical transplantation. The rheumatoid arthritis experi
ence suggests that LFM is well tolerated, with no major toxicities 
and marked clinical and laboratory evidence of resolution of 
disease''''. 

Toxicities 

No major toxicities are reported in humans either in the American 
Rheumatism Association trial in patients with severe rheumatoid 
arthritis or in the European experience. Animal experiments have 
suggested anemia and loss of appetite as possible dose-related 
toxicities"". Further studies are needed to develop its toxicologi-
cal profile. 

Future prospects 

LFM is certainly an attractive agent, with its ability to suppress 
both the cellular and the humoral mechanisms in rejection, and 
possibly prevent intimal proliferative response to injury, but prob
ably the greatest attraction remains its suppression of xenoreactiv-
ity. It warrants further animal and human trials to reach its 
potential in the realm of clinical organ transplantation. 

MYCOPHENOLATE MOFETIL (RS 61443, CELL-CEPT) 

Mycophenolate mofetil (MM) (formerly known as RS 61443; 
Syntex, Palo Alto, CA) is a morpholinoethyl ester of mycopheno-
lic acid (Figure 8). Mycophenolic acid was first isolated in 1898 

by Gosio'*, from a Penicillium culture, while searching for the 
toxin in maize believed at that time to cause pellagra. The first 
half of this century led to the analysis of its chemical structure 
and elucidation of its antibacterial, antifungal, antiviral, antitumor 
and then immunosuppressive properties''"'"'''. Following initial 
disappointing results the drug was relegated to virtual orphany, 
and its only use was limited to the treatment of refractory 
psoriasis"''*-"'''. 

Mechanism of action 

Renewed interest in the potential of mycophenolic acid as an im
munosuppressant arose with the elucidation of purine synthesis 
pathways in lymphocytes by Allison et a/.'"*""^. The two major 
pathways of purine synthesis are schematically entailed in Figure 
9. The de-novo pathway relies upon formation of inosinate 
(inosine monophosphate) from amino acids and other precursors, 
and its conversion to xanthylate (xanthine monophosphate) by the 
enzyme inosinate dehydrogenase, IMPDH. Xanthylate is then 
converted to guanylate, which undergoes phosphorylation to form 
guanosine triphosphate (GTP) to be used for RNA, DNA, protein 
and glycoprotein synthesis. Inosinate is converted to adenylate by 
a different set of enzymes. Guanylate and adenylate can also be 
formed in most cells directly from guanine and adenine via the 
salvage pathway utilizing hypoxanthine-guanine phosphoribosyl 
transferase (HGRPTase) and adenine phosphoribosyl transferase 
(ARPTase). The proliferating lymphocytes lack the salvage 
pathway for synthesis of purines'™. 

The inhibition of inosinate dehydrogenase results in depletion 
of guanylate within the cells, resulting in antiproliferative effects 
which seem to be more pronounced on lymphocytes selectively 
due to the absence of the salvage pathway. Mycophenolic acid is 
a reversible, non-competitive inhibitor of eukaryotic inosinate de
hydrogenase'""-. Contrary to earlier reports, mycophenolic acid 
probably does not inhibit guanylate synthetase, the enzyme which 
catalyzes the conversion of xanthylate to guanylate'^^. 
Lymphocytes depleted of guanine nucleotides become fixed in the 
S phase of the cell cycle and cannot proliferate'^'. 

Mycophenolic acid has been proven to have preferential effects 
on lymphocytes for another reason. The type II isoform of 
IMPDH, which predominates in proliferating B and T lympho
cytes, is about four times as sensitive to inhibition by mycopheno-
hc acid than is the type I isoform, expressed in most cell types'^''. 

Mycophenolic acid has its predicted cytostatic effect on lym
phocytes; however, its oral bioavailability is poor and hence the 
synthesis of a morpholinoethyl ester of mycophenolic acid, my
cophenolate mofetil (MM), which has twice the bioavailability in 
primates when compared to the parent compound, was an exciting 
new development and further studies have been done using this 
derivative'^*-'^*. 

Pharmacokinetics 

MM is rapidly absorbed, chemically intact, across the gastro
intestinal tract and is rapidly converted to free mycophenolic acid 
by ester hydrolysis, primarily in the liver. MPA is then conju
gated in the liver with glucuronic acid to form mycophenolic acid 
glucuronide (MPAG), an inactive metabolite'". MPAG is largely 
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excreted into the bile where extensive enterohepatic circulation 
occurs. MPA and MPAG are found in equal amounts in the 
plasma of MPA-treated rodents. MPAG can be hydrolyzed back 
to MPA in situ by ;8-glucuronidase, an enzyme found in a variety 
of cells'^". 

Plasma levels of MPA peak within an hour of a single oral 
dose, with a secondary peak occurring 6-8 hours later, caused by 
extensive enterohepatic circulation. MPA is metabolically stable 
and over 90% of the oral dose is recovered intact (as MPAG) 
from the urine and feces of the test animals"'. 

Experimental pharmacology 

MPA inhibits mitogen-induced proliferation of rat and mouse 
spleen cells'^'*'*'" and is a potent inhibitor of proliferative re
sponses of human lymphocytes in viVro"""". It inhibits human T 
lymphocyte proliferative responses to both calcium-dependent 
and calcium-independent mitogens. It inhibits human B lympho
cyte proliferative responses to both T cell-dependent and T cell-
independent mitogens'''''"^. MPA and MM inhibit proliferative 
responses to alloantigenic stimulation (mixed lymphocyte reac
tion) in human lymphocytes"'*"*^"*^ and inhibit secondary prolif
eration of alloreactive T cells in human cell culture. 

MPA inhibits polyclonal antibody production by B cells stimu
lated with pokeweed mitogen (T cell dependent) and 
Staphylococcus aureus Cowan I mitogen (T cell-independent)"'*. 
In addition. MPA inhibits the anti-tetanus-toxoid immunoglobulin 
G response in human lymphocytes"" '"'', an antigen-specific anti
body response of memory B cells. MPA inhibits the proliferative 
response of fibroblasts and endothelial cells only at high doses"''. 

MPA primarily affects the late events in lymphocyte response 
because: (a) MPA does not inhibit IL-2 production, IL-2 receptor 
expression, or IL-2 mRNA production in human mitogen, al-
loantigen or anti-CD3 antibody-stimulated lymphocytes"""**'; (b) 
MPA does not prevent IL-1 production by blood monocytes""*; 
and (c) MPA and MM will inhibit MLR responses when added as 
late as 3 days after stimulation "''"'^. 

MPA inhibits proliferating lymphoblastic B cell lines trans
formed by Epstein-Barr viruses and also induces their differentia
tion into mature cells"**""*"*''. Clinically attainable concentrations 
of MPA inhibit proliferation of human smooth muscle cells, 
which is relevant to effects on proliferative arteriopathy''*". MPA-
mediated depletion of GTP inhibits the transfer of fucose and 
mannose to glycoproteins, some of which are adhesion molecules 
facilitating attachment of leukocytes to endothelial cells and to 
target cells''". Further immunoprecipitation studies have shown 
that one of the lymphocyte glycoproteins affected is VLA-4, the 
ligand for VCAM-I on activated endothelial cells'''-''". 

MM is an effective immunosuppressant in a variety of animal 
transplant models. MM used as a single agent prolongs cardiac al
lograft survival in mice'"*^ ' ' ' \ rats' and monkeys'"*'; hepatic 
and renal allografts in dogs'''"-""; pancreatic islet allograft in 
mice-'" -"-; and cardiac allografts in donor-sensitized rats-"'. 
Survival of rat cardiac allografts is dramatically prolonged when 
MM is used in combination with cyclosporin''*' -"', and brequinar 
sodium (DUP785)''"*. Canine renal allografts also demonstrate 
improved survival with the combination of MM and cy
closporin-"", and MM with tacrolimus-"^. MM can arrest progres

sion and reverse established cardiac allograft rejection in 
rats''*'* '""* and renal allograft rejection in dogs-"". MM is also ef
fective in one of the most immunologically challenging models of 
hamster-to-rat xenografts. MM prolonged survival of hamster-to-
rat cardiac and hepatic xenografts-"'-"*' and its efficacy was 
further enhanced in combination therapy with tacrolimus-"', with 
deoxyspergualin and splenectomy'", and with cyclosporin and 
brequinar sodium-"'. 

MM decreases the degree of allograft arteriopathy in the rat 
cardiac allograft model''". MM decreases the intimal proliferation 
in the rat aortic allograft model-"* -"'* and in the mechanically 
injured rat carotid artery model-'". 

Clinical trials 

The first clinical experience with MM was reported by Sollinger 
el fl/.-" in a dose-ranging, safety and pharmacokinetic study in 
primary cadaveric renal transplant recipients. Forty-eight patients 
were enrolled into the study, which was stratified to eight groups 
with dose range of MM from 100 mg/day to 3500 mg/day. All pa
tients received quadruple induction (anti-lymphocyte globulin, 
cyclosporin A, prednisone and MM) followed by triple mainte
nance therapy (cyclosporin, prednisone and MM). Follow-up 
ranged from 2 to 9 months. The drug was well tolerated and was 
discontinued only in three patients (one non-compliance with pro
tocol, one hemorrhagic gastritis, one acute tubular necrosis). No 
evidence of organ toxicity or bone marrow suppression was 
noted. Though not designed as an efficacy study the retrospective 
analysis suggested significant correlation between the dose and 
incidence of rejection, with the fewest episodes seen in patients 
receiving an MM dose of at least 2000 mg/day. 

The above study was followed by a multicenter pilot rescue 
study for refractory renal allograft rejection'". Seventy-five pa
tients with biopsy-proven acute rejection, refractory to one course 
of OKT3/ATG were enrolled, with MM substituted for azathio-
prine at a dose of 2000-3000 mg/day. Fifty-two of 75 patients 
(69%) were successfully rescued, which was an impressive result 
considering the advanced state of rejection in this cohort. In 19 of 
75 patients (25%) the drug was discontinued after treatment 
failure, and in all these patients the allograft was eventually lost. 
Only four patients had the drug discontinued due to side-effects, 
believed to have been drug-related. All the side-effects were 
related to the gastrointestinal tract, colitis, hemorrhagic gastritis 
and pancreatitis. The overall infection rate was 40% with the 
spectrum of infections quite characteristic of immuno.suppressed 
patients. In one center the patients with successful rescue were 
placed on maintenance therapy with MM, and when compared 
with historical controls there was significantly improved rejec
tion-free graft survival and creatinine clearance-". MM was re
cently approved by the Food and Drug Administration for use in 
renal transplantation, based on three large multicenter, prospec
tively randomized, placebo-controlled pivotal trials. Though not 
yet published these studies suggest that MM is superior to aza-
thioprine in renal transplantation. 

Klintmalm et al.-'* reported on a multicenter trial for refrac
tory liver allograft rejection with the same definition and entry 
criteria as the kidney trial. Among 23 patients there were 21 re
sponses, 14 complete and seven improved. Sixteen of 21 patients 
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continued with the therapy. One patient died from overwhelming 
sepsis and two underwent retransplantation. Two patients discon
tinued the drug due to presumed drug-induced cholestasis. 
Diarrhea, nausea, leukopenia and cholestasis were the most fre
quently reported side-effects. Liver allografts in three humans 
have been retained in good functional status using MM with low-
dose prednisone but no cyclosporin-". 

MM was first used in human heart transplant recipients in an 8-
week, uncontrolled, non-randomized dose-response, pharmacoki
netic, and safety study involving 30 patients with Utah grade 3 
rejection (includes ISHLT grades IB, 2, 3A)^"'. Dose range 
varied from 500 mg/day to 3000 mg/day. Two of six patients 
(33%) receiving 500 mg/day progressed to moderate rejection 
(Utah grade 4, ISHLT grade 3A or 3B) versus only 2/24 (8%) re
ceiving 1000 mg/day or a higher dose. Eight of 30 patients had 
the drug discontinued per protocol, four for progressing rejection 
and four for persisting rejection. Only one patient had the drug 
discontinued due to gastrointestinal toxicity. The above results 
have been confirmed in subsequent studies in patients with mild 
or moderate rejection with favorable response-'''-"'. 

In a study on chronic maintenance therapy with MM in heart 
transplant recipients, Taylor et al™ reported on 33 patients with 
mean follow-up of 23.7±2.2 months. Only four patients were 
withdrawn from the study due to side-effects, which included 
leukopenia, persistent nausea and gastrointestinal hemorrhage. 
Twenty-eight episodes of mild rejection (ISHLT IB or 2) (0.5 
patient-year) and nine episodes of moderate rejection (ISHLT 3A 
or 3B) (0.2 patient-year) occurred during therapy with MM. The 
low rate of recurrent rejection in this group is certainly encourag
ing. A large randomized, double-blind, multicenter comparative 
study of MM versus azathioprine in combination with cyclosporin 
and corticosteroids is currently in progress, and preliminary 
results of 6-month follow-up should be available in 1996. 

Future prospects 

The unique mechanism of action, high degree of activity and clin
ical tolerability probably benefit going beyond mere treatment of 
acute rejection, with a possible role in preventing proliferative ar-
teriopathy and lowering the risk of post-transplant lymphoprolif-
erative disorder. All these features give MM strong credentials to 
replace azathioprine in standard maintenance immunotherapy. 

MIZORIBINE (BREDININ) 

Mizoribine (MZB), or bredinin, is a novel imidazole nucleoside 
which was isolated from the soil fungus EupeniciUum brefal-
dianum in 1974, and was noted to have immunosuppressive activ
ity--'. It mirrors the mechanism of action of mycophenolate 
mofetil and is a potent reversible inhibitor of eukaryotic inosine 
monophosphate dehydrogenase (IMPDH). which results in its 
antiproliferative effects on lymphocytes which are completely de
pendent on the de-novo pathway for synthesis of guanine nu
cleotides-^-^. The details of purine synthesis pathway and the role 
of IMPDH inhibitors in selectively inhibiting proliferating lym
phocytes have been cited earlier in the chapter. 

Pharmacokinetics 

MZB is a water-soluble, weakly acidic compound--'. The pharma
cokinetic data from renal transplant recipients suggest considerable 
variation in the ability to absorb MZB, and correlation was found 
between the oral dose and serum trough levels--'. Animal experi
ments have shown that 57% of the drug is excreted in the urine in 4 
hours, with 85% excreted unchanged in the urine in 24 hours'. 
Further, the elimination of drug and creatinine clearance correlate 
so that the drug accumulates, with impaired renal function--^. 

Toxicity 
Gastrointestinal toxicities have been consistently reported with 
MPA and MM in both animal and human trials. Nausea, abdomi
nal cramps, diarrhea, soft stools and vomiting are the most com
monly reported symptoms, occurring in almost a third of the 
patients--". Urinary tract problems including dysuria, urgency and 
frequency of urination were reported in 13%. Epinette et al. re
ported on long-term follow-up (up to 13 years) of 76 patients en
rolled in a compassionate use protocol of MPA for patients with 
psoriasis--"". Seventy-two percent reported gastrointestinal prob
lems similar to those described earlier; however, the problems de
creased significantly after the second year, with diarrhea and 
nausea being the most common, but only in 5-15% of patients. 

Bone marrow suppression was rarely reported in early studies, 
but from clinical transplant studies an incidence of 11-15% has 
been reported. Since transplant recipients are on several drugs 
which may have propensity to cause myelosuppression, assessing 
the contribution of MM to leukopenia is difficult. 

Malignancy is a well-known risk of chronic immunosuppres
sion, but in the long-term follow-up study of 13 years involving 
patients with psoriasis the risk of malignancy was no greater than 
that for the general population. MM has been demonstrated to 
have teratogenic effects in rats and rabbits, but there are no data 
available in humans. 

Experimental pharmacology 

MZB causes a dose-dependent, reversible inhibition of DNA syn
thesis in pure cultures of alloantigen or mitogen-stimulated 
human T lymphocytes. The antiproliferative effects can be re
versed by addition of guanosine, and direct measurements of GTP 
pools in T lymphocytes in the presence of MZB show significant 
depletion--^-. MZB suppresses the delayed-type hypersensitivity 
response to PPD and abrogates the hemagglutinin production in 
response to sheep RBC, suggesting that its effects include sup
pression of both cell-mediated and humoral immunity--\ It has 
also shown efficacy as an immunosuppressant in animal models 
of autoimmune diseases. 

MZB has been extensively studied in canine models of renal, 
cardiac and pancreatic allograft transplantation--''--'. It 
significantly prolonged survival of renal allografts when used in 
combination with cyclosporin with no additive hepatotoxicity or 
myelosuppression. Reports of its synergy with cyclosporin have 
been confirmed in other experimental transplantation models, 
such as rat heterotopic heart and rat partial lung transplants--*. 

Clinical trials 

Most of the evidence for the efficacy of MZB in clinical trans
plantation comes from Japanese studies with kidney transplant re-
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cipienls. MZB in combination with cyclosporin and prednisone 
appears to be very promising, with improved graft survival and 
less toxicity when compared to standard triple therapy with cy
closporin, azathioprine and steroids--''-''. In 61 patients with hap-
loidentical living-related kidney transplants the group receiving 
MZB had similar survival and serum creatinine when compared 
to the group receiving azathioprine, but the MZB regimen had 
significantly less myclosuppression and incidence of systemic in
fection--'', which has been corroborated by other investigators-^". 
In an open randomized phase II study to assess tolerance and 
efficacy of MZB as an alternative to azathioprine in cadaveric 
renal transplants, the investigators came to the following conclu
sions after a 12-month follow-up: MZB is a safe, well-tolerated 
and effective alternative to azathioprine. It significantly reduced 
the incidence of acute rejection and leukopenia-". 

MZB has also been successfully used as a topical solution in 
preventing corneal transplant rejection-". 

Toxicity 

Canine renal allograft experiments have demonstrated that dogs 
develop severe hemorrhagic enteritis when treated with high 
doses of MZB, especially in the presence of impaired renal func
tion--*. Morphologically there is angionecrosis of intestinal sub
mucosal arteries with resultant mucosal necrosis. Similar 
enterotoxicity has also been described in humans'"'. The incidence 
of leukopenia is less than 10% and the drug appears to be less he-
patotoxic and myelosuppressive than azathioprine--^. 

Future prospects 

The use of MZB, a selective inhibitor of purine biosynthesis, 
offers several advantages over azathioprine, including: equivalent 
or improved graft survival, improved toxicity profile with de
creased incidence of leukopenia and hepatotoxicity, favorable 
effects on prophylaxis of vascular (humoral) rejection, and possi
bly decreased incidence of post-transplant lymphoproliferative 
disorders. 
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tracellular nucleotide precursors pool (UTP and CTP), which are 
essential for formation of DNA and RNA. The lymphocytes lack 
an alternate salvage pathway for pyrimidine synthesis and are 
completely dependent upon the de-novo pathway which renders 
them uniquely susceptible to the activity of BQR during the 
active, proliferative phase of the immune response-^\ The in
hibitory effect of BQR can be reversed by addition of exogenous 
uridine but not cytidine, suggesting that BQR may inhibit not 
only DHODH, but also the enzyme cytidine deaminase which 
converts cytidine to uridine (Figure 10)-"'. 

BREQUINAR SODIUIVI INSC 368390, DUP 785) 

Brequinar sodium (BQR). also known as NSC 368390 or DUP 
78.'), is a synthetic quinoline carboxylic acid analog (Figure 10)-^' 
which acts as an antimetabolite and exhibits iminunosuppressive 
and antitumor characteristics. The drug was initially developed 
and studied as an anti-cancer agent; however, its success in clini
cal oncology has been relatively modest. Thus it is now primarily 
being investigated as an inmiunosuppressive agent. 

IVIechanism of action 

BQR achieves its antiproliferative effect by non-cotnpetitively 
and reversibly inhibiting the de-novo pathway of pyrimidine syn
thesis-"-". BQR inhibits the activity of dihydroorotate dehydro
genase (DHODH), which catalyzes the conversion of 
dihydroorotate to orotate, and this disruption of the de-novo 
pathway of pyrimidine synthesis results in the depletion of the in-

Pharmacolcinetics 

The initial pharmacokinetic studies were perfonned in cancer pa
tients and the available data suggest excellent bioavailability in 
excess of 90%-". The compound is water-soluble and can be ad
ministered easily in an oral or intravenous form. Peak levels occur 
2-4 hours after an oral dose. The steady-state volume of distribu
tion of BQR is in proximity of 8 1/m- with biexponential clear
ance following an intravenous dose, and a mean terminal 7"̂  of 
8-15 hours-^**-'''. A variety of dosing schedules have been investi
gated, and it appears that the most effective and least toxic was 
when BQR was administered on an alternate-day schedule'""'. 

The metabolism of BQR has not been clearly delineated, but 
the primary site of metabolism is believed to be the P-450 cy
tochrome oxidase system in the liver with excretion primarily in 
the feces (66%) and urine (23%). No secondary metabolites 
appear to be active. Co-administration of cyclosporin increases 
the plasma BQR concentrations significantly without a concomi
tant change in cyclosporin levels-'". 
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The activity of BQR can be monitored either by monitoring the 
drug levels which can be measured using a sensitive reverse-
phase HPLC assay-"*- or by evaluating its effects on lympho
cytes by means of a whole blood mitogen stimulation assay 
(MSA)-"". The MSA consists of incubation of heparinized whole 
blood from patients treated with BQR in a culture medium with 
phytohemagglutinin. Clinical studies in patients with psoriasis, 
and in renal and liver allograft recipients, have shown close corre
lation between plasma drug levels and lymphocyte responsiveness 
to mitogen stimulation. 

Experimental pharmacology 

BQR has a broad spectrum of immunosuppressive activity, as 
evident from the in-vitro models of lymphocyte function. BQR 
eminently inhibits a wide variety of cellular immune responses 
including alloantigen or mitogen-induced proliferative re
sponses and in-vivo suppression of graft-versus-host and 
delayed-type hypersensitivity responses-'*^. The concentration of 
BQR required for inhibition of B cell responses is relatively 
higher but still attainable in clinical use. It abrogates the anti
body response to sheep RBC or pneumococcal polysaccharide 
antigenic stimulation^''^ It is the effect on the humoral arm 
of the immune response which makes BQR an attractive agent, 
since current cyclosporin-based regimens do not provide 
efficient protection against B-lymphocyte-mediated immune 
response. 

BQR is reported to prolong allograft survival in rat, pig, and 
primate models, and also xenograft survival in the rodent model. 
Rat models have provided the most comprehensive information 
on the ability of BQR to prevent rejection and, not unlike other 
immunosuppressive agents, the efficacy of the drug differs in dif
ferent organ systems, as does the ability to induce permanent graft 
tolerance-*"'^'*'. Graft survival is prolonged for the period of treat
ment and, upon discontinuation of the drug, graft rejection occurs 
within a few days to weeks, reflecting the reversible nature of 
pyrimidine synthesis inhibition'"". 

BQR is also effective in treatment of active ongoing rejection, 
the rescue being most effective when treatment is started 6-8 
days post-transplant of liver allografts in rats-'"'. Its ability to 
prevent graft rejection as a single agent in larger .species has been 
limited by species-specific toxicities. Dogs and pigs are extremely 
sensitive to its gastrointestinal and hematological side-effects 
even at relatively small doses, whereas subhuman primates are 
less sensitive and show significant benefit in cardiac allograft 
survival either with BQR alone or in combination with 
cyclosporin-"^. 

Since humoral immune responses play a significant role in re
jection of xenogeneic transplants and in presensitized recipients, 
the use of BQR in these situations has been investigated and 
found to prolong graft survival and prevent accelerated rejec
tion-"** -•*'. The combination of cyclosporin with BQR exhibits 
synergistic interaction in both allograft and xenograft models-^". 
Further, the combination of BQR, cyclosporin and rapamycin is 
effective in prolonging heart allograft survival-", and the combi
nation of two antimetabolites BQR and mycophenolate mofetil 
(RS61443) also induces prolonged survival of rat cardiac allo
grafts with no increase in toxicity-'". 

Clinical trials 

The initial clinical experience with BQR was in patients with 
solid malignancies, which generated an extensive database for 
subsequent studies in organ transplantation. Arteaga et al. re
ported on the effects of a 5-day course of intravenous BQR in 45 
patients with refractory solid tumors. The toxic side-effects in
cluded nausea, vomiting, malaise, anorexia, diarrhea, mucositis, 
hepatotoxicity, dermatitis, anemia, leukopenia and thrombocy
topenia. Dose-limiting toxicities included thrombocytopenia and 
desquamative maculopapular dermatitis usually associated with 
mucositis-^'^. In a similar group of 43 patients reported by 
Schwartsmann el al., who were treated with a single dose every 3 
weeks, the toxicity profile was almost identical to that seen with 
daily dose administration and the incidence increased with the 
dose^'-. The phase II trials in 53 lung cancer patients-" and 19 pa
tients with squamous cell carcinoma of head and neck-'̂ '* revealed 
no objective benefit from treatment, and characterized poor re
sponse of the tumors to treatment with BQR. The side-effects re
ported in these trials were similar to those seen in phase I trials, 
including myelosuppression, gastrointestinal disturbances, mu
cositis and skin rashes. 

The phase I studies in organ transplant recipients to investigate 
the effects of BQR in single-dose and multiple ascending do.ses 
have been reported-". Eighteen clinically stable recipients of or
thotopic liver transplants who had normal liver function tests 
were given a single dose of BQR ranging from 0.5 to 4.0 mg/kg. 
There were minor complaints of headache and diarrhea, which re
solved without treatment, and no serious toxicities reported. Ten 
other patients received 15 oral do.ses on alternate days, 1 week 
following the single intravenous dose of 0.5-2.0 mg/kg. The side-
effect profile was similar to the previous group, with headache 
and diarrhea being major complaints. There were also five minor 
infections reported in seven patients who completed the protocol. 
Despite widely varied blood levels there was significant immuno
suppressive activity in all patients when assessed by whole blood 
mitogen stimulation assays (MSA). Further studies are currently 
in progress to develop a better understanding of dosing drug 
levels MSA and clinical outcome. 

Toxicity 

BQR is an antimetabolite and toxicity is manifested in tissues 
with rapid cell turnover such as bone marrow, gastrointestinal 
tract, lymphoid system and skin-''' -''''. There are significant differ
ences in the sensitivity of different species to the drug, but the 
profile of side-effects is the same in experimental animals and 
among patients in phase I clinical trials. The primary dose-
limiting toxicities are thrombocytopenia, dermatitis and mucosi
tis-'''. The non-competitive and reversible nature of enzyme 
inhibition allows for rapid reversal of side-effects by discontinua
tion of the drug and replacement of pyrimidine nucleotide, 
uridine. 

Future prospects 

The preclinical and brief clinical experience with BQR has 
demonstrated its remarkable efficacy as a primary immunosup
pressant, synergy with other drugs, potential for use in presensi-
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tized patients and xenogeneic transplantation, predictable side-
effects and potential for their reversal, all characteristics which 
make it an attractive agent for inclusion in combination immuno
suppressive protocols. 

profile reveals a short plasma half-life in the range of 4-37 
minutes, depending upon the species studied, with predominantly 
renal clearance-"'''. Six major metabolites of DSG have been 
identified, but none of them is known to have any clinical 
activity-^". 

15-DEOXYSPERGUALIN 

In 1981 Takeuchi el at., at the Institute of Microbial Chemistry in 
Tokyo, presented a novel antitumor antibiotic obtained from the 
bacteria! strain BMG 162-aF2 (Bacillus laterosporus)^^''. The 
compound was named spergualin, and was noted to exhibit strong 
inhibitory effect against experimental mouse tumors. Over the 
next several years the group studied more than 400 analogs of 
spergualin and the synthetically dehydroxylated compound (7-
guanidino-3-heptanimide group replaced by 7-guanidinoheptan-
imide), 15-deoxyspergualin (DSG), was selected for further 
development due to its greater potency and broader dose range 
compared to spergualin. 

Mechanism of action 

The precise biochemical mechanism of action for DSG has not 
yet been fully elucidated; however, recent studies have presented 
exciting hypotheses of possible intracellular targets. DSG 
specifically binds to Hsc70, a constitutively expressed member of 
the heat shock protein 70 (Hsp70) family-'**. Hsp70 plays an im
portant role in the translocation of proteins from cytosol to 
nucleus in the immune response'^''*, and in the binding and intra
cellular transport of antigenic peptides within the antigen-present
ing cell-*'"-'''. Supporting this theory are several reports 
suggesting that heat shock proteins (Hsp) contain a peptide 
groove, very similar to MHC molecules-*"-, and it is plausible that 
DSG interferes with antigen processing and presentation by inter
fering with the loading of peptides onto MHC molecules, hence 
behaving as a peptide mimetic-*"'. 

The other likely explanation for the immunosuppressive activ
ity of DSG may be related to the inhibition of function of Hsp es
sential for the immune response. It is known that heat shock 
proteins, Hsp70 and Hsp90, are associated in a complex with the 
glucocorticoid receptor, Hsp 59, and possibly the immunophilin-
cyclophilin. The exact role of this complex is not well under
stood, but the Hsp are essential for the transformation of the 
glucocorticoid receptor to the high-affinity binding state-''''-*'''. 
The binding of the immunosuppressive agents cyclosporin. 
Tacrolimus, corticosteroids and DSG to one common receptor 
complex suggests a common biochemical pathway; however, the 
exact mechanism is still unclear. 

Pharmacokinetics 

DSG carries an asymmetric carbon atom in position 11, thus two 
isomeric forms are possible, (-I-) and (-); the immunosuppressive 
effects are connected to the latter enantiomer, though toxicity 
seems to be associated with both-*'*'. It is stable in lyophilized 
form but unstable in neutral solution or culture medium at 37°C. 
The drug is poorly absorbed from the gastrointestinal tract, with 
an oral bioavailability in the range 3-6%. The pharmacokinetic 

Experimental pharmacology 

The activity of DSG has been tested in several in-vitro models of 
immune function, but the results have been confounded by the 
fact that DSG becomes metabolized to toxic aldehydes by 
polyamine oxidases present in fetal calf serum. It has been shown 
that, in the absence of such oxidases and the toxic aldehyde 
metabolites, DSG has no effect on mitogen-induced T cell prolif
eration-*'^. DSG has a partial inhibitory effect on alloantigen-
driven human mixed lymphocyte responses (MLR), even when 
added to the culture after 24 hours, unlike cyclosporin which in
hibits the response more completely but has no effect upon inhibi
tion of lymphocyte proliferation once the immune response has 
been activated. It appears that DSG inhibits the secondary cyto
toxic T lymphocyte (CTL) response in its early induction phase 
and not the later effector phase, and there is no inhibition of 
already induced cytotoxic T lymphocyte-^". Furthermore, the CTL 
response can be restored in vitro by addition of IL-2 or interferon 
gamma-^". DSG also inhibits the delayed-type hypersensitivity 
(DTH) response to sheep RBC in vivo when the animals are pre-
treated with DSG, but not when treated at the time of rechallenge, 
suggesting it interferes with the development of effector cells 
rather than the effector phase itself^''. 

The immunopharmacologic profile of DSG is remarkable for 
extremely potent suppression of the humoral immune response 
which results in the inhibition of antibody response to both T cell-
dependent and T cell-independent antigens. It is likely that these 
effects are due to suppression of B cell or antigen-presenting cell 
function. Studies with murine pre-B cell lines have localized the 
suppression by DSG to inhibition of nuclear and cytoplasmic 
transcription factors which regulate expression of differentiation 
specific genes for synthesis of immunoglobulins. The exact 
details of its interactions with the intracellular targets are still to 
be determined, and further studies are required to elucidate if 
other stages of B cell differentiation are also affected-*''. 

DSG also inhibits macrophage functions such as production 
and secretion of hydrolytic enzymes^'-, expression of MHC class 
II antigens and the secretion of IL-1-^'. Other investigators have 
shown that DSG inhibits antigen-stimulated lymphocyte prolifer
ation in response to conventional antigens such as tetanus toxoid 
or diphtheria toxin, but not in response to superantigens such as 
staphylococcal enterotoxin A or toxic shock syndrome toxin. The 
conventional antigen-induced response is inhibited by pretreat-
ment of monocytes with DSG, but not of T cells alone. This sug
gests that DSG inhibits responses to antigens which require 
processing prior to presentation to T cells and the inhibitory 
process is mediated via the antigen-presenting cells-^^. There are 
several reports of the use of DSG in a variety of animal models 
including mice, rats, dogs and monkeys for prevention of rejec
tion in heart, kidney, liver, lung, pancreas, skin, thyroid and bone 
marrow transplants. The murine heterotopic cardiac allograft 
model shows several-fold longer survival when treated with DSG 
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when compared with cyclosporin, and also results in donor-
specific immune unresponsiveness-'''. DSG treatment of allogenic 
bone marrow recipient mice prevents the development of graft-
versus-host disease and also encourages engraftment of the donor 
bone marrow-^''. 

In rats, DSG produces a dose-dependent prolongation of 
median survival of heterotopically transplanted cardiac allo
grafts-" and was as effective as cyclosporin or tacrolimus in ex
tending the median survival of orthotopic liver allografts, with 
less hepatotoxicity than cyclosporin-'". Similarly, survival of or
thotopic renal allografts in mice is prolonged by DSG with induc
tion of donor-specific immune tolerance, but the histopathologic 
analysis reveals that DSG does not prevent the infiltration of the 
allograft by lymphocytes. The graft-infiltrating lymphocytes from 
DSG-treated animals have considerably less T cell activation 
markers when compared to untreated controls, but it proves that 
DSG does not completely block the immunologic response-'''. 
DSG is also extremely effective in the treatment of established 
acute rejection in a rat orthotopic liver transplant model-'**. 

The experience in canine transplant models with DSG has been 
significantly hampered by its gastrointestinal toxicities, but in 
primate models of cardiac allografts it reaches the same efficacy 
as antilymphocyte globulin in prevention of acute rejection-*"-*". 
DSG has also been effective as a single agent for prolongation of 
graft survival in concordant xenotransplants involving hearts-"-, 
kidneys-'*\ and skin-'*'*. Furthermore, in discordant models such 
as pig-to-rat islet allografts, it is effective in combination with 
antilymphocyte globulin-*'\ 

Clinical trials 

Clinical trials have been almost exclusively limited to renal trans
plantation. DSG has been used for prophylaxis, for treatment of 
acute rejection, and as rescue treatment for refractory rejection in 
over 300 patients worldwide, but the reports are non-randomized, 
are unblinded, and use many different immunosuppressive proto
cols, thus making comparisons very difficult. In the Japanese 
Collaborative Transplant Study, deoxyspergualin was used to 

treat acute and chronic renal allograft rejection in a controlled 
multicenter trial, and it successfully reversed all types of rejection 
in 80% of the patients. Early or accelerated rejection was reversed 
in 80-92%, chronic rejection was reversed in 67-69%, and as 
rescue therapy it was successful in 80-88%-*^-'*'. DSG, when 
used in induction protocols, has beneficial effects by maintaining 
patients on steroid-free regimens-*"*, and at lower maintenance 
doses of cyclosporin-*'''. Anecdotal reports on use of DSG in liver 
transplantation and pancreatic islet cell transplantation have also 
been encouraging-'*"-'". 

DSG has also been used in reducing the rebound HLA antibod
ies in renal transplant recipients after plasmapheresis-'". There is 
also a report of DSG being used successfully in adjunct with cy
closporin, prednisone, antilymphocyte globulin, azathioprine and 
local irradiation following splenectomy as salvage therapy in in
compatible transplantation with a positive crossmatch-"-. 

Toxicity 

The toxicity of DSG is believed to be species-specific. While 
dogs develop serious gastrointestinal side-effects at relatively 
small doses-**", rodents show virtually no side-effects. Clinical 
trials in humans have shown mild adverse reactions with transient 
hematologic abnormalities, which seem to be dose-dependent and 
are most prominent 2-3 weeks after a 5-day induction period-**''. 
Evidently there is suppression of both erythrocyte and leukocyte 
precursors in the bone marrow with prevention of proliferation 
and differentiation, as seen from animal models. Besides bone 
marrow suppression the only other major side-effect in humans 
was nausea seen at a dose greater than 6 mg/kg per day. 

The other reported side-effects include patchy alopecia, 
lethargy, diarrhea, epistaxis and elevated liver enzymes in rats 
treated for 3 weeks-''-. 

Future prospects 

DSG is a promising agent with a unique mechanism of action and 
potential for use in prophylaxis and treatment of acute cellular re-
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jection. Its potent humoral immunosuppressive effects may be 
helpful in the prophylaxis and treatment of acute vascular rejec
tion in allogeneic, as well as xenogeneic, transplantation. 

MONOCLONAL ANTIBODIES 

Monoclonal antibody therapy (see Chapter 71) has opened new 
vistas in antigen-specific therapy in organ transplantation. The 
past decade has seen the introduction of the murine monoclonal 
anti-CD-3 antibody, OKT3, in clinical practice as a popular 
choice for early prophylaxis and treatment of corticosteroid-
resistant rejection; however, it has several limitations including 
the first-dose cytokine release phenomenon, and development of 
human antimurine antibodies, and most distressing is the in
creased incidence of vascular rejection associated with sensitiza
tion. Since 0KT3, several other agents have entered into clinical 
trials, but none has yet graduated into clinical practice. Table 4 
lists the newer monoclonal antibodies which are currently being 
investigated. 

The evolution of these immunotherapies has closely followed 
the advances in our knowledge of the various mechanisms in
volved with allograft rejection, the role of cytokines, MHC and 
adhesion molecules. Thus today we have several targets for alter
ation of the immune response rather than the purgative panlym-
phocytic depletion approach of earlier polyclonal agents. 

The recent data from several trials employing monoclonals 
against CD4 and CD54 have suggested remarkable efficacy. The 
experience with these agents and other monoclonal antibodies is 
reviewed in detail elsewhere'". 

SK&F 105685 

SK&F 105685 is a novel azaspirane with potent immunoregula-
tory activity and the ability to suppress autoimmune disorders in 
experimental animals. The exact mechanism of action of this 
agent has still not been clearly elucidated, but it is believed that 
SK&F 105685 and other related azaspiranes are able to induce 
'natural' or 'non-specific' suppressor cells (SC) much like those 
seen after total lymphoid irradiation in absence of myelotoxic
ity"^. The identity of these SC which confer specific transplanta
tion tolerance continues to be nebulous, but their activity is 
clearly unrelated to classic CDS suppressor T cells, other mature 
T cells, B cells, NK cells or macrophages, and they may belong to 
the premyeloid/monocytic lineage'". 

Total lymphoid irradiation (TLI) has been extensively studied 
and often used for immunosuppression in bone marrow and solid-
organ transplantation for induction of relative allotolerance, espe
cially in face of unrelenting and unremitting rejection. In experi
mental models TLI induces 'natural' or 'non-specific' SC, which 
are resistant to irradiation and confer suppression of the host 
immune response to antigenic challenge"''. SK&F 105685 has the 
same immunological profile with respect to its ability to induce SC. 

fair bioavailability following oral doses ranging from 5 to 
30 mg/kg per day. The dose-response studies reveal the 20 mg/kg 
per day dose to be most efficacious in prevention of acute rejec
tion in rat heterotopic cardiac allograft models"'. There are no 
data available on its pharmacokinetic profile in humans. 

Experimental pharmacology 

The few reported animal experiments studying the effects of 
SK&F 105685 in the transplantation models have suggested 
benefit from treatment irrespective of particular protocol. 
Prolongation of graft survival was nearly equal whether patients 
were pretreated with SK&F 105685 or received it post-trans
plant"'. The effects of pretreatment with SK&F 105685 were po
tentiated by the use of low-dose cyclosporin, which by itself was 
ineffective"'. 

The immunohistopathologic evaluation of cardiac allografts 
harvested from SK&F 105685-pretreated rats reveals marked ab
rogation of classic rejection with significantly reduced mononu
clear cell infiltration, reduced induction of IL-2 and transferrin 
receptors, decreased production of IL-2 and IFN-y, suppression 
of other cytokines (IL-1, IL-6, TNF-a), reduced endothelial acti
vation factors and reduced expression of adhesion molecules such 
as ICAM-1 or thrombomodulin"''. 

Similar findings have also been noted in rat renal allografts 
with decreased infiltration of mononuclear cells, and decreased 
eicosanoids production"'. The drug has also been effective in in
hibiting hind paw inflammation in the adjuvant arthritis model"'', 
and it blunts the delayed hypersensitivity responses to tuberculin 
(PPD)"-, suppresses paralysis in the experimental allergic en
cephalomyelitis model"- and attenuates glomerular changes in 
the MRL(Lpr/Lpr) lupus nephropathy model"''. 

Clinical trials, toxicity, future prospects 

There are no clinical trials or data on toxicity available currently 
on SK&F 105685; however, considering its novel mechanism of 
action one would anticipate its early graduation into dose-ranging, 
safety and pharmacokinetic studies. The immunoregulatory thera
peutic strategy may some day find a niche in the world of organ 
transplantation. 

PHOTOPHERESIS 

Extracorporeal photopheresis (see Chapter 72) is an apheresis-
based immunomodulatory therapy which has been successfully 
used for treatment of patients with cutaneous T cell lymphoma, 
systemic sclerosis and other autoimmune disorders. The limited 
clinical experience with use of this immunomodulatory therapeu
tic modality in the realm of solid-organ transplantation has pro
vided encouraging results, and given it the status of a promising 
neo-adjunct to immunosuppression. 

Pharmacokinetics 

The paucity of detailed pharmacologic studies with SK&F 
105685 makes it difficult to characterize its kinetics, bioavailabil
ity and metabolism. The few animal experiments have suggested 

Mechanism of action 

The mechanism of action of photopheresis still remains unclear, 
though it is postulated that the photoactive medication 

652 



NKW PHARMACOLOGIC IMMUNOSUPPRESSIVE AGENTS 

8-methoxy-psoralen is taken up by leukocytes and is activated by 
ultraviolet A irradiation, which leads to crosslinking of DNA and 
a proliferative arrest'*". The activated or large mononuclear cells 
appear to be exceptionally sensitive to the effects of psoralens and 
ultraviolet A, possibly due to increased receptors for psoralens. It 
also induces cytokine elaboration from treated monocytes, some 
of which may play a key role in the immune response to the allo
graft. Its lack of effect on host response to T cell-dependent 
soluble antigens such as tetanus toxoid, or on delayed-type hy
persensitivity response, suggests that it does not profoundly sup
press cell-mediated immunity'"'. However, there is now 
experimental evidence in cutaneous allograft rejection models 
that photopheresis may stimulate an antigen-specific suppressor-
T cell response, akin to active immunization against alloreactive 
photoinactivated T cell clones''*-. 

common side-effect is psoralen-induced nausea, which is usually 
mild and transient. Hypotension may occur in the leukapheresis 
phase and seems to be dependent upon the intravascular volume 
status. Low-grade fevers have been noted in patients with cuta
neous lymphoma 4-12 hours after therapy, and seem to be caused 
by the release of inflammatory and pyrogenic cytokines by 
induced monocytes'*", 

Future prospects 

Extracorporeal photopheresis is a promising new modality with 
remarkable efficacy and lack of toxicity or profound side-effects, 
and awaits further randomized clinical trials prior to gaining ac
ceptance as neo-adjuvant immunosuppressant. 

Clinical and experimental reports 

Experimental rat models of skin'*' and cardiac'** transplantation 
have shown significant prolongation of allograft survival. 
Encouraging results have also been noted in primate models of 
allo-and xenotransplantation'*\ Success in animal models led to 
early graduation of this novel immunomodulatory technique to 
use in clinical transplantation. Costanzo-Nordin et al reported the 
use of photopheresis in treatment of acute rejection in cardiac al
lografts. In a pilot study, nine episodes of hemodynamically 
stable moderate rejection (ISHLT grades 2, 3A and 3B), occur
ring at a mean of 114.4 ± 180.5 days post-transplant, were 
treated in seven patients. Eight of nine episodes were successfully 
resolved, as assessed by subsequent endomyocardial biopsies per
formed 7 days after treatment'*^. 

In a subsequent randomized study by the same investigators 
photopheresis, when compared to corticosteroid therapy, was 
found to be equally effective and well tolerated, with no adverse 
effects'*^. Analyses of post-treatment biopsies revealed significant 
decrease in macrophages and B cells in the photopheresis group, 
but the interstitial T cell infiltrative response was more prevalent 
and persistent, confounding interpretation of endomyocardial 
biopsies in photopheresis-treated patients'*"***. 

Photopheresis has also been used as adjunct immunosuppres
sion for chronic maintenance, and was shown to be safe and ef
fective, with reduction in numbers of acute rejection episodes and 
fewer infections than the control group who received standard 
triple therapy with cyclosporin, azathioprine and gluco-
corticoids'***. The above approach has also shown beneficial 
effects in the prevention of progression of coronary intimal hyper
plasia, as photopheresis-treated patients had significantly de
creased coronary intimal thickening as measured by intravascular 
ultrasound at 1 year follow-up'*'*. 

A multicenter trial is currently under way to assess the safety 
and efficacy of adjunctive photopheresis in prevention of acute 
rejection, and the results of this study should be available soon. 

Toxicity 

The wealth of clinical experience with photopheresis has been 
gathered with its use in patients with T cell lymphoma, and it 
reveals that it is an extremely well-tolerated procedure. The most 

CASTANOSPERMINE 

Castanospermine is an alkaloid isolated from the seeds of an 
Australian legume Caslanospermum australe. The past decade 
has seen considerable advances in our knowledge of cell-cell in
teractions and the role of adhesion molecules in the co-stimula
tory pathways mediating vascularized allograft rejection--. It has 
been theorized that, since adhesion molecules play an important 
role in allograft rejection, interference in their expression may 
alter the immune response. 

Mechanism of action 

Castanospermine is an a-glucosidase inhibitor which interrupts 
the intracellular processing of glycoproteins by preventing the 
removal of glucose from the N-linked carbohydrates of various 
glycoproteins'''". The retardation of glycoprotein processing 
results in down-regulation of T cell glycoprotein surface receptors 
such as LFA-1, ICAM-1, MHC class II ' ' ' and MHC class I ' " , 
and this interferes with lymphocyte homing, lymphocyte— 
endothelial cell interaction and antigen-presenting-cell-T-helper-
cell interaction'-'", 

Experimental pharmacology 

CD54 or LFA-1 is a glycoprotein expressed on vascular endothe
lial cells, tissue macrophages, T lymphocyte blasts, and dendritic 
cells, and presents itself as a binding ligand for CDl la or ICAM-
1. The treatment of these cells with Castanospermine markedly 
diminishes CD54 expression, and hence interferes with leukocyte 
migration into the allograft"*, Castanospermine also inhibits 
pokeweed mitogen-induced human lymphocyte cultures, where it 
strongly decreases the number of IgG, IgM, and IgA secreting 
cells. The effect seems to be preferential on B cells suggesting al
teration of their membrane oligosaccharides which interferes with 
T cell-B cell interaction'"'''. 

Several animal models stand to the testimony of efficacy of 
Castanospermine in prevention of allograft rejection. It has been 
tested in pancreaticoduodenal'"''', heart '", and kidney'"^"* grafts 
with favorable results showing prolongation of allograft survival. 
It also inhibits the rejection of accepted thyroid allografts induced 
by intraperitoneal injection of donor strain spleen cells with a 
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reduction in lymphocyte infiltration of 25-35% wtien compared 
with untreated controls'-'"''. 

Castanospermine when used in combination with FK-506 at 
subtherapeutic doses was able to inhibit the proliferative response 
in a mixed lymphocyte reaction, and prolong heterotopic cardiac 
allograft survival in MHC mismatched rats, suggesting pharmaco
logic synergism""". 

Clinical trials, toxicity, future prospects 

The lack of clinical trials makes it difficult to predict the toxico-
logical profile and future prospects for this agent. It is well known 
that the seeds of Castanospermum australe are toxic to some 
animal species, resulting in gastrointestinal disturbances, but 
detailed studies are still to be performed. Certainly, castano
spermine presents a novel approach to immune modulation, and 
may find a role in the multi-drug combination protocols by nature 
of its synergy with other agents and decreased potential side-
effects. 

OTHER AGENTS 

Discodermolide 

Discodermolide is a polyhydroxylated lactone which was isolated 
from a marine sponge Discodermia dissoluta^^\ and is different 
from other novel immunomodulatory agents which are mainly 
derived from plants or microorganisms. This compound blocks 
cellular proliferation in lymphoid and non-lymphoid cells. 

It was noted to have potent immunosuppressive properties in 
both murine and human in vitro lymphocyte stimulation assays'". 
It is capable of inhibiting mixed lymphocyte response even when 
added up to 3 days following initiation of cultures of mitogen-
stimulated T cell proliferation, but has little or no effect on lL-2 
production or lL-2 receptor expression. It suppresses the activity 
of lymphokine-activated killer (LAK) cells""'. Cell cycle progres
sion analysis reveals that discodermolide blocks the progression 
of cells from GVM phase to the G| phase, causing the prolifera
tive arrest in a manner quite similar to anthracyclines. The exact 
point where mitosis is blocked is unclear, and is currently under 
investigation. Possibly interruption of DNA topoisomerase II ac
tivity""* may represent the biochemical lesion responsible for the 
antiproliferative effects of discodermolide. 

In vivo studies have shown it to be effective in suppression of 
graft-versus-host reaction""\ Furthermore, it has no cytotoxicity, 
and its effects are reversible by removal of the drug. Additional 
studies in animal models of experimental transplantation are cur
rently being pursued, and it may be several years before discoder
molide reaches clinical trials. 

LF 08-0299 

LP 08-0299 is a new immunosuppressive compound, currently in 
preclinical development at the Laboratoires Foumier, France. It 
has been investigated as an agent to induce donor-specific allo
graft tolerance in experimental models of rat skin and cardiac 
transplants in MHC-mismatched recipients""*". In this model it 
demonstrated ability to induce a specific state of clinical tolerance 

with short-term treatment, an objective which could not be 
achieved with cyclosporin. 

Enisoprost and SC 45662 

Enisoprost is a prostaglandin E analog which suppresses IL-2 pro
duction and IL-2 responsiveness. SC 45662 is a 5-lipooxygenase 
inhibitor which may affect the immune system by prevention of 
formation of leukotriene B4, a known enhancer of IL-2 produc
tion and natural-killer-cell-mediated cytotoxicity. Both these 
agents have been shown to possess immunosuppressive activity, 
with suppression of mitogen-induced mononuclear cell prolifera
tion and inhibition of effector function of cytotoxic T lymphocytes 
against allogenic target cells'^'. These compounds need further 
studies, and may have a role as adjunctive therapy. 

Bryostatin 

Bryostatin is a macrocyclic lactone isolated from the marine or
ganism Bugula neritina, and shares the ability of phorbol esters to 
bind and activate protein kinase C. There is some experimental 
evidence to suggest that it may induce antigen-specific non-
responsiveness in human peripheral blood T cells'^". 

COMMENT 

The newer immunosuppressive agents possess a variety of mecha
nisms of action and affect diverse components of the immune 
response. Since allograft rejection is a complex process, to 
assume that one single agent could possibly prevent and control 
the rejection process would be ludicrous, hence combination im
munosuppressive regimens with complementary mechanisms of 
action and without potential for unfavorable interactions or over
lapping toxicities should provide the desirable outcome in clinical 
practice. 
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71 
New Monoclonal Antibodies 
M.R. COSTANZO 

INTRODUCTION 

The technology for the production of monoclonal antibodies 
(moabs) was established 20 years ago by Kohler and Milstein'. 
The fusion of myeloma cells with immunized spleen cells pro
duces a hybridoma. Such a cell line possesses both the immortal
ity of myeloma cells and the ability to produce an antibody of a 
single predetermined specificity. In contrast to polyclonal anti
bodies, moabs are homogeneous, have greater potency at lower 
doses, and have a more predictable and consistent effect'. Since 
its introduction, moab technology has become an important diag
nostic and therapeutic tool in many areas of medicine. These 
include the identification of phenotypic markers unique to partic
ular cell types, immunodiagnosis, tumor diagnosis and therapy, 
functional analysis of cell surface and secreted molecules, and 
prevention and treatment of organ transplant rejection. 

Moabs represent a significant advance in the immunotherapy 
of organ transplantation, since they are free of the main limita
tions of polyclonal preparations, such as undesired cross-reacting 
antibodies and batch-to-batch variability^"^. To date, the moab 
which has been most widely used clinically is OKT3, a murine 
moab of the IgG2a subclass directed against the epsilon chain of 
the CD3 receptor on the surface of human T cells'. The CD3 
complex is closely associated with the T cell receptor (TCR). The 
CD3/TCR complex plays a pivotal role in T cell function. 
Antigen recognition by the TCR results in signal transduction via 
the CD3 molecule and subsequent T cell proliferation and activa
tion of cytotoxic T cells. 0KT3 inhibits the CD3/TCR complex, 
inactivating lymphocytes*-̂ . 

In heart transplant recipients 0KT3 successfully reverses rejec
tion refractory to intensified corticosteroid therapy and polyclonal 
anti-T-cell preparations'. While there is general agreement that 
0KT3 is effective for the treatment of stubborn rejection, the role 
of this moab in the prevention of heart allograft rejection remains 
controversial'. The use of OKT3 can be associated with 
significant adverse effects. These include the cytokine release 
syndrome resulting from 0KT3-induced T cell activation which 
can occur after the first few 0KT3 doses'"-", the development of 
human anti-mouse antibodies which may limit efficacy and 

preclude retreatment with OKTS"^^", an increased incidence of 
opportunistic infections, such as those due to cytomegalovirus 
(CMV)^', and an increased incidence of post-transplantation 
lymphoproliferative disorders-'. 

Advances in the knowledge of molecules and immune mechan
isms involved in the rejection of an allograft, and the need to 
overcome the limitations of currently available immunosup
pressive strategies have stimulated the development of new 
moabs, which will be the focus of the brief review that follows. 

NEW MONOCLONAL ANTIBODIES CURRENTLY BEING 
EVALUATED 

CDS monoclonal antibodies 

WT32 

WT32, a murine IgG2a moab which has the same molecular 
target and adverse effects as OKT3, is very effective in reversing 
acute allograft rejection-'. CD3 cells are eliminated by 2-4 mg of 
WT32 and return to normal levels a few days after the last moab 
dose. Antibodies against WT32 are detected within 4 days of ces
sation of therapy, but they are mainly anti-idiotypic'' and their 
titers are usually lower than 1:100. 

Anti-T-cell receptor monoclonal antibodies 

T10B9.1A-31 

T10B9.1A-31 is a murine moab of the IgM subtype directed 
against the human alfi TCR which co-modulates TCR and CD3. 
It is non-mitogenic to human lymphocytes because it does not 
bind to the Fc receptor of monocytes-''. In clinical trials it has 
been effective for the prevention and treatment of renal allograft 
rejection and the reversal of corticosteroid-resistant heart allograft 
rejection"-''. The main disadvantage of T10B9.1A-31 is a short 
half-life, which requires administration every 8 hours. The main 
advantages include a toxicity lower than that of 0KT3 and the 
opportunity for sequential moab therapy, since antibodies 
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produced against OKT3 and T10B9.1A-31 are of different isotype 
and idiotype--*-''. 

Anti-adhesion molecules monoclonal antibodies 

The binding of adhesion molecules on antigen-presenting cells 
to their ligands on T cells is a critical event for T cell activation 
and function. A large body of experimental evidence suggests 
that inhibition of the interaction between adhesion molecules and 
their ligands may promote long-term acceptance of an allograft. 
Important in this regard is interference with the binding of the 
intercellular adhesion molecule-1 (ICAM-1) on antigen-
presenting cells to its leukocyte-function-associated-1 ligand 
(LFA-1) on T cells". The ICAM-1 molecule is identified by 
anti-CD54 moabs. The LFA-1 molecule is a heterodimer made of 
an a chain, identified by anti-CD 11 moabs, and a j8 chain, 
identified by anti-CD18 moabs. Since the ICAM-1 ^ chain plays 
an important role in leukocyte adhesion and function, anti-CD18 
moabs may be clinically effective in reducing donor allograft 
ischemic injury, but not in the prevention and treatment of allo
graft rejection-". On the other hand, moabs directed against the a 
chain of the LFA-1 and ICAM-1 may modulate allograft 
rejection. 

In a murine heterotopic heart transplant model between histo-
incompatible strains, the combined use of KB A, an anti-LFA-1 a 
chain moab, and YNl/1.7, an anti-ICAM-1 moab, but not the 
separate use of either moab, resulted in indefinite acceptance of 
the heart allograft-''. In a phase I clinical trial, 18 high-risk renal 
transplant recipients (prolonged preservation, highly sensitized re
cipients of cadaver kidney allografts) received the BIRR-1 moab 
(anti-CD54) intravenously at a loading dose of 20-160 mg fol
lowed by a 2-week 10 mg/day course. When therapeutic BIRR-1 
serum levels were achieved (>10 /xg/ml) no primary non-function 
occurred and allograft survival at 16-30 months of follow-up was 
78%. In contrast, among the recipients of the contralateral 
kidneys from the same donors, there were three cases of primary 
non-function, and survival was only 56% over the same follow-up 
period. Phase III clinical trials are ongoing in renal, but not yet in 
heart, transplant recipients^". 

Anti-interleukin-2 receptor monoclonal antibodies 

Phenotypic changes in the expression of the interleukin-2 receptor 
occur as a result of cell activation. The IL-2R consists of a low-
affinity 55-kDa subunit, termed the Tac peptide, and a high-
affinity 70-kDa subunit. Anti-IL-2R moabs include the murine 
anti-Tac (IgG2a) and the rat 33B3.1 (IgG2b). Anti-Tac has 
been used in clinical renal transplantation in combination 
with cyclosporin, prednisone, and azathioprine". Use of this 
agent resulted in a decreased frequency of early rejection 
episodes, a delayed onset of rejection, and good patient and 
graft survival rates". 33B3.1 has been used as an induction 
agent in primary cadaveric renal allograft recipients. It 
was well tolerated, but appears to be slightly less effec
tive than ATG in preventing acute rejection episodes. Sensi
tization to both antibodies occurred in 70-80% of treated 
patients'-. 

CHIMERIC AND HUMANIZED MONOCLONAL 
ANTIBODIES 

A major complication in the use of murine moabs has been the 
elicitation of anti-murine antibodies in the recipients. These anti
bodies, if present in sufficiently high titers, can decrease moabs' 
efficacy and preclude retreatment. In an attempt to attenuate sen
sitization against foreign antibodies, rodent antibodies have been 
'humanized' by linking rodent variable regions with human con
stant regions (chimeric). The immunogenicity is reduced, but not 
eliminated, since the foreign variable region is retained'*. Further 
refinement in 'chimerism' has been achieved by the development 
of moabs in which the only remaining murine portion of the anti
body is the complementarity-determining region (CDR-grafted 
moabs)''. 

A chimeric anti-CD4 moab has been compared to ATG in the 
prophylaxis of heart transplant rejection. A trend was detected for 
the anti-CD4 moab-treated heart transplant recipients to have a 
greater delay in the occurrence of the first rejection episode, lower 
rejection and infection rates, and higher 1-year survival''^. 
Prospective randomized trials in larger patient populations are 
needed to confirm the superiority of CDR-grafted moabs over 
conventional polyclonal preparations. 

FUTURE APPLICATIONS OF MONOCLONAL 
ANTIBODIES 

Future developments in moabs use will include: (a) therapy with 
the fully human effector portion of the moab (Fab') rather than 
with the whole antibody'''; (b) induction of tolerance to allografts 
and xenografts'*; (c) sequential use of moabs of different iso-
types; (d) delivery of toxins to target cells'^'". 

The production of fully human Fabs' requires that human vari
able regions (V-regions) be isolated and assembled in a phage. 
Because V-regions are inserted in contiguity with a gene encoding 
for one of the phage's external membrane proteins, surface display 
of the Fab' portion of the antibody will occur. Escherichia coli 
bacteria can then be infected with the Fab'-encoding phage and se
cretion of a soluble fully human Fab' induced. Selection of high 
affinity Fab' can then be done on an antigen-coated solid phage". 

The use of moabs to induce tolerance is likely to involve the 
combined administration of the moab and donor antigen. In a 
model of murine heterotopic heart transplantation, indefinite tol
erance to the allograft was obtained only with the combined use 
of an anti-TCR moab and the intrathymic injection of donor 
antigens'*. 

Immunotoxins are chimeric molecules in which cell-binding 
ligands, a cell-reactive moab or growth factor are coupled by a 
crosslinker to toxins or their subunits'''. The murine moab 
Zomazyme H65 (IgGl) is a ricin-A toxin conjugate that has 
in vitro effects of an anti-pan T cell antibody. The drug has been 
used in preliminary studies for the prevention and treatment of 
graft-versus-host disease"*. Phase I trials for the prevention and 
treatment of renal allograft rejection have been planned. 

COMMENT 

The therapeutic efficacy of moab therapy in human solid-organ 
transplantation has not been clearly demonstrated. Future devel-
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opments must focus on the development of fully 'human' moabs. 
It is likely that strategies designed to induce tolerance to the allo
graft will involve the combined administration of moabs and 
donor antigens''"'^. 
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Immunomodulation with Photopheresis 
M.L BARR 

INTRODUCTION 

Modem immunosuppressive regimens utilizing cyclosporin or 
tacrolimus (FK506), azathioprine or mycophenolate mofetil, and 
corticosteroids, with or without induction protocols using mono
clonal or polyclonal antibodies, have resulted in dramatically in
creased survival of transplanted organs. However, in addition to 
suppressing the immune response to the allograft, they impair 
immune function in a non-specific and often toxic fashion, 
leaving the host susceptible to increased risk of opportunistic in
fections, malignancy, and the direct side-effects of these drugs. 
Moreover, there remain significant morbidity and mortality from 
organ rejection in the form of acute episodes, as well as chronic 
forms as seen in late-onset progressive graft failure such as trans
plant coronary disease. 

Thus, despite the undesirable sequelae of current immunosup
pressive protocols, there are still a significant number of patients 
dying from organ-specific under-immunosuppression. While the 
percentages may vary, these problems continue to plague all vari
eties of solid-organ transplantation. The inability of these regi
mens to discriminate between individual clones of pathogenic and 
benign T cells, and the persistent problem with ongoing chronic B 
cell-related humoral immunity, have led to the use of novel forms 
of immunomodulatory therapies. 

TECHNIQUE 

Photopheresis is a technique in which the patient's peripheral 
blood mononuclear cells, in the presence of a photoactivatable 
compound, such as 8-methoxypsoralen, are exposed extracorpore-
ally to ultraviolet A light. Blood is usually removed via a pe
ripheral intravenous line. Utilizing a cell separator the 
leukocyte-depleted blood is returned to the patient while the 
leukocyte-enriched plasma, containing either systemically ab
sorbed or directly administered liquid 8-methoxypsoralen, is 
exposed to ultraviolet light in the 320-400 nm range. The buffy 
coat, with a hematocrit of approximately 5-7%, pas.ses through a 
photocassette at a thickness of 1 mm and has an average ultra

violet A exposure of 2 J/ml. The photoexposed white cells are 
then returned to the patient. The entire procedure can usually be 
completed in a total of 4 hours. 

The photoactivated 8-methoxypsoralen covalently binds to 
DNA pyrimidine bases, cell surface molecules, and cytoplasmic 
components in the exposed white cells'. The induction of 8-
methoxypsoralen-DNA crosslinks and photoadducts results in a 
lethal defect, and the reinfused cells die gradually in the recipient 
over a 1-2-week interval. The reinfused altered lymphocytes 
produce an autologous suppressor response that targets unirradi
ated T cells of similar clones via an ill-defined mechanism. 

EXPERIMENTAL AND CLINICAL EXPERIENCE 

In non-transplant conditions 

Edelson et al. first used photopheresis in humans to successfully 
treat cutaneous T cell lymphoma, a disease characterized by 
massive expansion of a single clone of helper T cells-. Of import
ance as a safety issue, general immune competence was spared in 
these treated patients, as demonstrated by the absence of infec
tious complications and the persistence of skin test reactivity. 
Based on work with this disease, photopheresis received FDA ap
proval for this indication. Additional disease states in which there 
has been laboratory and/or clinical work^ include scleroderma, 
pemphigus vulgaris, rheumatoid arthritis, systemic lupus, multiple 
sclerosis and, most recently, solid organ and bone marrow trans
plantation. All of these disease states are in part potentially medi
ated by expanded populations of unregulated effector T cells. 

In transplantation 

Based on prior experimental work with 8-methoxypsoralen and ul
traviolet A light treatment in rat autoimmune encephalitis^ and 
murine lupus models', Perez et al. performed a study in which 
CBA/j mouse donor skin was grafted onto Balb/c mice to intro
duce histoincompatible tissue with disparity in the H2 locus'". 
Upon skin graft rejection the spleen from the transplanted mouse 
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was removed, and splenic lymphocytes were cultured and then 
treated with 8-methoxypsoralen and ultraviolet A light. These pho-
toinactivated recipient splenic lymphocytes were then reinfused 
into a naive Balb/c mouse. These immunized Balb/c mice were 
tested for specific T cell immunoresponsiveness to CBA/j alloanti-
gens through the use of mixed lymphocyte cultures and cytotoxic
ity assays. The ability to mount a delayed-type hypersensitivity 
reaction and reject a CBA/j skin allograft was also tested. 

Compared to controls, Balb/c mice treated with the photoinactiv-
ated CBA/j spleen cells demonstrated decreased mixed lymphocyte 
culture proliferation and cytotoxic activity to CBA/j antigens. In 
vivo the treated mice had significantly longer survival of CBA/j 
skin allografts, yet retained the ability to respond to other third-
party skin grafts. This series of experiments represented an impor
tant finding in that donor-.specific immunosuppression, as opposed 
to pan-immunosuppression, was seen. 

The effects of photopheresis on primate cardiac xenografting 
were studied by Pepino et alJ. Utilizing a heterotopic 
Cynomolgus-monkey-to-baboon model, a cyclosporin- and 
steroid-based regimen was used. In addition, the experimental 
group was .started on prophylactic photopheresis beginning 3 days 
post-transplant, and then weekly thereafter. Similarly to the 
mouse skin graft model the photopheresis group had increased 
donor-specific immunosuppression, as evidenced by inhibited 
mixed lymphocyte culture responses compared to controls, and 
decreased formation of lymphocytotoxic antibodies to the donor, 
with prolonged xenograft survival. In addition, resolution of an 
acute rejection episode was seen in one animal following photo
pheresis therapy, without the need for augmented conventional 
immunosuppression. 

Based on the experimental murine and primate work, and the 
clinical experience and safety seen in cutaneous T cell lymphoma, 
our group initiated human cardiac transplantation trials. High-risk 
patients with elevated levels of non-donor-specific anti-HLA anti
body were treated with adjuvant photopheresis. Three of the four 
patients were multiparous women and two of the four patients 
were retransplants. Oral 8-methoxypsoralen and the Therakos 
UVAR system (Therakos, Inc., West Chester, Pennsylvania, 
USA) were used in a treatment schedule of 2 days sequentially 
every 3 ^ weeks for the first postoperative year, and every 6-8 
weeks during year 2. While there was no control group, and this 
was a purely observational study". Rose et al. noted an early de
crease in non-donor-specific anti-HLA antibody levels and a rela
tively low incidence of rejection. 

In a study by Costanzo-Nordin et ai, a regimen of one photo
pheresis treatment was compared to 3 days of high-dose steroids 
in the treatment of patients with hemodynamically stable cardiac 
rejection''. Although both the success and time to complete 
resolution of the episode were inferior to corticosteroids, photo
pheresis alone was capable of reversing acute cellular rejection in 
the majority of patients. Of additional importance, the photo
pheresis treatment group had a trend toward fewer post-rejection 
infections. 

Atherosclerosis in cardiac allografts may be a manifestation of 
chronic vascular/humoral rejection. Prior work has shown an as
sociation between the production of non-donor-specific panel-
reactive anti-HLA antibody and the development of transplant 
atherosclerosis'". Based on these observations, and the prior 
animal and human work, a phase II pilot clinical study", was 

performed by Barr et al. to determine whether the addition of 
monthly photopheresis to standard triple-drug therapy with 
cyclosporin, azathioprine and corticosteroids is safe, and results 
in lower levels of panel-reactive antibodies and transplant 
atherosclerosis. 

Photopheresis was begun within I month of heart transplan
tation and was performed on 2 successive days every 4 weeks. 
Oral 8-methoxypsoralen and the Therakos UVAR photophere
sis system were used in this study. Patients were randomized to 
either adjunctive photopheresis or standard triple-drug therapy 
only. Mean follow-up was 1.5 years. Both groups were 
comparable in the following demographics: age, sex, race, 
pretransplant heart disease, graft ischemic time, HLA mis
match, and donor- recipient CMV status. During the follow-up 
period cyclosporin level, azathioprine dose, and cumulative 
steroid doses were similar between the two groups. No differ
ences in average white blood cell count or cholesterol level 
were seen. There was no difference in infection rates. Rejection 
incidence and grades of rejections were also not significantly 
different. 

Non-donor-specific panel-reactive anti-HLA antibody levels 
were significantly reduced in the photopheresis group compared 
to the control group by postoperative month 3-4 ( / K 0 . 0 3 ) , and 
remained significantly lower through postoperative month 6 
(p<0.05). Of patients reaching at least 1 year of follow-up, 20% 
in the photopheresis group had transplant atherosclerosis on 
coronary angiography (defined as any abnormality seen) com
pared with 36% in the control group (p=n.s.). If the patient did 
not have obvious transplant atherosclerosis at the time of the an
giogram, intravascular ultrasound was performed to determine 
coronary artery intimal thickness. Intimal thickness at 1 year 
was 0.23 mm (±0.09) in the photopheresis group vs 0.49 mm 
(±0.20) in the control group (p<0.04). At 2-year follow-up 
intimal thickness was 0.28 (±0.08) in the photopheresis group 
vs 0.46 mm (±0.07) in the control group (/7<0.02). There was 
no difference at 2 years in the incidence of death in the two 
groups - 20% in the photopheresis group vs 23% in the control 
group. Photopheresis was safe, was well tolerated, and did not in
crease the morbidity of triple-drug-based immunosuppression in 
cardiac transplant patients. Treated patients showed an early re
duction in non-donor-specific panel-reactive anti-HLA antibody 
levels. Of greater clinical importance was the finding of a 
significantly decreased coronary artery intimal thickness at up to 
2 years of follow-up, this being the first immunotherapy that has 
resulted in this finding in humans. 

In a subsequent study by Meiser et alM, utilizing an earlier and 
more frequent treatment schedule, and using liquid 8-methoxy
psoralen added directly to the extracorporeal buffy coat, rejection 
and infection rates were reduced compared to the control group. 
This study, as well as prior work by Knobler et «/ , ' \ confirmed the 
highly unpredictable nature of oral 8-methoxypsoralen absorption 
and the resulting blood level, and demonstrated that the 
extracorporeal addition of the liquid form resulted in reliable 
levels in the buffy coat. Based on these prior studies an inter
national, multicenter, randomized clinical trial utilizing liquid 
8-methoxypsoralen and the Therakos UVAR system is in pro
gress, to investigate the impact of prophylactic therapy on the 
incidence of acute cellular rejection and infection in cardiac 
transplant patients. 
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POTENTIAL MECHANISMS OF ACTION 

There are various theories regarding the potential mechanisms of 
photopheresis including: (a) generation of CD8-positive clono-
typic T cells, (b) increased expression and/or recognition of im
munogenic peptides in Class I HLA clefts, (c) inhibition of 
second signal transmission from antigen-presenting cells, and 
(d) production of cytokines by irradiated leukocytes. Charac
terization of the host response will be needed to define the 
mechanism of action, and may lead to new drug development in 
the future. Further research will need to establish the optimal/ 
minimal treatment frequency and duration, and potential synergy 
with other new immunoregulatory agents. 

COMMENT 

New transplant studies currently under way involve non-cardiac 
solid-organ recipients, as well as patients with graft-versus-host 
disease following bone marrow transplantation. This technology 
may be particularly important as adjuvant prophylaxis in the areas 
of pulmonary and small bowel transplantation, in which current 
clinical results with conventional immunosuppressive agents have 
been disappointing. Increasing anecdotal clinical experience with 
photopheresis for resistant rejection in cardiac, pulmonary, and 
renal transplant patients has led to the development of 'rescue' 
protocols. Dall'Amico et al.''' most recently reported their experi
ence with adjuvant photopheresis in patients with recurrent 
cardiac rejection and showed a decrease in the number and sever
ity of rejection episodes, thus allowing a subsequent reduction in 
the doses of maintenance immunosuppressive agents required in 
this problematic group. 

Currently, FDA monitored, open-label protocols for refractory 
rejection in heart and lung transplant recipients are in early 

phases. These current studies and future experimental and clinical 
trials will help to define the role of this novel, safe and non-toxic, 
immunomodulatory technology in the field of transplantation. 
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Gene Transfer 
A. ARDEHALh H. LAKS AND A. FYFE 

INTRODUCTION 

Major advances in recombinant DNA technology have remark
ably improved our understanding of gene expression, and her
alded new therapies for inherited and acquired diseases. This 
progress is especially notable considering that the structural unit 
of the human genome was discovered only 50 years ago. Recent 
studies have successfully introduced foreign DNA sequences into 
the vessel wall of multiple experimental animals, using a variety 
of vectors'"^. These studies have stimulated hope that this tech
nology may be used to revolutionize the practice of cardiovascu
lar medicine. Instead of using empiric observations to form the 
basis of medical therapy, insight into the genetic mechanisms of 
disease can allow a directed approach to medical therapy. 
Extension of gene transfer technology to the field of solid-organ 
transplantation is in its infancy; however, it holds great promise in 
the future. 

This chapter will provide an overview of the important mile
stones in the development of recombinant technology, review the 
principles and methods of gene transfer, and discuss the applica
tions of this technology to the field of transplantation. 

HISTORICAL PERSPECTIVE 

In 1944 Avery et al. clearly established that deoxyribonucleic 
acid was the genetic material in bacterial cells, and was respon
sible for transmission of hereditary information''. Chargaff et al. 
subsequently demonstrated that the numbers of adenine and 
thymine residues of a DNA sequence were equal, as were the 
numbers of guanine and cytosine residues'*. This important obser
vation, as well as other reports, laid the groundwork for the 
double helical model of DNA which was proposed by Watson 
and Crick in 1953'". Isolation and purification of enzymes re
sponsible for synthesis of DNA and RNA (DNA and RNA poly
merases), identification of mRNA as the intermediate molecule 
between the DNA sequence and the protein product, and discov
ery of three nucleic acid (codon) as the genetic code for a single 
amino acid" '- were important milestones in the evolution of mol
ecular biology. Discovery of restriction endonucleases", the 

ability to separate, purify, sequence, and then join segments of 
DNA, led to the development of recombinant DNA technology. 

Introduction of foreign genes into mammalian cells did not 
occur until the 1980s, due to methodological limitations. In the 
past decade gene transfer into the germ line of experimental 
animals (transgenic animals) has resulted in the development of 
models for studying human diseases. Furthermore, the clinical ap
plications of gene transfer technology are slowly being realized. 
The first gene therapy trial was undertaken at the NIH in 1990, 
and was designed to introduce the adenosine deaminase gene into 
bone marrow cells of patients with severe combined immuno
deficiency syndrome''*. To date, in excess of 100 gene transfer 
protocols have been approved by the Food and Drug 
Administration and the Recombinant DNA Advisory Committee 
of the NIH. 

GENE TRANSFER TECHNOLOGY 

Somatic gene transfer is the introduction of exogenous DNA se
quences into host cells. If gene transfer is limited to somatic cells 
the altered genome is not passed to the offspring. Although the 
principles of gene transfer are elegantly straightforward in 
concept, the applications have been limited, due to technical 
difficulties. Several conditions must be fulfilled in order to effec
tively transfer a gene of interest into a host: (a) the gene of inter
est must be cloned, (b) a vector capable of delivering the gene to 
the target cells must be available, (c) the gene must enter the 
nucleus intact, (d) the gene must be expressed in the target tissue, 
and (e) the protein product of the recombinant gene should be 
produced at a biologically appropriate level to render its activity. 

Somatic gene transfer can be utilized for two purposes: (a) as 
an investigative tool to study gene function, or (b) as a therapeutic 
tool to treat inherited or acquired disorders. The principles of 
gene transfer technology have proved invaluable in studying the 
functions of single genes. An example is the study of individual 
growth factors in the development of atherosclerosis. The role of 
growth factors such as platelet-derived growth factor B, acidic 
fibroblast growth factor-1, and transforming growth factor yS, 
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(TGF-/3|) in proliferation of smooth muscle cells and progression 
of atherosclerosis has been difficult to characterize in vivo. Nabel 
et al. have utilized plasmid expression vectors containing the 
cDNA of each of the growth factors to transfect porcine il
iofemoral arteries using cationic liposomes"'^. They were able 
to identify the effect of individual growth factors in vivo. The in
vestigative potential of gene transfer technology in transplanta
tion, where individual gene products can be studied in vivo, 
appears very promising and valuable. For a more detailed discus
sion the reader is referred to several recent reports that have re
viewed the general principles of experimental gene transfer"*""* .̂ 

The approaches for gene transfer may be either direct or indi
rect. In cell-mediated or indirect gene transfer, the target cells are 
harvested from the host, transfected in vitro, and then returned to 
the host. This procedure requires a syngeneic cell line in culture, 
and is associated with a time delay between harvest and reimplan
tation. An example includes harvest of endothelial cells or smooth 
muscle cells from an artery or vein, growth in culture, transfec-
tion with the gene of interest, selection of cells expressing the 
gene, and reimplantation of the genetically modified cells on 
denuded arteries-'. Direct gene transfer refers to the introduction 
of a foreign gene directly into the tissue. Access to organs during 
harvest provides a unique opportunity for direct transfer of genes 
of interest prior to implantation. 

Methods of gene transfer 

The methods for introduction of foreign genes into host cells can 
be divided into three general classes (Table 1). Physical methods 
of gene transfer include electroporation and microinjection. The 
electroporation technique delivers a rapid pulse of high-voltage 
current causing cellular membrane disruption, allowing entry of 
DNA". This method is limited only to experimental use. 
Microinjection refers to direct injection of a DNA sequence into 
target cells under the microscope, and is not practical in gene 
transfer to a large number of cells-'. Chemical techniques for 
gene transfer include cationic liposomes, calcium phosphate, and 
ligand-DNA conjugates. Liposome-mediated gene transfer is a 
safe non-viral method of gene transfer which can be administered 
repeatedly. The cationic liposome components form a lipid parti
cle which interacts spontaneously with the nucleotide^''. This 
cationic liposome-DNA complex fuses with the cell membrane 
by receptor-mediated endocytosis, is degraded in the lysosomes, 
and releases some of the DNA-lipid complex in the cytoplasm, 

which is subsequently translocated to the nucleus. The ability to 
target a specific cell type in vivo by this method is virtually im
possible. Calcium phosphate transfection involves co-precipita
tion of DNA with calcium phosphate, and exposure of target cells 
to this complex-'. The co-precipitate is taken up into phagocytic 
vesicles where some enter the nucleus and become integrated into 
the host genome, yielding stable expression. The disadvantages 
of this technique include low transfection efficiency and limited 
targeting. 

Another chemical method of gene transfer is receptor-mediated 
ligand-DNA conjugates, where specific ligands are conjugated to 
a polylysine moeity/DNA complex-*. The complex enters the cell 
via ligand-receptor-mediated endocytosis and escapes the lysoso
mal system, and some of the nucleotide is released into the cyto
plasm, which is then translocated to the nucleus. An improvement 
in the efficiency of this technique has been the addition of a repli
cation-defective, chemically inactivated adenovirus which is 
linked to the DNA complex-''. Once the complex is internalized 
into a lysosome the adenoviral coat proteins disrupt the lysosome 
and release a greater number of DNA molecules into the cyto
plasm of the target cell. This method also leads to formation of 
nucleotide episome, yielding transient expression. 

Viruses are ideal naturally occurring vectors for gene delivery 
to mammalian cells. They bind to a specific surface receptor, 
enter the cytoplasm and then the nucleus, and utilize the host ma
chinery for expression and replication. Several viruses have been 
studied for gene transfer; however, we will focus on the two most 
commonly used viral vectors - retroviruses and adenoviruses. 

Retroviral vectors 

Retroviruses are RNA viruses that replicate through a DNA inter
mediate. To construct a retroviral vector the structural and 
replicative genes {gag, pol, and env) of the virus are replaced by 
the gene of interest under the retroviral promoter sequence-** -''. 
The retroviral vector is thus rendered replication-deficient. This 
vector is propagated in cell lines in which the 'missing' genes are 
present (packaging cell lines). Retroviral vectors stably integrate 
into the host genome and result in stable expression of recombi
nant gene. Since integration occurs at random sites the potential 
for insertional mutagenesis remains a concern. Integration of 
retroviral vectors requires division of the host cells, making this 
vector unsuitable for organs with a low frequency of division, 
such as the myocardium'". Other limitations of this vector include 
its low efficiency of gene transfer in vivo and its relative suscepti
bility to degradation by the host complement system". 

Table 1 Methods of gene transfer 

1. Physical 
(a) Electroporation 
(b) Microinjection 

2. Chemical 
(a) Liposomes 
(b) Calcium phosphate 
(c) Ligand-DNA conjugates 

3. V/ru.vp.v 
(a) Retrovirus 
(b) Adenovirus 
(c) Others (adeno-associated, herpes, poho, vaccinia) 

Adenoviral vectors 

The adenovirus genome is a 36 kb linear double-stranded 
DNA'-" . Deletion of the early-1 (El) region, which encodes for 
a transactivator of viral gene expression, yields a replication-
incompetent virus. These vectors are propagated in cell lines that 
contain a copy of the adenoviral El gene. The gene of interest 
usually replaces the El gene through homologous recombination. 
Replication-defective adenoviral vectors are especially attractive 
vehicles for gene transfer due to their high efficiency of infection. 
The adenoviral genome does not usually integrate into the host 
genome, and is maintained in an extra-chromosomal state. This 
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vector can be efficiently used for the in vitro and in vivo transduc
tion of non-dividing cells. 

Despite these advantages the expression of DNA transferred by 
adenoviral vectors is transient, generally lasting less than 3 
weeks. It has been observed that generation of cytolytic T cells 
stimulated by adenoviral antigens may destroy the virailly infected 
cells-*. Generation of an immune response against virally trans
duced cells eliminates the possibility of repeated transduction 
using adenoviral vectors. There is also potential concern that re
combination with endogenous adenoviruses may lead to the 
release of a novel wild4ypc virus. 

APPLICATIONS OF GENE TRANSFI > 
ALLOTRANSPLANTATION 

The harvest of a solid organ provides a unique opportunity for 
direct genetic modification of the allograft at the time of implan
tation. Direct access to an organ allows efficient, yet targeted, de
livery of a gene of interest. The application of gene transfer 
technology to intrathoracic organ transplantation is in its early 
stages. Early studies have addressed the issues of feasibility and 
safety of gene transfer to allografts. Wang et at. studied the ex
pression of a reporter gene following direct apical injection into 
rat cardiac isografts-', and observed focal and transient reporter 
gene expression. 

Our group has been investigating the expression of a reporter 
gene (firefly luciferase) in a heterotopic mouse isograft model 
using cationic liposomes-'*'''. In an effort to reproduce the clinical 
scenario, donor hearts were arrested with cold University of 
Wisconsin (UW) solution and then perfused in antegrade fashion 
via the aortic root with a solution containing the reporter plasmid. 
The donor hearts were stored in cold UW solution for approx
imately 45 minutes to 1 hour, and were then implanted. After 4 
days the donor hearts were removed and studied. There was no 
histological evidence of acute cellular rejection. Reporter gene 
expression was present in perivascular areas surrounding coro
nary arteries and veins, coronary capillaries, and the endocardia 
of both ventricles (Figure 1). Expression of reporter gene was 

Figure I Calionic lipos. , ^ >-
graft model via the aortic root yielded reporter gene expression on the endo
cardium of both venlricles 

sparse or focal when the plasmid solution was injected into the 
right atrium or directly into the cardiac apex, respectively. It was 
concluded that administration of plasmid solution antegradely via 
the aortic root localized the reporter gene expression to the endo
cardium and coronary vasculature, both sites of immunologic in
teraction between the donor organ and host blood-home cells. 
This study demonstrated that direct gene transfer into donor 
hearts under conditions mimicking the clinical transplant setting 
is technically feasible, and appears safe. 

We have also used this mouse isograft model to study the 
modification of immune responses by transfer of the human HLA-
B7 gene^*. The cDNA of human HLA-B7 was introduced into 
donor hearts during harvest via cationic liposornes, and the donor 
hearts were removed at 7-10 days for immunohistochemical 
studies. The donor hearts expressed human HLA-B7 sparsely 
throughout the myocardium, and the expression of this protein 
was associated with mononuclear/lymphocytic cellular infiltra
tion. Thus, the transfer of human HLA-B7 cDNA during hy
pothermic preservation was followed by expression of protein and 
the relevant immunological response. These preliminary studies 
will serve as the groundwork for future studies on the investiga
tive and therapeutic potential of gene transfer in transplantation of 
thoracic organs. 

Experimental studies have also shown that efficient ex vivo 
gene transfer to liver allografts can be achieved under conditions 
mimicking the clinical scenario, such as hypothermic organ 
preservation. In liver transplantation, retroviral vectors have been 
used successfully for ex vivo reporter gene transfer, but with low 
efficiency-". Adenoviruses, as previously noted, are more efficient 
viral vectors and can be used to transduce non-dividing cells. 
Adenovirus-mediated gene transfer to isolated hepatocytes and to 
liver grafts in rats by portal vein perfusion has proven efficient 
andfeasible*-*". 

The potential applications of gene transfer to the field of allo
graft transplantation can be classified under two broad categories: 

(V Modification of seif/non-self identity or alteration of 
allograft phenotype 

Ideally, an allograft may be engineered where the donor major 
and minor histocompatibility antigen genes are suppressed and 
the recipient histocompatibihty antigen genes are transferred and 
expressed. The allograft is thus considered self; alloreactivity is 
abrogated and immunosuppression is not required. At the present 
slate of technology, inhibition of constitutive or inducible gene 
expression is in a state of infancy. Antisense oligonucleotide tech
nology uses complementary mRNA sequences to bind to the 
mRNA of interest and prevent its translarion*^. Antisense oligonu
cleotides have proven effective in experimental studies to inhibit 
inducible gene expression (smooth muscle cell proliferation in re
sponse to injury)'". Suppression of histocompatibility gene ex
pression by antisense oligonucleotides may be accomplished by 
blocking translation of common elements of MFIC antigens such 
as fi2 microglobulin. Experimental suppression of MHC antigen 
gene expression by antisense oligonucleotides has yet to be ac
complished. Another approach to inhibit the transcription of a 
gene is to synthesize an oligonucleotide sequence that binds to a 
DNA sequence of interest, creating a DNA triplex, thus prevent
ing transcription**. 
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'Molecular chimerism' is another potential application of gene 
transfer technology to modulate the host 'self/non-self identity'. 
This method induces specific tolerance to MHC antigens on the 
donor organ by introducing the allogeneic MHC cDNA into auto
logous bone marrow cells, followed by transplantation of the en
gineered marrow. The transplanted marrow cells recognize the 
allograft MHC antigens as self, and prolonged specific tolerance 
can ensue. Prolonged unresponsiveness to skin grafts from donor 
mice whose class I MHC antigen gene has been transferred into 
recipient bone marrow cells has been reported'*'. Although ap
pealing in concept, the application of 'molecular chimerism' tech
nology to vascularized organ transplantation remains to be 
established. 

(2) Modulation of the alloreactive immune response 

Systemic immunosuppression allows tolerance of an allograft at 
the expense of increased susceptibility of the host to bacterial, 
fungal, parasitic, and viral infections, as well as to some malig
nancies. Transfer and expression of immunologically relevant 
molecules to the allograft can impede immune activation, while 
avoiding the toxicities of systemic immunosuppression. Among 
the immunologically important molecules, the immunosuppres
sive cytokines are potential candidates due to their low level and 
transient nature of expression. The presence of these immunosup
pressive cytokines in the allograft could interfere with the early 
stages of antigen recognition, and potentially modulate an allore
active immune response. An important and welcome feature of 
this local immunosuppressive phenomenon is a lack of systemic 
side effects. 

TGF-j8| is a regulatory molecule involved in wound heal
ing, fibrosis, immunoregulation, and immunosuppression''*. 
Interleukin-10 has also been reported to impair a variety of al
loreactive immune functions''"'. Recently, Qin et al. have utilized 
these molecules to modulate alloimmunity'"*'''*. They have demon
strated that various viral vectors can be used to transfer immuno
logically important genes to the hearts of neonatal mice prior to 
transplantation in a non-vascularized heterotopic model. This 
study further documented the expression of protein TGF-/3| and 
vTGF-jS|, with prolongation of graft survival due to the local im
munomodulatory effects of these agents. Delivery and expression 
of immunosuppressive cytokines by gene transfer to solid allo
grafts to generate local immunosuppression are an area which 
warrants further investigation. 

APPLICATIONS OF GENE TRANSFER TO 
XENOTRANSPLANTATION 

Donor organ availability remains the major obstacle to the growth 
of solid-organ transplantation. Xenotransplantation is one poten
tial solution to the scarcity of donor organs. Among animal 
species, pigs share a number of anatomical and physiological 
characteristics with humans, and appear socially and ethically ac
ceptable as a source of xenografts. Hyperacute rejection is the 
major obstacle to xenotransplantation. It is characterized by activ
ation of complement factors and histopathological stigma of 
organ damage. Strategies to control hyperacute rejection include 
genetic modification of the donor, or modification of the host. 

which may include removal of natural antibodies, systemic inhibi
tion of complement factors, or injection of a-galactosyl sugars to 
block xenoantibodies'". The previously cited strategies for alter
ation of graft phenotype and modulation of alloreactive immune 
response may similarly be employed in xenotransplantation. 

Access to donor species in xenotransplantation has broadened 
the scope of genetic manipulations for transplantation. 
Application of gene transfer technology to develop a transgenic 
pig which expresses the regulators of human complement system 
or 'knock-out' pigs deficient in the target of human natural anti
bodies (a-1,3-galactosyl) has generated much enthusiasm and op
timism in xenotransplantation. Transgenic pigs have been bred 
that express human-specific decay accelerating factor (hDAF), 
which prevents the assembly of C3 and C5 convertase, and accel
erates the decay of C3 convertase'*'. The organs from such trans
genic animals produce hDAF at levels that are comparable to 
those found in human tissue'^. Under experimental conditions, 
endothelial cells expressing hDAF are protected from lysis by the 
human complement system'\ Histologic examination of skin 
from transgenic pigs has shown that hDAF is expressed on en
dothelial cells and smooth muscle cells'''. The development of 
this transgenic pig model has stimulated interest in the creation of 
transgenic strains displaying other human antigens. 

COMMENT 

The application of gene-based therapies in transplantation will 
provide important insights into fundamental mechanisms of acute 
and chronic rejection. Study of individual genes under controlled 
settings in vivo may unveil their roles in transplantation immunol
ogy. Gene-based therapies may allow development of genetically 
engineered allografts which may escape host immune surveillance 
mechanisms, or may produce intragraft immunoregulatory mol
ecules creating local immunosuppression. Extension of gene 
transfer technology to xenotransplantation may also bring this 
area of ongoing research a step closer to clinical reality. 
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Advances in Heart Storage 
W.N. WICOMB, V.F. PORTNOYAND G.M. COLLINS 

INTRODUCTION 

In this chapter we have chosen to focus our attention on some of 
the recent developments in heart preservation (both research and 
clinical) that we believe require additional investigation, and thus 
we hope to reveal new insights into the broad field of hypother
mic myocardial protection. We will also discuss various interven
tions that influence the return of normal myocardial function at 
the end of the period of hypothermic heart storage. There are 
many unanswered questions that will continue to challenge basic 
research workers, including the notion that a universal preserva
tion solution is possible. 

The human myocardium is relatively resilient to ischemic 
injury and this has permitted it to endure both warm ischemic 
arrest and the adverse effects of many cardioplegic solutions. 
With prolonged ischemia, however, some tissue damage is in
evitable, and is often exacerbated by the inotropic agents used to 
maintain hemodynamic stability, or masked by routine manage
ment procedures in both the donor and the recipient. 

In the research laboratory, most innovative ideas and interven
tions are based on experimental data. However, these data have 
limitations because many studies are conducted in the absence of 
brain death (which also influences myocardial stability). 
Moreover, innate differences in ischemic tolerance among animal 
species also skew the experimental findings. Thus, the animal 
data may be pertinent in that setting, yet not necessarily clinically 
apphcable. 

The injury sustained by the donor heart occurs soon after the 
onset of brain death'. This results in an unstable hemodynamic 
response, often requiring immediate management. Management 
procedures do not always guarantee donor stability and may even 
have adverse effects. These include volume overload and the con
tinuous use of high doses of inotropic agents. Additional myocar
dial damage may occur during cardioplegic arrest and 
preservation in ice. During this quiescent state of the heart, the 
injury often goes unnoticed, until the advent of reperfusion. The 
latter itself can promote injury when an ischemic organ encoun
ters deleterious substances in the blood-. 

HEART PRETREATMENT 

There are many studies that show the beneficial effect of proper 
donor management'' ••. During these procedures the aim is to opti
mize the conditions of the circulatory system to provide a suitable 
environment for recovery of the heart. This requires that abnormali
ties of the donor blood pressure, pH, electrolytes, blood volume and 
body temperature be corrected. Pretreatment regimens focus on the 
administration of pharmacological agents to the donor in an attempt 
to increase myocardial tolerance to ischemia"^. The list of agents 
available for heart pretreatment is extensive, based on their efficacy 
in laboratory animals. Some pretreatment protocols include the 
intravenous administration of glucose''', lidocaine^ nicorandil'*, 
propranolol'"", chlorpromazine'^ verapamil'"*, nicardipine''', 
dipyridamole'*, prostacyclin", prostaglandin"*, adenosine''^, 
methylprednisolone-", and halothane inhalation-'. 

More recent developments showed that the administration of 
halothane anesthesia improved coronary flow and contractility--. 
Halothane inhalation decreased isoproterenol-mediated norepi
nephrine release by inhibiting j3-adrenergic receptors-', and 
demonstrated an improvement in the force-frequency relationship 
in the failing human heart--". Although the intended use is to 
achieve protection from Ca^* overload, this benefit may be over
ridden by the inherent vasodilatory property of halothane, result
ing in hypotension. Heart pretreatment methods therefore remain 
an auxiliary approach to heart preservation, requiring further 
investigation. 

Triiodothyronine (T3) therapy 

A current controversy in donor management involves whether to 
administer triiodothyronine as first described by Novitzky et al.-^. 
In earlier studies these authors showed that T, simultaneously 
promoted the influx of Ca?* and the efflux of potassium in tissue 
slices. Thus, the inotropic effect of T, may be due to thyroxine-
induced calcium influx, and extended intravenous use of T, may 
be detrimental^* because of possible intracellular accumulation of 
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Ca^+. Orlowski et al. administered T4 and demonstrated increased 
graft survival of donated hearts-^. In a controlled study, Randell 
et al. showed deteriorating metabolic acidosis after T4 administra
tion; the hemodynamic response did not improve when compared 
to an untreated control group^**. In two separate studies, Macoviak 
et al. and Gifford et al. determined serum T3 levels in cadaver 
donors and observed acute hypothyroidism, but found no other 
association with donor hemodynamic instability-'*-^^. 

Novitzky el al. specifically studied reverse T3 because they 
found T4 therapy to be ineffective". In order to validate the 
efficacy of T4, future studies should attempt to demonstrate the 
presence of an active thyroid-converting enzyme to show that T4 
is converted into T3 in the brain-dead donor. Finally, thyroid 
hormone may improve hemodynamic stability at the expense of 
diminishing myocardial energy reserves promoted by the influx of 
Ca-+. Future studies should be directed at controlling T3 levels to 
avoid additional myocardial injury during brain death. Bittner 
etal. demonstrated an unchanged donor heart failure rate of 
9-10% among various centers, despite the use of many pretreat-
ment regimes'-. Wheeldon et al., in their survey pertaining to 
donor heart pretreatment protocols, noted no significant differ
ence in the post-transplant mortality rate after 30 days of follow-
up^'. Although encouraging, the available information remains 
speculative, with some proponents advocating the use of hormone 
replacement therapy and others finding it to be of little or no 
benefit. 

HEART RESUSCITATION 

In 1976 Cooper outlined what was then known about resuscitation 
of the donor heart''*. Recently, the increasing demand for donor 
organs has encouraged some investigators to explore more risky 
protocols, such as transplantation of hitherto unacceptable donor 
hearts, including the salvaging of non-beating hearts"'*. We have 
shown that only a 10-minute period of normothermic arrest fol
lowing exsanguination resulted in poor return of rabbit heart func
tion'^. Illes et al. also exsanguinated rabbits after 10 minutes of 
hypotension and followed this with 90 minutes of isolated heart 
storage. Three different solutions were evaluated in heart prepara
tions using the assessment technique of intraventricular balloon 
pressure monitoring: (a) modified St Thomas' Hospital (St 
Thomas'), (b) University of Wisconsin (UW) and (c) blood car
dioplegia'**. Hearts arrested using blood cardioplegia performed 
well, although the adenine nucleotide concentrations were 
significantly below control levels. TTie authors attributed the good 
function to effective buffering and oxygen free radical scaveng
ing. In studies performed by Ferrera et al.^'' in the pig, 10 minutes 
of delay before retrieval resulted in reanimation being unsuccess
ful. Despite these findings the reader is reminded that variations 
in species can result in different ischemic tolerances in the 
myocardium. Studies also indicate that the immature heart is 
more resistant to ischemia""'". 

Some resuscitation data, however, are encouraging, especially 
the work of Shirakura et al., who resuscitated and successfully 
preserved dog hearts for 24 hours''^'". Gundry et al. resuscitated 
pulseless asystolic donor juvenile lamb hearts after 30 minutes of 
warm asystolic death''''. In a clinical trial that followed, these in
vestigators ventured into the salvaging of infant hearts using car

diopulmonary resuscitation. Myocardial function fared well after 
orthotopic transplantation, and only modest increases in serum 
troponin levels were noted'". These findings may once again 
reflect the human heart's resilience to injury. Although resuscita
tion of dead hearts will increase the donor pool, the feasibility 
of such protocols on a large scale remains speculative unless a 
reliable viability assay becomes available. 

The unpredictable influence of the agonal period on donor heart 
function following reimplantation remains poorly understood. 
Other factors influencing injury include: (a) perfusate composi
tion, (b) length of the preservation period and (c) reperfusion 
effects. Post-ischemic dysfunction manifested by poor myocardial 
performance is indicative of either reversible global ischemia 
(stunned myocardium) or irreversible ischemia (cellular necrosis 
or myocardial infarction)''*. We propose that these mechanisms 
are parts of a continuum which is primarily driven by the dimin
ished free radical protection evident following ischemia. 

CARDIOPLEGIA 

In the early 1970s successful application of Bretschneider's and 
Collins flush solutions in experimental heart transplantation was 
achieved, demonstrating their superiority over hypothermic im
mersion preservation'"''*. In the 1980s hypothermic potassium 
cardioplegia became the most common technique for myocardial 
protection during clinical cardiac transplantation'". The combina
tion of K'* arrest and cooling reduces the metabolic rate, extend
ing the interval of myocardial tolerance to ischemia'". Although 
many centers express satisfaction with their existing method of 
cardioplegia, numerous studies are ongoing in search of the 
optimum K* concentration". The fundamental aim is to obtain 
consistently successful myocardial preservation. 

Methods currently used for routine cardiac surgical procedures 
are usually considered safe, but occasionally spurious episodes of 
deteriorating myocardial performance are encountered'^. Various 
factors are responsible for the altered functional state of the myo
cardium; these include: (a) potassium concentration, (b) temper
ature, (c) solution additives, and (d) length of ischemic interval. 
In addition to these factors we have demonstrated that the solu
tion composition alone can adversely influence myocardial func
tion immediately after cardioplegic flushing. We compared the 
function of hearts flushed with different solutions with that of 
freshly removed unflushed hearts (Table 1). All the unstored 
hearts tested immediately after flushing differed in cardiac per
formance. These results are, however, in conflict with earlier data 
reported by Hearse et al., who demonstrated no loss of function in 

Table 1 Functional evaluation* of unflushed (control) and flushed 
rabbit hearts not subjected to a period of storage 

Group Cardiac output 
(ml min ' li'l' 

Unflushed (control) 
UW 
Cardiosol II (20L) 
St Thomas' 

66..3 (3.2) 
54(1.93) 
71 (5.3) 
41 (2.8) 

10 
6 
6 
6 

' Heart.s perfused in vitro on a Langcndorff system with a crystalloid .solution. 
' Mean (± standard error) 
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the rat heart after flushing with the St Thomas' solution following 
30 minutes of hypothermic ischemia''. Their stable aortic output 
data can be attribHted to the better tolerance of the rat myo
cardium to the St Thomas' solution. By contrast, in our rabbit 
heart studies, the macroscopic appearance of hearts flushed with 
St Thomas' solution showed a significant reduction in overall 
size, including a decrease in the volume of the ventricular cavity. 
Upon reperfusion, the stroke volume in the worlcing heart was 
reduced, and we attribute this change to the absence of oxygen 
free radical protection, and possibly the high calcium concentra
tion of the St ThoHias' solution. 

Hypothermia reduces the tissues' metabolic rate by >99%-'*. 
Immediately after cardioplegic flushing with no intervening 
period of storage, a return of >99% of the functional response 
might be expected. However, in our own studies this ideal was 
achieved only with the new flush .solution containing polyethyl
ene glycol (Cardiosol, PEG) (Table 1). We believe that the 
reduced performance in some groups (Table 1) is due to the 
absence or limited availability of oxygen free radical protection, 
eventually leading to calcium overload in the cold cardioplegi-
cally flushed myocardium. There was no significant difference 
between the St Thomas' and UW groups when comparing the ab
solute cardiac output values. This was due to the absence of col
loidal material in the St Thomas' solution, resulting in the 
formation of more extensive tissue edema. The unflushed control 
hearts underwent immediate transfer from the animal to the 
Langendorff apparatus, to avoid the development of progressive 
ischemia and impaired function. 

Formulation of an optimum cardioplegic solution requires at
tention to many factors including: (a) the combination of con
stituent chemicals and pH; (b) the solution infusion pressure; 
(c) direction of flow (whether antegrade, retrograde or antegrade-

retrograde); (d) temperature (whether warm or cold); (c) volume; 
(f) whether single-dose, multidose, or continuous perfusion; and 
(g) intermittent warm or intermittent cold cardioplegia-'. Further 
potential improvement derives from the use of pharmacological 
and metabolic additives. These have included: (a) oxygen free 
radical scavengers'*^'*, (b) Krebs' cycle substrate enhance
ment''"*', (c) high-energy phosphates'*-""**, and (d) calcium 
antagonists", and many other agents'h We believe that antioxi
dants have a particularly important role during the period of 
preservation, and postulate that this subject is the central determi
nant of the outcome of a period of heart preservation (Figure 1). 
Obviously, warm blood cardioplegia most closely mimics life. If 
damage ensues during its use, it must result from technical error, 
heniodilution or unphysiological conditions such as temperature 
changes, contact of the blood with foreign surfaces, or altered 
perfusion conditions. 

The use of crystalloid cardioplegic solutions introduces many 
physiological unlmowns, including lack of essential agents (such 
as antioxidants) found m blood, and the potentially harmful 
effects of components of the artihcial solution. On the other hand, 
there is no evidence in the extensive literature on organ preserva
tion to show that blood is a good solution in which to preserve 
organs under non-perfused hypothermic conditions. Under these 
circumstances, cell free solutions containing impermeant anions 
and appropriate cation content and buffering, such as UW or 
Collins solutions, are the most effective. Since conventional car
dioplegia solutions were not constructed with these considerations 
in mind, but rather were designed lo quickly arrest the heart, it is 
not surprising how ineffective they are for protecting the heart 
during more than transient periods of storage. We therefore 
concur with the trend towards diminished clinical application of 
hypothermic crystalloid cardioplegic solutions in open-heart sur-

Hf potheticai diagram depicting various levels of injyry 
sustained during heart preservation 
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Figure 1 Diagram depicting liypotlietical levels of injury sustained during heart preservation. The use of diliaed blood and cold crystalloid preservation solu
tions for myocardial preservation results in increased production of harmful oxygen free radicals (OFR) 
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gical procedures within the USA**. However, it is possible that 
the situation would be quite different if one were to compare 
blood cardioplegia with the much more effective heart preserva
tion solutions, such as UW or Cardiosol, which are designed for 
organ preservation and contain effective concentrations of 
antioxidants. 

The use of hypothermia, although routine in organ preserva
tion, has become a major point of contention in cardioplegia. 
Some investigators believe hypothermia to be responsible for 
eliciting rapid cooling contracture of the myocardium*'^. Firm hy-
percontracted hearts are associated with low cardiac output and 
increased mortality, resulting from calcium entry''*'. The evidence, 
however, is circumstantial, and dependent upon the type of solu
tion used when the contracture occurs (Table 2). For example, in 
rabbit hearts we have observed the hypercontracted state after 
flushing with a large volume of St Thomas' solution (unpublished 
observation). The severity of contracture is attenuated by using 
less flush volume, resulting in decreased exposure time to 
calcium. Thus, solutions with lower calcium content permit the 
use of higher flush volumes''"'. 

PRESERVATION MODALITIES 

The rationale for the use of ice storage is based on simplicity, 
since it requires only a single flush before placing the organ in 
ice. Recent developments in this field have included formulation 
of the University of Wisconsin solution which has become the 
standard for preservation of most solid organs. Initial studies sug
gested its suitability for heart and lung preservation in both ice 
storage and perfusion systems'""". Recently, however, some of 
the enthusiasm for UW solution has waned after several deficien
cies have been brought to light^-. Viscosity was thought to jeopar
dize graft viability by reducing blood flow and encouraging 
retention of erythrocytes, leading to stasis''' "̂ . Furthermore, the 
concentration of oxidized glutathione (GSSG) increases with so
lution aging by the process of autoxidation, promoting damage to 
the collagen network of the myocardium'''. Fresh UW solution 
contains reduced glutathione (GSH) with protective properties, 
whereas aged (>2 weeks) solution contains predominantly 
GSSG"''. Thus, the age differences in UW solutions may explain 
the functional discrepancies noted by various centers. (Note that 
the addition of fresh GSH to an already oxidized UW solution 
does not improve the quality of preservation.) 

Precipitation is another inherent deficiency of this solution. The 
particulate matter consists of palmitic and stearic acid that is re
movable upon filtration, but the process is cumbersome, and 
sterility poses a further problem'^. The preservation efficacy of 
the UW solution is also dependent upon storage temperature. 
Ambient temperatures (>18''C) result in poor myocardial perfor
mance and increased levels of GSSG (unpublished observation). 

The major issue surrounding the use of UW solution in heart 
preservation pertains to its high potassium concentration. In 1955 
Melrose et al.''^ noted that potassium citrate concentrations in 
excess of 550 mEq/l frequently caused depression of left ventricu
lar function and led to multifocal myocardial necrosis. These high 
K* concentrations, however, raised false concerns regarding the 
K* concentrations of intracellular preservation solutions. It is true 
that the use of intracellular solutions promotes a transient episode 

of potassium-calcium vasospasm". However, the spasm ceases 
soon after the organ temperature equilibrates with the hypother
mic milieu of the flush solution. At that point the membrane 
pump activity stops'"^. Confusing terminologies have germinated 
from these observations, including vaguely defined phrases such 
as 'potassium burning' or 'irreversible endothelial damage'. 
These conclusions evolved during routine open-heart procedures 
in which surgical staff observed vein grafts constrict immediately 
after flushing with an intracellular-based solution (personal 
communication). Even the potassium load occasioned by the ad
ministration of 1 liter of these high-potassium solutions during 
routine open-heart surgery has not, in our experience, proved to 
be a problem, because the potassium concentration gradually de
creased to acceptable levels by the end of the procedures (unpub
lished observations). 

Recent advances in preservation technology include the devel
opment of a novel two-layer cavitary method in which an organ is 
kept suspended in an insoluble perfluorochemical for 24-48 
hours'". Viability of these organs was tested by heterotopic trans
plantation in the abdomen of rats. The authors speculated that the 
beneficial feature was the oxygen delivery to the tissues by the 
perfluorochemical. Although passive diffusion may occur in small 
rodent hearts, the likelihood of oxygen penetrating the left ven
tricular wall of larger animals decreases as left ventricular wall 
thickness increases. This limitation renders the method impracti
cal for large donor organs. 

The authors propose that the benefit of increased oxygen 
tension during preservation may eventually prove to be something 
other than increased ATP production. (An alternative hypothesis 
is that hypothermia uncouples mitochondrial oxidative phospho
rylation - the coupled process of oxygen consumption and ATP 
production.) The resulting combination of an oxygenated hy
pothermic environment and the hypothermic inhibition of super
oxide dismutase (SOD) leads to increased oxygen free radical 
production and less ATP formation. Alternatively, oxygen may 
inhibit the anaerobic production of lactate and therefore diminish 
cellular acidosis, providing a more neutral environment for cellu
lar survival. This is the conventional action of oxygen during nor-
mothermia, in which an abundance of oxygen inhibits the 
anaerobic glycolytic pathway, resulting in decreased lactate 
production. 

Another recent development is the use of lazaroid compounds 
in preservation solutions. These compounds function both as 
calcium antagonists and as antioxidants, protecting tissues from 
lipid peroxidation"-. In studies of these agents, systolic pressures 
were found to be uniformly less than in the control group and 
cardiac performance was not improved above the controls. 
Although lazaroid compounds have promising properties, their 
value cannot be compared with that of iactobionate as a basic 
component of organ preservation solutions'" "'. 

The importance of a colloid in a flush solution will remain 
unanswered until such time that the disadvantages of edema for
mation are clarified. However, the physicochemical properties of 
colloids may provide some benefit from unexpected directions if, 
for example, they have the inherent capabilities of chelating Fe-* 
or protecting the endothelium from lipid peroxidation. 

Curtently, these polymers are used predominantly for their col
loidal properties and are otherwise considered chemically inert in 
preservation solutions. This notion may be erroneous, since col-
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loids themselves are susceptible to oxidative change, which may 
affect their performance. Even small low-molecular-weight 
organic components, such as gluconate and lactobionate, undergo 
oxidative reactions. 

Extracellular solutions (high Na^) 

'Extracellular' implies a high sodium level in the interstitial com
partment. Hence, we term cardioplegic solutions with high (>I00 
mmol/1) sodium levels as 'extracellular'. Under hypothermic con
ditions the Na+ K*-ATPase electrogenic pump is inhibited and, as 
a result, the ionic distribution becomes reversed. An extracellular 
solution will maintain this reversed state of NaVK* ratio, with 
Na+ predominantly entering the intracellular space"* .̂ Upon reper-
fusion, this disturbed gradient places a large load upon the pump, 
requiring expenditure of additional energy to correct the ionic dis
turbance. Energy reserves become depleted. The Na+Ca-+ ex
change mechanism is likely to participate during the realignment 
of the gradient. Here the high intracellular Na* is exchanged for 
extracellular Ca'*, promoting further intracellular Ca-+ accumula
tion*''. The detrimental effects of free Ca-* in the tissues are well 
described''''. 

The net effect of an increased intracellular concentration of 
calcium limits the duration of cold ischemic preservation. This 
divalent ion promotes the gradual development of a calcium-
induced resting tension that ultimately impairs myocardial func
tion. Extracellular formulations are mainly used in crystalloid and 
blood cardioplegia. Although these solutions are effective for use 
in most routine procedures, they fail to satisfy the demands of 

longer storage periods. During periods of extended preservation, 
intracellular formulations provide superior protection*'. 

Intracellular solutions (high K"̂ ) 

'Intracellular' implies a high level of potassium inside of the cell. 
Hence, we term cardioplegic solutions with potassium concentra
tions above 100 mmol/1 'intracellular' (e.g. Collins, UW, 
Cardiosol) (Table 2). This term is occasionally loosely applied to 
solutions containing a low sodium concentration, without taking 
into account the potassium level (e.g. Bretschneider's and 
Stanford solutions)'^'»««''. 

Intracellular solutions are largely used in the preservation of 
solid organs (kidney and liver)'"'. In the case of heart preservation 
the transition from extracellular to intracellular formulation is still 
in its infancy. There remains significant skepticism regarding the 
suitability of intracellular solutions for heart preservation because 
of the K*-induced {Ca.-* influx) vasoconstriction (see Preservation 
Modalities). Despite these concerns, the application of intracellu
lar solutions in transplantation procedures is increasing**' **-. 

The benefit of an intracellular formulation lies in the mainte
nance of the cellular ionic gradient. Under normal circumstances 
the ionic gradient of the myocyte is maintained by the electro
genic pump, keeping the potassium within the intracellular com
partment. Alteration of this gradient promotes the wasteful 
expenditure of energy required to re-establish the gradient. On the 
downside, however, intracellular formulations activate calcium 
influx, resulting in vasoconstriction during the induction of car
dioplegic arrest. Furthermore, the addition of calcium to these so-

Table 2 Composition of preservation solutions (mmol/1) 

Components 

Potassium 
Sodium 
Magnesium 
Calcium 
Chloride 
Bicarbonate 
Phosphate 
Lactobionate 
Raflinose 
Glutathione 
PEG 
HES 
Adenosine 
Insulin 
Decadron 
Penicillin 
Allopurinol 
Desferal 
Nitroglycerin 
Histidine 
Histidine HCl 
Mannilol 
Tryptophan 
Ketoglutarate 
Glucose 
p H ( a t 4 ° C ) 

Collins = Collins solution. 
PEG = polyethylene glycol 

UW = 
1. HKS 

su. 

17 
14.5 

-
-

17.4 
14.5 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

72 

-
-

250 
7.8 

University 
= hydroxyt 

ofWi; 

STH, 

16 
140 

16 
1.2 

139 
10 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
7.8 

>consin solution"-
•ihyl starch. 

HTKt 

10 
15 
4 

-
50 

-
-
-
-
-
-
-
-
-
-
-
-
-
-

180 
18 
30 

2 
1 

-
7.1 

'. STH = St Thomas' 

Collins 

115 
10 
30 

-
15 
10 
58 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

140 
7.0 

Hospital solution*" 

UW 

125 
35 

5 

~ 
-
-

25 
100 
30 

3 

-
50 g/1 

5 
100 U/1 

8mg/l 
133 mg/1 

1 

-
-
-
-
-
-
-
-
7.4 

. HTK = Bretschneider'! 

Cardiosol 1 

125 
40 

5 

-
-
-

25 
100 
30 

3 
50g / l (20mol / l ) 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
7.4 

i solution", SIJ = Stanford U 

Cardiosol II 

125 
40 

4 

-
-
-

25 
100 
30 

-
50 g/1 

-
-
-
-
-
-
7.1 (jtmol/l 
2.5 mg/l 

-
-
-
-
-
-
7.8 

niversitv solutitm'". 
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lutions presumably magnifies the vascular spasmodic activity and 
subsequent energy depletioo. This negative response occurs only 
during temperature equilibration, or until such time as pump ac
tivity ceases. Thereafter, tlie vessels dilate. It should be noted that 
'intracellular' organ preservation solutions have very low calcium 
levels, since they contain components such as lactobionate and 
phosphate, which tend to chelate calcium. 

There are various pharmacological agents available to counter
act calcium-induced vasospasm or the possible development of 
enhanced resting tension. These include verapamil''*, butancdione 
2-monoximc (BDM)'' and nisoldipine, although their effective
ness in a hypothermic environment remains controversial. During 
hypothermia numerous metabolic processes are markedly 
reduced, altered or inhibited. Nisoldipine may offer some benefit 
during reperfusion when it effectively reduces the production of 
lipid peroxides'''. Recent work by Stringham et ah has provided 
evidence for the use of BDM in preservation solutions as a 
calcium antagonist to increase myocardial protection'^. 

Perfusion m e t h o d s 

The benefits provided by perfusion preservation are: (a) oxygena
tion, (b) buffering capacity, (c) delivery of substrates and (d) 
removal of toxic metabolic end-products. Many questions remain 
unanswered, for these factors alone do not overcome ischemic 

injury during preservation. Does substrate delivery enhance meta
bolic acidosis?*' Does oxygenation overwhelm the tissues with 
reactive oxygen free radicals?''-'* Until these basic questions (and 
many others) are answered, perfusion technologies will remain in 
the laboratory setting. Perfusion techniques are usually cumber
some and complex in design, compromising opportunities for 
clinical application. At present no new 'state-of-the-art,' technol
ogy is available besides the intra-abdominal perfusion pomps de
veloped by Waters Inc. (Minnesota) and Belzer et al. 
(Wisconsin). New developments are usually too elaborate. Such 
devices are merely browsed over by the experts, leaving them to 
drift into the archives of scientific literature. 

The major disadvantages of continuous perfusion are edema 
formation and the constant exposure to high levels of oxygen". 
The absence of an oxygen-scavenging system at low iemperalurc 
may increase the organ's susceptibility to free radical attack. An 
alternative perfusion technique involves the use of microperfu-
sion or 'trickle' perfusion'"'"*^'"-. Susuki et al. perfused dog 
hearts using a trickle perfusion device at a flow rate of 20 myiOO 
g per hour, and successfully preserved the organs for 24 hours'*. 
We have conducted similar experiments with rabbit hearts using a 
syringc-typc perfusion device that delivers perfusate at a flow rate 
of 1()-15 ml/100 g per hour (Figure 2)"^'. Edema formation was 
negligible, and the return of function after 24 hours of storage 
was close to that of control values (control = 265 (12.5) ml/min 
versus micropeifusion = 220 (11.9) ml/min). 

Flow rate 
1045 mWiour/lOO^ 

Figure '.I Iviicr-.iperu-MJfr!: far iiejn pfc^e'Vali(..!i A i-jTsnge pump device deiivers perni:»jie tiiroogh an airsight resci^voir ar 4"C \'ia ihe aor ' j to !he rny>,>ji;rdiurTi. 

The tie:'.;! cSiaaiber -s :U;biT!ei'>;ed lii itc, I'm: rdy-.Xjrdiniu is sSr^wi)' p-.i (u:-.t-d as a P-iw r,-j!e i;-f iO-i,S iri!/ifM1 g per hcmr, ('oronary ve.iKiUk return accuniuiates in Ihe 

lo%¥er CiiMiiiber 

680 



ADVANCES IN HEART STORAGE 

Storage of die liumaD donor heart by perfusion preservntion 
was firsi. carried otii in 1981 using an airlift pump dcvicc'^"^'"'. 
Hearts were stored for periods ranging between 4 and 16 hours, 
after which tliey were heterotopkaiiy transplanted, ftiitiaiiy, func-
lion was largely provided by the recipient's own hear!, fullov/ed 
by a gradual recovery of the donor heart. Three additional patients 
received orthotopic grafts following periods of 4-5 hours of 
donor heart preservation. Both immediate and long-term fsioclion 
of chc.«c hearts was good. 

In a elinical trial at the Caiilornia Pacific Medical Center in San 
I'rancisco, in 1989, 22 hearts were preserved using Cardiosoi i, 
eighi of which were stored by niicroperfusion widi storage 
periods of 3-.5j hours. These hearts were ortholopically trans
planted, and dernon.strated excellent immediaic funetioif'*'. All of 
the primary heart transplant recipients remain ali^'e up to 6 years 
later,. 

ASSESSMENT OF MYOCARDIAL VIABILITY 

Ideally, a viability assay for cardiac preservation should be simple 
(practical), be inexpensive and not require large tissue or fluid 
samples. Although orthotopic tran.splantation is the ultimate test, 

ex-vh'o evaluation might be used as a predictor of I«-VIR> funĉ ^ 
tion. In experimental settings this may be less complex, and not 
influenced by ihe effect of an intact nervous system on the circu
lation (Figure 3). We have listed what we believe to be the most 
important tests in Tables 3 and 4. For the present, oi-vif.'-o tests 
are limited to laboratory studies and are, of course, not 
sufficiently established to be applicable lo the cUnical situation. 
.Numerous large-animal versions of I'.r-i'n-'o heart-testing appara
tus have been published, demonstraftng the importance of these 
models. The miniature model shown in Figure 3 uses a perfusor 
rabbit to prime the portable Langendorff apparatus. This reperfu-
sion model resembles irhvivo conditions in which white blood 
cells and .ill other blood components are in contact with the heart. 
We used this ex-vivo blood recirculating apparatus to compare 
hearts preserved m Cardn;>sol I and UW solutions (Table 5). 
Hearts stored in Cardiosoi deiiioiislrated good function after 24 
hours of ice storage, whereas l.IW-prcscrvcd hearts failed to 
achieve any mea.surable aortic outflow ( Fable 5). 

The metabolic and funclional assays listed in Tables 3 and 4 
have served as probes to study experunental heart viability for 
many decades. Measurement of nitric oxide level has gained 
much attention reeenily''^. We have studied endothelial funelivw 
following a period of anoxic ice storage^"', comparing four solu-

AAo FR 

AP = 73fflmHg 

VR 

i n 

SDcmHgO 

i i i 

I t^AF 

LAR 

W 

Figure 3 Ex vivo working rabbit heart model. Blood from ttie abdominal aoria (AAo) of an anesthetized perfusor rabbit provides ihe arterial pressure (AP) 
during initial reperfusion of the heart. Once myocardial activity stabilizes the arterial line pressure is damped off (C) and hear! activity is reverted to ttie working 
mode via left atrial (I„A) filling. Blood is then pumped through a variable resistor (VR) (set at a resistance of 73 mmllg) via a pressure gauge (P) and a compliance 
chamber (CC) and returned to the LA reservoir (LAR). .4ortic output and coronary flow were measured and cardiac output calculated. (IVC = perfusor rabbit in
ferior vena cava; Ao = aorta; PA = pulmonary artery; RA = right atniim; LV = left ventricle; RV = right ventricle; At" = aortic flow; €'F = coronary flow; FR = 
flow regulator; VF = venous pressure) 
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Table 3 Tests of potential use in evaluating myocardial viabilit}' during 
and after heart preservation 
(The tests listed have to-date been inadequate, but could prove to be reliable 
indicators ot viability) 

During preservcUion iprediclahle parameters) 
Metabolic tests 
Electron spin resonance (oxygen free radicals) 
Nitric oxide levels 
Lipid peroxidation (TBA test) 
NMR (adenine nucleotides) 
Cellular calcium levels 

Post-preserYali(m parameters 
Metabolic tests 
Metabolic plasma tests 
Oxygen free radicals 
Lipid peroxidation 
CK-MB bands 
Cardiac troponin T levels 
Myosin light chain I levels 

L6H 

Functional tests 

Morphological tests (in animal experiments) 

Table 4 Models for assessing heart viability 
(The models listed have been extensively investigated and are suitable only 
for evaluation of myocardial integrity and research studies) 

1. Orthotopic heart transplantation 
2. Isolated working heart 

<'v-i7iv> blood perfusion 
in-vitro blood perfusion 
in-viiro crystalloid perfusion 

3. Isolated heart with left ventricular balloon 
e.x-vi\<> blood perfusion 
in-viIro blood perfusion 
in-vitro crystalloid perfusion 

4. Heterotopic heart transplantation 
5. In-vitro papillary muscle 
6. hi-viiro atrial muscle 
7. /H-iv;r<) myocytes 
8. In-vitro tissue slices 

Table 5 Ex-vivo (blood perfused) functional evaluation of unstored fresh 
(control) and 24-hour stored rabbit hearts 

Solution 

Unllushed fresh (control) 
Cardiosol I (5%) 
Cardiosol 1(10%) 
UW 

Cardiac 

Control 

33 (2.0) 
44 (4.3) 
43 (4.0) 
31 (3.0) 

output (ml min ' j? ' ) ' 

24-h ice stored 

28 (3.3) 
31(2.3) 

1 (0.3) 

n 

6 
5 
6 

10 

'Mean (± standard error). 

tions: (a) St Thomas', (b) Bretschneider (HTK), (c) UW with and 
without hydroxyethyl starch and (d) Cardiosol. We evaluated 
cardiac performance on the Langendorff working heart apparatus, 
and endothelial function using an in-vitro myograph assembly by 
determining the contraction and relaxation properties of rabbit 
aortic rings. These properties were evaluated in epinephrine-
contracted aortic ring preparations by measuring responsiveness 
to added acetylcholine. Acetylcholine produces relaxation of the 

vascular smooth muscle via the release of nitric oxide. The 
cardiac output data matched the endothelial relaxation data, im
plying that quality of heart preservation is dependent on preserva
tion of the vascular endothelium. Hearts preserved in Cardiosol 
suffered the least damage (Cardiosol>UW>HTK>St Thomas'). 
Killinger et al. carried out vascular functional studies on human 
umbilical endothelial cell cultures stored in saline, UW, PEG or 
Collins solution""*. These authors similarly showed the beneficial 
effect of PEG (PEG>UW>Collins>saline). Jeremy etal. investi
gated the production of prostacyclin in rat thoracic aortic rings, 
and found minimal damage following storage in either lactobion-
ate-raffinose or hypertonic citrate solutions'"^. 

In recent experiments we simultaneously evaluated hearts after 
24-hour ice storage on the Langendorff apparatus and measured 
the concentration of nitric oxide released into the effluent via the 
coronary sinus. Hearts that were poorly preserved had tower 
levels of nitric oxide in the effluent, whereas well-preserved 
hearts had high levels. When inferior solutions were used for 
heart preservation, function improved significantly upon reperfu-
sion if nitroglycerin was added to the preservation solution. 
Omission of nitroglycerin resulted in impaired myocardial func
tion (unpublished observations). These findings suggest that nitro
glycerin raised coronary effluent nitric oxide levels, resulting in 
the return of good myocardial function. 

Mankad et al. studied the effects of temperature on endothelial 
release of 5-hydroxytryptamine and nitroglycerin in rat hearts 
preserved in UW solution"". A significant increase in coronary 
vascular resistance occurred at IS'C, suggesting that the UW so
lution produced temperature-dependent endothelial dysfunction in 
the isolated rat heart. At 4°C and 10°C the changes were not 
significant. This study, and those referred to above, provide evi
dence supporting the concept that a test of endothelial integrity, as 
measured by effluent nitric oxide production, may be useful in 
predicting myocardial viability. 

Other potential tests include: (a) the leakage of myosin light 
chains from the myocardium'", (b) the release of serum troponin 
and CK-MB isoenzymes"- and (c) left ventricular contractility by 
^'P-nuclear magnetic resonance spectroscopy"\ By using spec
troscopy, myocardial high-energy stores and intracellular pH can 
be measured. The changes detected by these methods have been 
used as markers of ischemic injury. In the case of troponin T and 
CK-MB isoenzymes, myocardial injury was detected during 
reperfusion following a short period of preservation. Viability 
data obtained during reperfusion do not, of course, have any pre
dictive value as a viability assay. 

Consider an example in which damage to the vascular endo
thelium resulted from a toxic component in the preservation solu
tion. In this scenario, NMR spectroscopy may still detect normal 
high-energy phosphate levels, despite the presence of significant 
injury in the vascular compartment. Such limitations would render 
this method inadequate as an ultimate assessment of viability. 

The biochemical response of the myocardium to injury may 
always be of a multifaceted nature and therefore no single test 
may be adequate to quantify the extent of injury. It is possible 
that a panel of tests may be sufficiently sensitive and specific to 
provide reliable donor heart selection. If such a viability assess
ment panel is discovered, the use of non-heart-beating cadaver 
donor hearts may result in significant expansion of the donor 
pool. 
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OXYGEN FREE RADICALS 

We propose that myocardial ischemic injury following hypother
mic storage or reperfusion is initiated by two mechanisms. The 
first mechanism is brought about by the inherent properties of the 
preservation solution discussed above, and the second mechanism 
by the spontaneous production of reactive oxygen free radicals 
in an altered environment, in which free radical scavenging 
capabilities are markedly reduced. We provide the following 
explanation. 

During life, tissues are inherently saturated with antioxidants, 
many of which are physically removed or rendered inactive 
during hypothermic cardioplegic flushing. The loss of this anti
oxidant protection results in extensive oxidative tissue damage 
when oxygenated reperfusion occurs, or even during the pre
servation period. Antioxidants added to the solution or resident 
antioxidants, such as superoxide dismutase, catalase and glu
tathione reductase, may be rendered inactive by hypothermia. 
This would reduce their protection during the hypothermic phase, 
but residual activity may explain the fact that free radical scav
engers have in some cases provided promising results. In-vitro 
antioxidants differ in their biological interactions with the tissues 
because of the altered physiochemical environment. The explana
tion is as follows: in-vivo antioxidants operate at body tempera
ture in concert with plasma and cellular enzymes to defend the 
tissues. In this system the products of oxidative reactions are 
reduced by tissue enzymes (temperature-dependent) and other 
organic cellular reducing agents. In this way the redox potential 
of the organism is maintained. Conversely, in-vitro antioxidants 
are at a great disadvantage because the regenerating support 
enzyme systems are not available to the same extent as in their in-
vivo counterparts. In other words, the oxidized intermediate 
species (generated by the reaction of the antioxidant with the 
oxidant) transforms into a new reactive redox species with 
destructive capabilities. 

In the example below, these concepts are illustrated in the form 
of redox equations. GSH {reduced) denotes an antioxidant, and 
the undamaged tissue is represented by RH. A peroxy radical 
(LOO*) symbolizes the oxidant that oxidizes the tissue RH, yield
ing a peroxy radical R* and a lipid peroxide LOOH (equation 1). 
Next, GSH rescues the partially reacted tissue radical (equation 
2), which itself becomes oxidized (GSSG), transforming into a 
new oxidant with free radical capabilities (GS*). Finally, the two 
GS ' moieties associate (GSSG), imparting additional toxicity to 
the tissues (equation S)""". 

L O O ' + R H ^ L O O H + R« 
R- + GSH ^ G S ' - i - R H 
GS' + GS- ^ G S S G 

(1) 
(2) 
(3) 

This enzyme-independent oxidative process is spontaneous and 
occurs at temperatures below -20°C. 

Intracellular or extracellular solutions do not influence oxida
tive reactions, but additives to these solutions, such as organic 
molecules or antioxidants, may participate in oxidative reactions. 
The above examples show how the addition of oxygen free 
radical scavengers or reducing agents themselves may paradoxi
cally elicit an indirect assault on tissue integrity by promoting the 
production of oxidants. 

OXIDATION AND POLYETHYLENE GLYCOL 

In our laboratory we continue to explore the multifaceted nature 
of polyethylene glycol (PEG). The two forms most effective in 
preservation solutions are the linked PEG20M (Cardiosol I) and 
the 20 linear (20LPEG) (Cardiosol 11). The linear species is less 
viscous and homogeneous compared with heterogeneous 
PEG20M, which is contaminated with breakdown products of the 
linker, including toxic phenol. Both forms of PEG are susceptible 
to spontaneous oxidative decay. The reduced form behaves like a 
supercharged redox-buffered species capable of preventing oxida
tive reactions until fully discharged. The loss of charge represents 
a fall-off in preservation potential and explains why randoin 
samples of this material off the shelf behave in an unpredictable 
manner (reduced versus oxidized). 

By analogy, PEG loses its charge in a similar fashion to that of 
GSH in the UW solution"\ For example, when GSH oxidizes 
(GSSG), heart function becomes impaired following pre
servation"^. St Thomas' solution, on the other hand, consists 
mainly of salts and is therefore unable to undergo oxidative 
change. However, the contaminating Fe-* in reagents used to 
prepare all solutions can interact with the tissues, promoting lipid 
peroxidation'"". 

Reduced PEG interacts negligibly with Fe-* or Fe \ conserving 
its reducing potential. PEG renders oxidized species harmless 
within the vascular compartment. The superiority of PEG in 
preservation solutions remains widely accepted despite the unpre
dictable nature of this polymers' oxidation state"' "". 

The pre.sence of trace metals plays a central role in tissue injury 
during storage and reperfusion. Ferrous Fe-* propagates the 
oxidative cascade more efficiently'-'"-' than ferric Fe'*. Many 
organic molecules are susceptible to oxidative attack, including 
gluconate, lactobionate and dextran, although lactobionate is the 
least reactive (unpublished observations). 

Besides the addition of antioxidants to ward off the oxygen free 
radical onslaught, an alternative strategy is the introduction of 
Fe-* chelators during preservation or reperfusion'--. These drugs 
can, however, distort the Fe-+/Fe'* ratio and trigger a pro-oxidant 
effect'-'. Unfortunately these agents have diffusion constraints 
with limited availability in remote areas within the myocardium. 
A low concentration of desferal can reduce oxidative stress, pro
vided it does not interfere with the ferrous/ferric ratio during 
ischemia'-''. 

Storage in reduced PEG Cardiosol II solutions has permitted 
successful 24-hour ice storage of rabbit hearts. The performance 
of these stored hearts exceeded all previously tested solutions in 
our laboratory (cardiac output = 71 ml min ' g ' versus fresh con
trols 66 ml min ' g ') (Table 1). The superior function observed in 
hearts preserved in PEG II was attributed to: (a) the reducing po
tential, (b) lack of toxic contaminants and (c) protection against 
tissue oxidation promoted by an altered Fe-V Fe'+ ratio within the 
vascular compartment. In this study we used 10% PEG20L, 
which generally offers better protection than the 5% concentra
tion unless the PEG is available in the fully reduced form (Table 
5). PEG20L and PEG20M also have the potential to prolong graft 
survival by means of an as-yet-undefined immunosuppressive 
effect''-'-''. The induction of tolerance by antigens covalently 
linked to PEG is well documented'-''. However, we remain uncer
tain about its immunosuppressive mode of action, and believe that 
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the observed lower incidence of rejection is primarily due to 
improvements in the quality of preservation'''. 

REPERFUSION 

The issue as to whether reperfusion damage is a real phenomenon 
or merely the outcome of a laboratory artifact is still contro
versial'". In the previous edition of this book we defined reper
fusion 'as an amplification at normothermia of an event (or 
events) that occurred during an ischemic phase, whether normo-
thermic or hypothermic'. An alternative definition by Jennings 
states that 'Reperfusion merely accelerates the funereal events of 
those cells doomed to die in any case''-**. Schaper provides further 
support for the above definition by proposing that reperfusion of 
an ischemic heart is a state of down-regulating performance, 
thereby sparing energy reserves for subsequent harmful episodes. 
TTiis is manifested in the form of arrhythmias and stunning'-**. 

Hearts preserved on ice for 4 or more hours demonstrate some 
loss of function when evaluated on the Langendorff apparatus 
using a Krebs buffer perfusate. If blood products alone were re
sponsible for reperfusion injury, then no damage would be 
evident in a crystalloid buffered solution. Furthermore, the 
finding that little or no loss of function occurred in PEG-pre-
served hearts lends support to the hypothesis that reperfusion 
injury is a physicochemical response resulting from a prior injury. 

The major tissue changes brought about by reperfusion injury 
include myocardial stunning (a reversible form of injury exhibited 
by poor contractile activity) and lethal reperfusion injury (recur
rent ischemia eventually resulting in cellular disintegration)^''. 
These ischemic changes are observed on histological examination 
as contraction-band necrosis. Many theories have attempted to 
explain the underlying causes of lethal reperfusion injury. The 
prime suspects are: (a) oxygen free radicals, (b) leukocytes and 
(c) plugging of capillaries by granulocytes'^'"". 

The fact that most myocardial cell death occurs during reper
fusion has encouraged the development of modified reperfusion 
protocols. Currently, there are many interventions that aim at 
limiting the severity of functional impairment. Despite the great 
variations between protocols, all have enjoyed widespread 
confirmation. Many of the modified reperfusion therapies focus on 
the vascular compartment. Pharmacological intervention includes 
the administration of: (a) adenosine"-, (b) thromboxane A2 
receptor antagonists"', (c) dipyridamole to limit platelet deposi
tion''^, and (d) platelet-activating factor receptor antagonists'", as 
well as (e) leukocyte-depleted reperfusion'"''". There is also evi
dence that demonstrates an association between reperfusion and 
damaged coronary microvessels, resulting in an impaired 
endothelial-dependent response''". The aim of modified reperfusion 
is to accelerate the rate of tissue recovery. Protocols include: (a) 
lowered reperfusion pressure'''"•"', (b) substrate enhancement'-" '^-, 
(c) calcium channel antagonists'", (d) administration of oxygen free 
radical scavengers'"", (e) terminal (secondary) cardioplegia'" '̂ "̂  
and others. Many of these reperfusion treatment strategies 
favorably influence the return of myocardial function'-"'"'"'"'. 

COMMENT 

The major forms of injury sustained by the myocardium are due 
to: (a) instability of the donor, (b) composition of the cardioplegic 

and or preservation solutions, (c) washout of inherent antioxidants 
and (d) duration of the ischemic period. These factors ultimately 
determine the magnitude of the oxygen free radical assault and 
the responsiveness of the myocardium to therapeutic interventions 
such as donor management and donor pretreatment. 

In this review we stress the importance of vascular integrity, 
with special emphasis being placed on tissue nitric oxide levels 
having potential use as a viability marker. We propose that the 
major pathways leading to oxidative injury occur through iron-
dependent oxygen free radicals that respond to the reducing effect 
of PEG. All other free radical scavengers tested in our laboratory 
were unable to match the effectiveness of PEG20L, Using 
Cardiosol II we obtained successful 24-hour ice storage in 
Langendorff and ex-vivo reperfusion testing systems. Details of 
the biological interactions of PEG have not been fully defined, 
but laboratory tests indicate that it functions as a reducing agent 
capable of scavenging superoxide anions. Furthermore, PEG 
supports reversible redox reactions, akin to an in-vivo oxidant-
scavenging enzyme system. This system reconverts oxidized 
moieties into reduced equivalents which again have the capacity 
to neutralize additional oxidative processes. 

We believe that an optimal heart storage method will become 
available in the near future. The requirements for these develop
ments include: (a) adequate preservation of myocardial structure 
and function to obtain at least 24 hours of storage without the 
need for inotropic support following heart transplantation, (b) a 
practical and reliable method for transportation of the stored 
heart, and (c) immediate availability of preservation solutions 
without the need for additives or other cumbersome intervention. 

Heart pretreatment will become an essential component of the 
preservation process, allowing for chemical manipulation of the 
myocardium before the induction of deep hypothermia. Ideally, 
24 hours of ice storage of the donor heart will be routinely pos
sible, with cellular integrity being maintained by controlling 
oxygen free radical generation and calcium llux. Currently this 
objective is not unrealistic, because polyethylene glycol already 
appears to fulfill the requirements for prolonged ice storage of the 
heart. The use of oxygenated perfusion techniques will also be 
pursued in order to reliably stretch preservation times beyond the 
limits of ice storage. We anticipate further developments in long-
term normothermic isolated heart perfusion using artificial blood, 
but progress will depend on the proper antioxidant protection. 
These developments will eventually result in standardization of 
experimental procedures for evaluation of heart function follow
ing preservation. Although there continue to be advances in freez
ing of single cell preparations, developments in freezing of whole 
organs for heart storage are still limited by the toxicity of the high 
concentrations of cryoprotective agents that need to be introduced 
and removed. In the clinical setting, on the other hand, we envis
age moving towards uniformity in heart preservation methods and 
assessment of viability. These developments, however, require a 
profound understanding of the mechanisms involved in ischemic 
injury of the myocardium. 
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75 
Advances in Lung Storage 
G SPEZIALI, R.C. DALY AND C.G.A. McGREGOR 

INTRODUCTION 

Several informative reviews of lung preservation have been pub
lished since the landmark review by Haverich and colleagues at 
Stanford in 1985'^. The purpose of this chapter is to outline cur
rently used techniques of lung preservation (including those of 
the authors), define controversies and options that exist for these 
methods, and briefly describe future prospects for improved 
preservation. 

THE NEED FOR LUNG PRESERVATION AND THE 
CONSEQUENCES OF FAILURE 

The need for effective lung preservation is clear. After appropri
ate donor and recipient selection, the next key step in achieving a 
successful outcome for the lung recipient is good preservation of 
the donor lung. Lung preservation encompasses; (a) initial pro
curement, (b) lung storage, (c) recipient intraoperative protection, 
and (d) the management of reperfusion. A deficiency in any one 
of these areas can compromise the eventual outcome. Acceptable 
preservation results in good early and (possibly) late lung func
tion, leading to improved patient survival, reduced postoperative 
morbidity, reduced intensive care and hospital stays, and resulting 
cost savings. Another advantage is the ability to use donors from 
a distant site with hitherto unacceptable ischemic times, therefore 
optimally utilizing this precious resource. 

Failure to achieve adequate pulmonary preservation results in a 
spectrum of postoperative pulmonary dysfunction, ranging from 
primary graft failure (resulting in the patient's death) to a milder 
form of the 'reimplantation' response (which may have little 
clinical consequence). Primary graft failure is manifested by early 
(immediately or within hours), severe lung dysfunction with pro
gressive non-cardiac pulmonary edema (sometimes hemorrhagic) 
and resultant hypoxia with decreased pulmonary compliance and 
elevation in pulmonary artery pressures. Radiologically, increas
ing diffuse opacification of the lung is seen. Histologically, 
diffuse alveolar damage is present. These changes may be irre
versible, depending on the severity of the process. At the other 
end of the spectrum is the 'reimplantation' response, which 

consists of a transient hypoxemia associated with increasing 
radiological pulmonary opacification resembling pulmonary 
edema. Immediate lung function may often be excellent but it 
begins to deteriorate after 6-12 hours, being worst at 24-48 
hours, before responding to therapy with diuretics. 

The causes of this spectrum of postoperative lung dysfunction 
include ischemia, reperfusion injury, preprocurement lung 
damage, surgical trauma (e.g. coarse handling or overinflation), 
lymphatic interruption, and denervation. Since these changes are 
not inevitable, the latter two potential causes do not seem central 
to the causation of early postoperative lung dysfunction. 
Recipient factors, such as the underlying condition for which the 
transplant is required and its severity, may also predispose to im
proved postoperative lung function. Most lung transplant sur
geons have occasionally seen worse lung function in the lung 
with the shorter ischemic time than in the other (from the same 
donor) with the longer ischemic time. Clearly, our understanding 
of lung protection (although adequate for current practice) is in
complete and necessitates ongoing research efforts. 

CURRENT TECHNIQUES OF LUNG PRESERVATION 

Previously clinically employed methods of lung preservation, 
such as topical cooling^" and the use of the normothermic auto-
perfusing heart-lung block*"", have been abandoned and will not 
be discussed further. 

The two currently used techniques of lung preservation are: 
(a) donor core-cooling by cardiopulmonary bypass and (b) cold 
single-flush pulmonary perfusion. The latter technique is by far 
the most commonly applied clinically at the present time, al
though core cooling is the method of choice at Harefield Hospital, 
London, currently one of the busiest cardiothoracic transplant 
centers in the world". Donor core-cooling is slower, more cum
bersome and expensive. Special equipment and bypass techni
cians are required. This method may also be unacceptable to other 
organ retrieval teams, and the possibility of cardiopulmonary-
bypass-induced lung injury exists. Advantages of the technique, 
however, may include more uniform cooling of the lung. 
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particularly of the bronchi, and the beneficial properties of blood 
as a perfusate as it is a colloid and contains buffer, free radical 
scavengers, and metabolic substrates'-. Single-flush pulmonary 
perfusion was the technique employed in the original successful 
heart-lung transplants at Stanford" and, with modifications, has 
stood the test of time. This method is simple, fast, inexpensive, 
acceptable to other retrieval teams, and of proven effectiveness. 
Distribution of the cold perfusate, however, may be uneven in the 
lung and may not result in optimal cooling of the bronchial tree. 
A large number of clinical variables in this technique makes com
parison between centers difficult. 

Variables in single-flush pulmonary perfusion 
technique 

These variables include: (a) the composition of the flush 
solution; (b) adjunctive treatments, e.g. steroids and prosta
glandins; (c) inflation or deflation of the lung; (d) the composition 
of gases used to inflate the lung; (e) the targeted temperature; (0 
the storage medium; (g) antegrade or retrograde administration; 
and (h) the management of reperfusion. 

The following descriptions are not intended to be exhaustive 
but reflect the authors' clinical views. 

Composition and volume of the flush solution 

Cold (4°C) Euro-Collins solution (ECS) (60 ml/kg), modified by 
the addition of 12mEq magnesium .sulfate and 65 ml of 50% dex
trose per liter, was the first solution used for distant lung pro
curement''' and probably remains the most widely used technique 
currently'''-'^ Prostaglandin therapy is given to the donor to 
mitigate the vasoconstrictive effects of this solution'". 

University of Wisconsin (UW) solution has recently displaced 
ECS in several centers'^-", based on improved pulmonary preser
vation in laboratory studies-' --. It remains to be seen whether the 
significantly increased cost of UW solution is justified by im
proved lung preservation clinically. 

The use of cold donor blood, modified by the addition of 
prostacyclin, has provided satisfactory lung preservation for up to 
4-6 hours-' -•*. 

Low potassium dextran solution has been proposed as an alter
native to ECS and UW solution based on laboratory experi
ments-'^-", but we are not aware of current clinical application of 
the technique. 

Adjunctive treatments 

Corticosteroids are variably administered to lung donors before 
retrieval, based on persuasive evidence from the experimental 
laboratory-"'". The timing of administration may be critical'. 

Prostaglandins in the form of either prostaglandin E, or prosta
cyclin are widely used as part of pulmonary preservation proto
cols. The basis for their application has been described in detail 
elsewhere''. Other treatments or additives, such as free radical 
scavengers, calcium channel blockers, complement inhibitors, 
substrate enhancers and platelet-activating factor antagonists, 
have been investigated in the laboratory. 

Inflation versus deflation of the lung 

It has been generally accepted for a long time that lung ventilation 
during flush perfusion improves perfusate distribution, and that 
maintenance of inflation during storage prolongs the safe is
chemic time of the lung^'-'"*. 

Gas composition in the inflated lung 

The appropriate oxygen content in the ventilated and the stored 
inflated lung remains controversial and clinically variable. 
Experimental evidence suggests that 100% O, is either deleteri
ous' ' '" ' or beneficial" to lung preservation. 

The ideal temperature for storage 

Hypothermia clearly increases the tolerance of the lung to is
chemia"*'''. The ideal temperature for storage is unknown. 
Clinically, most surgeons store the lung in 4°C solutions'^*. 
Recent animal laboratory evidence suggests 10°C may be the 
optimal temperature of storage-^ •"'•*', but we are unaware of clini
cal storage at 10°C being employed at the present time. 

Up to the present time, lungs have been stored in cold solution 
at 4°C or surrounded by ice slush. Buoyancy of the stored, 
inflated lung in the storage container can result in areas of lung 
lying either adjacent to air (of unknown temperature) or next to 
ice (with the potential for cold injury). Recently, it has been pro
posed that lung storage in cold air at a controlled temperature may 
be a superior technique^-. 

Storage medium 

Clinical practice is variable, but there is some experimental evi
dence that storage of lungs in the same solution as the pul
monary flush perfusate is beneficial, rather than in physiological 
saline. 

Antegrade versus retrograde pulmonary perfusion 

Traditionally and still most commonly applied is antegrade flush 
pulmonary perfusion'-*. Recently, retrograde flush perfusion of 
the lung via the left atrium has been used clinically'", with the in
tention of providing better airway preservation, a concept sub
stantiated by later experimental evidence"'''^''. However, concerns 
regarding distension of the left heart remain. 

Management of reperfusion 

The biochemistry of ischemic reperfusion injury is the focus of 
continuing intensive research efforts. Lung injury may be medi
ated by leukocyte and platelet activation, oxygen free-radical pro
duction, generation of arachidonic acid metabolites, and other 
metabolic effects. This subject has been well reviewed recently'*. 
Clinically, the use of corticosteroids as potent inhibitors of phos-
pholipase is the best example of attempts at mitigating reperfu
sion injury. Controlling reperfusion by initially limiting the 
pulmonary blood flow appears to be a potentially important 
concept based on recent laboratory data***. In the future, further 
methods to modify this injury will likely be applied. 
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Current technique of lung preservation at Mayo 
IVIedical Center 

(1) The donor is pretreated with 1 g of methylprednisolone in
travenously 1-2 h before lung excision. 

(2) Fifteen minutes prior to inflow occlusion, an infusion of 
prostaglandin Ej is begun at an initial rate of 20 ng kg ' 
niin '. This infusion is titrated to achieve a systemic systolic 
blood pressure of 80 mniHg or a 30% drop in the systemic 
pressure. 

(3) The donor is heparinized (300 units/kg). 
(4) The main pulmonary artery is cannulated. 
(5) Gentle hand-ventilation of the donor with room air is 

carried out to re-expand any area of atelectasis. 
(6) After inflow occlusion, aortic cross-clamp, and initiation of 

cardioplegia, 60 ml/kg of cold (4°C) UW solution is flushed 
through the main pulmonary artery over a 3-5-min period. 

To each liter of solution,'200 000 lU of penicillin, 40 lU 
of regular insulin, 16 mg of dexamethasonc, and 20 fig of 
prostaglandin E, are added immediately prior to infusion. 

(7) The left atrial appendage is excised to decompress the pul
monary veins and the left heart. 

(8) Concomitant topical cooling of the lungs is carried out 
using cold 4°C saline solution as hand-ventilation with 
room air continues. 

(9) When the perfusion is complete, the trachea is clamped at 
end-inspiration. 

(10) After excision, the lungs arc stored inflated in cold 4°C UW 
solution for transportation. 

During performance of the transplant, the operating room tem
perature is kept low to minimize warming of the graft. The lung is 
wrapped in sponges soaked in cold saline with adjunctive topical 
cooling through an external line dripping cold (4°C) saline onto 
the sponges enclosing the lung. 

FUTURE PROSPECTS FOR LUNG PRESERVATION 

We believe reasonable expectations for the future in clinical lung 
preservation in the next 5 years include: (a) improved preserva
tion for longer ischemic times; (b) identification of the ideal 
storage temperature for the lungs; (c) application of further phar
macological techniques to reduce ischemia-reperfusion injury; 
and (d) the use of selected circulation-arrested donors. 
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Permanent Cardiac Replacement by A Total Artificial 
Heart: Experimental Background and Current 
Problems 
\NJ. KOLFF 

INTRODUCTION 

I could not be more delighted. Nearly 13 years after the implanta
tion of an artificial heart into Dr Barney Clark in 1982, the Utah-
type artificial heart (first called the Jarvik heart, then the Symbion 
heart, and now the CardioWest heart) has returned to Utah. On 12 
April 1995 James W. Long implanted this artificial heart in Alvin 
Marsden at the LDS Hospital in Salt Lake City. It was my privi
lege to visit with him 10 days later. 

Alvin Marsden is a real-estate developer from Boise, Idaho, and 
already had his computer set up in his room. He told me that he had 
been 3 hours from death; that he had not only heart and lung 
failure, but also liver and renal failure. All of this has now reversed, 
although he required two short treatments with the artificial kidney 
during the first days after his heart implant. He had walked on the 
treadmill without any problems and was eating 'like a horse'. 

I asked him several questions. 'Does the noise of the driver 
bother you?' 'No.' 'Does the artificial heart cause any discomfort 
or pain' 'No.' 'Do you still love your family now that your heart, 
the symbol of love, has been removed?' 'Yes. Love is in the mind.' 

Indeed, many surgeons have now seen the rapid improvement of 
a dying parient following the implantation of a total artificial heart 
(TAH). The secondary organ failures (e.g. renal, liver, lung), if 
caused by cardiac insufficiency, disappear within hours or days. The 
edematous patient may even become dehydrated, and improved 
liver function may render the dosage of anticoagulant ineffective. 

Cabrol emphasizes the importance of not transplanting a patient 
until his or her condition has been stabilized by the TAH. 'A trans
planted heart will not p)erform better than a mechanical heart, and 
any hope that the patient will improve after transplantation is ill-
founded. It is therefore mandatory that a patient placed on TAH 
support be thoroughly scrutinized to try to ensure that a donor organ 
is not wasted in a vain and unsuccessful attempt to save the patient'. 

As increasing numbers of patients are supported by TAH as a 
bridge to transplantation, and as an ever-increasing number of 
them awaits a suitable donor heart, eventually such patients will 
ask to be sent home with the device. Thus, slowly but steadily, the 
permanent TAH will take its place among the accepted methods 
of treatment for end-stage cardiac failure. 

Since the first implantation of a 'permanent' TAH was 
performed in Dr Barney Clark in 1982, 264 patients have received 
the Utah-type air-driven artificial heart. Only the first four 
patients received a permanent device; thereafter, the Food and 
Drug Administration (FDA) allowed the use of the TAH only as a 
bridge to transplantation. There is now good evidence that the 
results of a subsequent heart transplant are much better when a 
recipient in severe heart failure is first restored to a healthy 
state with a TAH. The results are discussed in this book (Chapter 
21). 

Peter Salisbury mentioned the artificial heart in his Presidential 
address to the American Society for Artificial Internal Organs 
(ASAIO) in 1957. In the Western world the first TAH was im
planted by Tetsuzo Akutsu and the author in December of that 
year in an anesthetized dog that survived for 90 minutes'. 

In this chapter certain selected aspects in the development of 
the TAH will be discussed, as will problems that still complicate 
the long-term use of such devices. 

SOURCES OF ENERGY 

A number of different sources of energy have been used experi
mentally to power artificial hearts. The pneumatically powered 
TAH is today in vogue. 

The future use of muscle- and pneumatic-powered left ventricle 
assist devices (LVAD) deserves to be mentioned, since these will 
be developed soon after this book is published. The use of piezo
electric power to convert skeletal muscle power is a very new and 
exciting development at the present time, although I suspect these 
methods will be used in LVAD rather than in TAH. I expect this 
technique to replace dynamic cardiomyoplasty, which involves 
the wrapping of the latissimus dorsi muscle around the ailing 
heart (Chapter 84). (Patent pending). 

Pneumatic (compressed air) 

While we were struggling with electrohydraulic and mechanically 
driven artificial hearts- \ Kirby Hiller of the National Aeronautics 
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and Space Administration (NASA) suggested the use of coni-
pressed air as a source of energy for a drive system outside the 
body. NASA proceeded to build a most sophisticated drive 
system for us whicli would respond to physiological needs-'"-''. 

The pressure curve of the driving air could be altered at will, 
and the percentage systole/diastole could be changed or was auu> 
matically regulated, depending on the rate. The system wa.s, 
however, extremely complex to manage, and stimulated personal 
efforts to try to develop the simplest possible drive system outside 
the chest, and the simplest blood pumps inside the chest. 

The result was the Detroit Driver (made by the Detroit Coil 
Company in Michigan), distributed by the National Institutes of 
Health (NIH) free of charge to laboratories interested in artificial 
hearts^-*. When larger artificial hearts were developed for larger 
experimental animals, Kwan-Gett enlarged the size of the valves^. 

Air-driven systems have been maligned more than they 
deserve, particularl)' with regard to their size and mass. The 
heavy weight of the drive system used in the first patient to 
receive a permanent TAH (Barney Clark) was due to compressed-
air cylinders for redundancy and two drive systems instead of one 
(also for redundancy). 

The FDA, in requiring two drive systems, showed little concern 
for cost. Bishop had proven in Kolff s laboratory that the second 
drive system can be replaced by two simple hand pumps which 
are ordinarily used to inflate footballs (at a cost of eight dollars 
each). The patient or assistant can use the hand pomps until 
another mechanical driver is in place. (One spare or a Datascope 
Driver should be in the ward.) We use the same hand pumps in 
our mock circulations to teach various personnel just how the 
TAH works. 

With a minor change, the drive .system of the Datascope intra-
aortic balloon pump (lABP) can be adapted to drive a TAH*. In 
contradistinction to the lABP. synchronization with the natural 
heart is, of course, not required. 

This artificial heart, once approved by the FDA for implanta
tion into two patients at Temple University in Philadelphia, is no 
longer available at Cardiac Systems. A modification is still being 
made at Kolff's laboratory at the University of Utah. 

OUTFLOW VALVE 

INFLOW VALVE 

BLOOD CHAMBER 

DIAPHRAGM 

AIR CHAMBER 

HOUSING COMPRESSED 
AIR PORTAL 

Figure 1 Diagram of basic design of the Pliiladelphia total artificial tieart 
(TAH). (After ref. 9) 

Figure 2 The Philisdelphia TAH ha.-; no conneciors iquick^connecls). Tlie 
a'.ria and aorra are one piece with the housing. The surgeon can sev.' in ihe 
valve oi his or her choice on tlic operating tabic 

The basic design of a pneumatically powered TAII is illus
trated in Figure 1, which is based on the Philadelphia TAH 
(Figure 2)''. The implantable portion of the Philadelphia TAH is 
composed of two ventricular chambers. The volume within each 
chamber is divided by a flexible diaphragm, separating the 
chamber into compartments for blood and air. When the blood 
chamber is completely tilled, the air chamber is nearly empty. 
Introduction of pressurized air into the air chamber causes the 
ejection of blood from the ventricle, and removal of air allows 
the blood compartment to fill once again. The air conduits, or 
drivelines, connect the ventricles with the external control console 
via the chest wall; the cotisole provides the pneumatic driving 
energy. The Philadelphia TAH driver has a gentle dpldt. The 
pneumatic drive source was designed to produce a gentle, pul-
.satile, pumping action that doses the inflow valve before the 
more powerful ejection phase occurs*-'. 

This was accomplished by a small air valve that opened just 
before the large air valve did. Stephen Topaz at Kolff's laboratory 
can accomplish the same with an air vortex. The air enters at an 
angle at the periphery and exits at the center; instead of a separate 
vacuum pump he uses an inexpensive Venturi. The high-pressure 
air at the end of systole is released by a plastic sheet flap valve. 
(A limited number of these devices can be obtained from Kolff's 
laboratory for our collaborators abroad.) 

Air-driven TAH can be monitored with the COMDU (Cardiac 
Output Monitor and Diagnostic Unit), which incorporates a flow 
meter in the driveline. Usually only the diastolic flow of air is 
recorded'"-". The amount of air that leaves the TAH during dias
tole is equal to the amount of blood that enters the ventricle and, 
if we assume that the ventricle is completely emptied with each 
stroke, this also represents the stroke volume. If multiplied by 
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rate, the cardiac output of both right and left sides can be mea
sured with an accuracy of 10% without need for transducers 
inside the chest. The COMDU only considers tlie inflow volume, 
and docs not automatically compensate for regurgitation or other 
losses. The shape of the curve, however, gives valuable informa
tion regarding: (a) whether or not the ventricle is sufficiently 
filled, (b) the presence of a broken valve, or (c) air between the 
diaphragms when a multiple layer diaphragm is used, and (d) 
'valving' (occlusion of the airbtie entry point into the ventricle 
by a distended diaphragm). 

Portable air-drive sf stems 

Portable air-drive systems situated outside the ehcsl have some 
obvious advantages: (a) they are small and no heavier than the 
oxygen tank that many people with emphysema walk around 
with: (b) the system can be replaced, reducing the demand on 
durability; (c) they can be repaired without opening the chest: 
(d) their batteries, which can run for 6-8 hours, can be recharged 
or replaced. (Leif Stcnbcrg, a patient in Stockholm, Sweden 
(Figure 3), walked with this drive system to a restaurant, served 
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Figure 4 Tracing iin'm lieiiTics portable heurt driver) ;hcws the cardiac 
output of «! calf, •'Albert". 50 da>s after icripiaiilalion oj' a T.nH, Before ihe 
animal H on t|->c frciidiiiiil llic cardiac oiitpiif is ahoiit 9 i/iiiii); diiritjg excrcije 
itie cardiac oiitpiir riutoniaiicaily incieascs to !C).5 1/miii; when flic treadmill is 
siiipr:ed rhe crirdiac ontpul laik lo S 1/rriin ivhhiii minutes. The rise 10 II;iIluic.̂  
laier oecur.s when the aniiT.al walks off the i.readmill b.ick to its cage 

hiiTiseir four limes at itie smorgasbord table, and sent a telegram 
lo the United States saying, '! am the happiest man in Europe.') 

The portable drive sysreoi lised by Leif Sienberg wu:- designed 
and budt by Heiines'-, wiio buiit a newer version around 1988 
which pi'ovides eoiiiinuous .readouls of eardiac ouiput and pres
sures and can be connected m recorders (F'igure 4). .Another 
portable drive system has tieen build by Affeld and Ins associates 
in Ber!in''\ 

Figure 3 

Electrohfdraullc 

The lirsi ciecirohydrauiic licart was built by Ncsrton, together witli 
rny iabor.:::tory personnel, in I963-- (Figure 5). Five meciiaiucally 
eoordinaicd elccirnmagneLS comfiressed hydraulic Hind, vchich 
baihed both rigli; and ieii: vearricles. The important principle llial 
not only mechanical energy, but ulso hcdi. is conrcycd by the hy-
drtiidic lluiti. -.vas established. The heat radiates into ihe biood, 
and the body «-erves as a radiator. 

{3ut̂  preseiii electrobydraidic ardlicial heart (1995) has dehniic 
advanUiges OVI.T others. The motor-impciler sits between the two 
venirick's. It can be ,'eversed within 14 thousa.ndths uf a secosid 
froii) a top speed of 1200 revoiuiiuns in one direction to top speed 
in the other direction. Small lurbbie blades on the rotor propel hy-
ilniiilic iluid from left lo ngbt and vice-versa. It should be em-
phasi:/ed that the bk.H.>d does not go throagh the impeller, but the 
hydraulic fluid does; Therefore che blood is not damaged by ihe 
impeller. 

From the onset, Kolifs lab(>ratory tried to use back-electromo-
live force for the reversal of the motor. Years ago I seal Robert 
•larvik to ,lirn Isaacson, President of NtiTcch Indutstrics. Inc.. in 
Dayton. Ohio, which ai the tirrte was the only mamdrieturcr lliai 
used back-electromotive force. (Abiotned does nol reverse the 
motor but uses a sleeve around lise cenlrifugal-punip-niotor 
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FiRurt 5 rivi; iolcooiilb arc arranged in a rosetle. When eiiergi/.ed they 
compress a liydrauiic fluid that is within tlie [ious!ii;j;. Oil llie lop of llie 
ariilicial heari one sees the arriti, the pulmonary artery, and llie aorta. These 
vessels are made of corrugated polyurethane so they can bem witliout Idnkiiig 

ag^re-ijte to HKI liatk and torih m (irJer ro shift ihe Hui.i tiuni 
light to letr diid \ice-vei%a If ii; liaui fo beiic\e ihii such a N\.«.iein 
vtiU lie d i i idWe. I 

Ihe hladcj ol uui impcUci nic designed aikoidine to thr it.--
ommend&tinni of experts in small pump techtiolog\ dt isf \ ^ . \ 
nihei small uiipellets ai ni^h •,(H'rd jei bariflow ilirourji uie 
space bcti\een the impr'Uet and the htiusuig. Stephen Topaz 
,r»tiiiK Itir bv pnnidmg i -.hi'.iKj aroutiii ilit itiipclk-i hladvs, this 
aKo pre\rnis c.i\ilatinn 

We Use poHiiit-r h}tltoi!yn.iiiiic heattiit'!> whith lost 29 teriK 
eai,h. These be.irini.,s jre rornially usetl in ihc boltom ct deep 
v.dK whcic they "c it' hue ^^hnd or grave'; rhey last 15 years Wi 
MTf sairw ..•; niu lut'tp dii' and Ini'rihhmimu jiiiid iiu yii\iiha 
fil ot silKune niiid ia> was used in breaM implantsi The h}-
JiOLiiie riliri leashes ail ^urlajes ihdi v^s^ld iilherwi-c be lo 
corilai t. diid .io."s tun bicuL diinif; te\ers.il K\en tl it did hre.'-L, 
SULII as aitei slundiiiii *iill. it Wfiild immcdiattly he le'tnted by 
the sentiifu|jal f«»ii,e of the liquid 

Stephen I<.p.i/ and Datid .'one. hd\e returned ii> liming and 
ic\cising ot the moloi ny pure back-eleetioniotive foiee Ko 
liaiisdue?!^ fi-i picssuie o,i W-M effect devices Iwhich inside the 
body h.i^c pool liingcvir,) ai.' needed The -.witch-oyer becomes 
^iiople when l̂ Ao thip. aic used one foi lot.iiwii to ihe left and 
one for rotdti"!! to the ii!.hi The bi« ifeii-ovei tan be %ekctey .ittei 
oi.e 01 mariy ie\oluti."is Hash iiitaiiori dispenses 2 n.| of 
h\didiilit Huid Blood flo'A tiieters are utiiieeessarv 

The differenre in cardiac output hetwcpti the left and the right 
veiitnclc IS coiiskleiable and iiiiist be ponided for In calves we 
ha\e seen it tti be 2 I/mm. There are at least tw>i «tiurces lor the 
diflcrence in cardiac l̂Utput̂  lai the bo-nchial tirculauon, which 
comes liom the lell sid'- ami ictiiins û  the- Icit sidi, and (hi the 
highei pre%sares on ine lelt side, whivh result in greater regurgila-
iioo thinugh ^ dhes and uisjeased loss b) disttn-,ion td the s,eiitn-
< k- (lh( re IS some .tdJdion.d h^ss iii an uir drneri s\sleni due to 
the compics^ibiiit' uf the di'\ing an. but it become, unpoitant 
only ^vhcn the ^uliinii «i ihcdri\mt an isl.npc. i 

hi the electiohydtaulii neait die dittereiice between iighr and 
leti saidi.is output ran be . omtieiiSiited hv . teatmg a lealiiig pul 
iiionarv vahe . ^o thai p.m \A llti blood which i> pumped out 
retjrns iluriiig diastole If the puhuonar aileiy • jb e i'puiposely 
made insufficient, chitins; .i long diastole ,i i iriie bacMlow from 
the pulmciiiao aiter> will otcui, duiing a stioii diastole « >nidllei 
ba^l-flo.^ Will OLCiii Thi- .diuws iLtU'^.tion oi imh Uancc by 
^aiytrr»i the uiio between s^siok ,ind ductule'" ,\a untottunate 
consequefite is that. HtivC the light .m.l leli veniiiLle' .ire hy-
duailital') coupled a longei diasi'ik "U the iighi >ide re^ulti in .i 
Ua ger s\stole on the left anil v.e need .»lel iti .el\ UiiiLCt di ist»'le 
loi adequate lillmg 

There is another sidution v-hith is nol a .otiiiiciis.i1i.iii s'.itli 
Wood "Ut v> ith the d'i\inc iluid flin i as'c is-h i«e jLCcn.pbshcii 
it ') sniall extension toi the dinmg fluid is pn" ided on the oglit 
^idc (l-is-uic fii. Diiijiig ^\-tnlc pan ol the h; d' luhc Ihiid t'l.cs 
irto the extension not into the iieht vcniikle 

The anti-iaeiiuin belloA's will be dt.%Lribcd latei miidcr 
ReL'uaiiioii ol CaidiuL Oiitpini ind ..in .il>o be used !o (oriipen 
ialc lot dilifitncc> m caidiac output (^c^ Fieuic ^1. When the 
Wood IS not pic.ii«t io fill a \entiicle, the bell >ws pie^enl e^ecs-
jive suction and less blood «til be â  adable to be pumped out m 
tlic itcKt s\ siolc oil that side 

A M)tt part m the \entiitul3i wall can sci%e i.tie same ti-nction. 
bill m .1 ics' scnsiin-e wa\ The sytt pait my>t be flc\ible but not 
distensible We have used thi in our latest version ot the tleetio-
hydraulic heart. 

Jack Kolff demonstrated, in his experiments with brain-dead 
cadavers (neomorls), that any imbalance of atrial pressure can be 
easily compensated by a hole in the atrial septum. The danger of 
right heart failure, which might occur in the natural heart, does 
not exist with artificial ventricles'*-'*. 

Alternatively, one can decouple the right and left sides making 
them quite independent, and then provide a eomplianee sack for 
each ventricle during diastole. It has been well substantiated by-
Nose's laboratory", and others, that compliance sacks covered 

L. VENTRICLE 

FLUID 

R. VENTRICLE 

COMPLIANCE RESERVOIR 

Figure i Diagram of electrohydraulic heart. A rever.sible pump moves fluid 
(nol blood) from left to right and vice-versa. .Some of the fluid can be diverted 
10 a compliance reservoir to reduce the stroke volume of tlie s'enlricle 
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Figure 7 Diagram of an artificial heart (TAH) with anti-vacuum bellows. Ifa simple reciprocating pump is used to drive a TAH with compressed air or fluid, 
then undue suction might he generated during diastole if there is insufhcient blood available lo lill the ventricle. The /f/i" cross-sectional diagram la) denionstralcs 
what happens if insufhcient blood is available. The left wall of the ventricle, which is supported by a screen, is sucked into (he ventricle, and the bellows on the 
outside are drawn inward. The micUlU' diagram (b) shows what happens if there is enough blood lo fifl the ventricle during diastole. The ventricle is entirely filled, 
and the left side of the ventricular wall remains against the screen. The rij^ht diagram (c) shows what happens during systole. The ventricle is compressed so that 
the blood is expelled. The screen provides support for the flexible left side of the ventricle 

with fibrils can maintain their (lexibility for years. The porous 
silicone surface made by Dr William Seare promised to stay 
flexible with less fibrous tissue for even longer periods'*. 

Atomic energy 

The first totally implanted TAH was actually built for the Atomic 
Energy Commission between 1971 and 1974'''. An atomically 
driven motor fueled by plutonium-238 (built by North American 
Philips) was placed in the abdomen, and a flexible driveline 
passed through the diaphragm to the artificial heart. The mechani
cal drive was built by Westinghouse, and our laboratory built the 
blood-handling mechanism (called the soft-shell artificial heart). 
Atotnically driven TAH are not being pursued at present, from a 
fear of radiation hazard. For the same reason, atomically driven 
pacemakers have also disappeared from the market. 

Electricity 

Using an electric motor (instead of the Sterling hot-air engine 
driven by atomic energy), a calf was maintained alive in a reason
able condition for 35 days. This record for a mechanically driven 
pump, achieved in 1975, stood for almost 10 years until it was 
broken by Pierce's group in Hershey, Pennsylvania-". 

With improved batteries, and methods to transfer energy 
through the intact skin, atomic sources of energy are no longer 
necessary. Pusher-plate hearts have been brought to a consider
able degree of sophistication and reliability, yet remain heavy and 
cumbersome-'. Novacor's pusher-plate has been used to power an 

LVAD in humans. If the drive system is mounted between the 
ventricles, and moves back and forth, as in the pendulum heart--, 
the space required by the system is smaller. The most elegant 
pusher-plate drive system to date has been built by Hcimcs in 
Aachen, Germany (unpublished). 

The Milwaukee group device has a flat plate that moves back 
and forth between the two ventricles. The ventricles are not con
nected but bathed in (luid. The activation is the same as it was in 
the pendulum artificial heart - an eccentric device, driven by 
planetary gears on a small electric inotor. The whole heart is very 
compact-\ Another variation of the pendulum heart is the Korean 
heart--*. 

Atsumi's group has come up with an undulating plate that 
forces the blood out of the cavity. They use two ventricles with an 
undulating plate or one ventricle that alternates the pumping of 
blood to the right or left side. A special meinbrane valve takes 
care of separation of red and blue blood-''. Four of Imachi's 
'jellyfish' valves were used, which have proved to be excellent 
valves. [Since this design is being perfected by Dr Imachi, we had 
better pay attention!^''.] 

REGULATION OF CARDIAC OUTPUT 

Starling's Law of the heart assumes that the innervation of the 
pulmonary and peripheral systemic vascular systems is intact, and 
that if each ventricle (of the TAH) pumps out all of the blood that 
is delivered to it, the natural regulating systems of the body will 
suitably adjust pulmonary and peripheral systemic arterial pres
sures. Thus, when the venous or atrial pressure rises, our artificial 
ventricle is more fully filled, and automatically pumps out more 
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blood. This also ensures a balance between the pHlmonary and 
systemic circulations. 

One might anticipate that, if the right heart delivers more blood 
to the left side, then the left heart will pump out more; CODSC-
quently, the right side would pump out more, and so on. 
Fortunately, this does not happen - neither in a mock circulation 
nor in the experimental animal. 

An air-driven TAH usually vents into the atmosphere, but if 
one applies a small amount of suction during diastole, Starling's 
curves shift to the left. This simple .system requires heart valves 
that offer little resistance, and pumping diaphragms or sacks that 
are thin so that they can move easily; with a heavy diaphragm, 
other method.s must be used. 

The most sensitive, purely mechanical application of Starling's 
Law is possible with a TAH that incorporates anti-vacuum 
bellows^' (I'igure 7). 

If one has a non-thinking, reciprocating drive system, 
Starling's Law can be accommodated by making part of the ven
tricle collapsible, but not distensible (Figure 8). If insufficient 
blood i.s available during diastole, then part of the ventricle 
simply collapses; during the next stroke only that amount of 
blood that fills the non-collapsed ventricle is pumped out-'. 

PROBLEMS WITH ARTIFICIAL HEARTS 

Placement wi th in the chest 

The major problem in the development of the TAH has been to 
design it so that it would fit satisfactorily, within the chest. My 
personal design was of a flat 'pancake' TAH (Figure 9). A calf, in 
which this heart was inserted, was the first calf that did not show 
an increase in venous pressure over a period of time-*. I asked 
Robert .iarvik to redesign the heart, which later became the Jarvifc 
III. The dimensions were such that it would fit inside a calf's 
chest without compromising the venous return of ihc right and 
left atria, bi the course of developing a larger heart with a larger 

Figure f if; ihc "jj^iicake" irulicial heart (he vciiuii-ic:; lie agitiriM the rib 
cage, iiw.ii le.-iviuj; ihe area rnHweeis su.'rtumi and verieiTal L-oh-iini! available 
for ihe c;>!i[<t-cii(!fi-i tc Uis auia. aoria. and piiiuionar) artery 

cardiac output, the Jarvik Vli heart was developed, and was the 
heart impiiinied in Barney Clark in i982-''''-'''. 

He+ore the first ciinica! iujplantation. .lack Kolff and co
workers dciuotJSU'aied conviricingly iiti (irain-dead cadavers) that 
It w-as preferable to place the lef! ventricle more to ihe left, or the 
right ventricle more to the right, so that the narrow space be;ween 
iiie srennnn and the vcitebfal column was no; ove:crowded-''. 
Disring the implantatiiiii in Barney Clark the pencardluni on the 
left was sli! to allcnv space I'or ihe left vcniriclc. 

To faciJhate posiiioning oi tiie TAH, with its lathcr rigid drive-
line, in die chest, iiic surgeon can e.xperiiiicrU wiili ;j i.h.mntiy ven-
tricie (Fngiire lOi, which has ihe exacr xi/e of the ventric'e ro be 
imnlaated. When he has determined the laest possdile location, he 
can use a Hexibie diiveiine to piLUs tiio potnt of o,sit trriin riie 
chc:ii. lie tiien h:eds ihe rigid dnvchnc through the incisiun. and 
the arsificial ventricle wii! fit sarisfactoriiy in place. 

Ahhough I have had 'khs' wirh dttnutiy parts avadable (for use 
to assess choice of si/e or 'rit' of the TAH) lor niany years, 
neither Symbion, Inc., nor its successor, (iiardioWest 
Technologies, Inc.. have made ihetn available to hear! surgeons. 

FiSure 8 Tiie l̂ Rf-)..'\ i Energy Ke;,earth and [)e<.-ck>pniera .ALlrnir.!:,!ra;ii)ri) 
lean. Oely enc venlrku; is :;hcxv:i, Ttie biouJ veiarkie l̂â  a cohapsahie pari 
U"p of rhe iigiire). The drive «han i? to rise iar iighr Sioon liantliiira nsrrs aiv 
ifia.]c ut sihi-slk-

Thromboembol i 

Of the first six patients who received the Jarvik-type TAH. five 
had thromboemboli. The unfortunate alternative to such throm
boemboli is hemorrhage from anticoagulant therapy. Thrombus 
formation is most common; (a) on the suture lines, (b) in the con
nectors (so-called quick-connects), (c) around the valves, and 
(d) at the junction between the diaphragm and the housing (DH 
junction)'-'^''*. 

Fortunately, as of May 1995, we can report that none of a con
secutive series of 40 patients implanted with the Utah-type heart 
now made by CardioWest Technologies, Inc., has had any evi
dence of a stroke. 

Finding a small thrombus m a crevice in the TAH is not 
necessarily a bad omen; it should be considered as part of the 
natural repairing process of the body. Sooner or later the equilib
rium between thrombus-producing and thrombus-removing 
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Figure 1(1 Set nf ilumrny veiilrities and accessories tliat the surgec •• 
There is a choice Ctf atria and shape of ventnckb 

•e and position in ihe chest. The drivclines are not connected. 

factors will be established, and a small thrombus in a crevice may 
be smoothed off at tlie surface and even overgrown with 
endothelium. 

Jack Kolff has suggested doing away with the quick-connecl 
system used heretofore in nearly all TAH implants. The left 
cilrium, left ventricle, and aorta are now manufactured in one 
piece, as are the right atriiini. right ventricle and pulmonary artery 
(Figure 2), The surgeon can now sew in (on Ihe operating table) 
tlie valve of his choice: St Jude, Bjork-Shiley or HalhKaster 
valves can be used. If he or she is particularly concerned with die 
risk of thrombosis, tissue or polyurethane valves can be sewn in 
(Figure 11). 

A promising and compact solution lias been suggested by 
Oisen and his associates'^''; il consists of asial flow pumps 
magnetically suspended in the bloodstream, thus negating 
the need for bearings, which are notorious for causing 
thromboemboU. 

In general, to avoid thrombus formation in the TAH or in the 
patient's aina, one of two approaches can be used. 

The first is the use of a rough inlima, accepting that fibrin for
mation will occur, but trusting that it will not be dislodged as 
emboli. This rough intiina can consist la) of: srnall titanium balls, 
or, (b) on moving diaphragms, ol' Dacron fibrils firmly anchored 
with a second layer of polyurethane. or (c) of a fascimile of the 
Dacron fibrils but consisting of the same kind of polyurethane (as 

Figure II Polyurcihane valves, with sewing cufl\ removed, 28 days after 
implaniation in a 'I'Ali. One leaflet of ttie inflow valve has been cut for study, 
•fhe iedllels were ciear of itirombns except for one small speck 

used by the Thermedics device)^*-". Rough intimas can be suc
cessfully coated with what Nose has called 'a biolyzed surface', 
which basically is pure gelatin crosslinlted with glutaraldehyde"*. 
This highly hydrophilic surface has proved very successful. 
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The second - and, to date, more popular - approach is to use 
smooth elastomer surfaces". (Smooth intimas are used by 
CardioWest, the Berlin group, Thoratec, and Abioined.) For a 
loag time it was believed that air-dried polyurcthanc was to be 
preferred, though this is probably nol so. The ideal is for throm
bus never to fonn, and therefore embolization never to take place, 
but this ideal is rarely achieved. Jack Kolff's group in 
Philadelphia has demonstrated that there is basically no difference 
when ooe looks with the scanoing electron microscope at the 
smooth intima of a TAH implanted for 2, 10 or 30 days (J. Kolff, 
unpublished). This suggests that small thrombi are formed all the 
time, but are then di.ssoived. This appears to be harmless, as long 
as the thrombi do not become too large. 

The treatment of the smooth intima with heparin, 
prostaglandio, heparin-prostaglandin compound, albumin, or 
albumin IgG is aimed at making the smooth surface even less 
tkroiiibogenic. At present there is competition between two con
cepts: (a) incorporating the substances in the polyurelhane so that 
they leach out, which, of course, results in a limited active life; 
and (b) grafting them on to the surface. It has been well substant
iated that if heparin, for example, is grafted to the surface with a 
long chain of carbon atoms, so that the heparin can wave back 
and forth in the bloodstream, it provides high protection against 
thrombus fomiation^*"^'. 

Some of the hepariB-coating techniques have used DMAC (di
methyl acetamide) as a solvent for polyurethane and heparin, but 
DMAC has a tendency to destroy the polyurethane membranes 
and valves. Chisato Nojiri (Terumo Corp.) prefers to use ozone or 
a novel pbotoreaclive phenyl azide-derivcd hydrophilic polymer 
to graft the heparin*'- .̂ 

The inertness of smooth surfaces can be further enhanced by 
coating them with pyrolytic carbon*- '̂**. The pyrolytic carbon 
surface may be the most inert surface known to man. Coating the 
inert surface with compounds in which water is incorporated (hy
drophilic coating), such as is used in contact lenses, is another 
possibility. Owen (at the Biosouth Research Institute in New 
Orleans) is using polyhydroxyethylene oxide acrylatc to coat 
artificial hearts for our group at the present time. 

In summary, it seems to this author that ultra-smooth surfaces 
grafted with heparin will have the best future. 

Infection 

It is believed that even a small thrombus may be a place where 
bacteria can proliferate; the number of local infections (often 
around the valves of the TAH) seen in experimental animals is 
high. Once a vegetative bacterial endocarditis has developed, it is 
usually impossible to ascertain whether or not its origin was a 
pre-existing thrombus. Grislina has ascertained that bacteria, 
which are innocuous while circulating, will proliferate and 
become clinically significant when they find a surface on which to 
settle (e.g. elastomers), Indeed, specific bacteria appear to have a 
preference for specific elastomers, and other bacteria for other 
elastomers*. The possibility of making the surface of the elas
tomer less attractive to bacteria is one of the challenges of the 
future. It may possibly be achieved with antibiotics or antkseptic 
agents, as long as they are not damaging to the blood components. 

Infection along the drivel ines or wires that pass through the 

Figure 12 A one-piece transfer-molded double-skin button (Elastomer 
HP-lOO by Dow Coming) allows two drivelines to pass through the skin and 
reduces the penetration area by 44%. The flange, which is covered widi 
Dacron velour, keeps the button from being pulled out, and is a barrier against 
infection 

skin is a well-recognized danger. To a large extent it can be 
avoided by using special entry tubes provided with a subcuta
neous flange'"' (Figure 12). 

Aging of polyurethane 

For many reasons, polyurethanes are the easiest and most desir
able material with which to make artificial hearts and artificial 
heart valves, but all polyurethanes age. A TAH which has been in 
a mock circulation for many years shows brittleness of the dia
phragm. We can return to the use of silicones, which do not age. 
The newer silicones (e.g. Silastic IIP 100) are stronger than those 
used around 1970, have a greatly reduced tendency to tear, and 
can be reinforced with fibers, such as carbon fibers, if needed. 

Unfortunately, none of the large American companies, such 
as DuPont, Dow Chemical, Dow Corning, or American 
Cyanamide, are wiMing to deliver their elastomers for artificial 
hearts or implantable medical devices for fear of litigation. 
Feeble attempts are being made to pass a law to hold them 
harmless. Some small companies are trying to fill the void. One 
small company, Corvita Corporation (8210 N.W. 27th St, 
Miami, FL 33122, USA), has produced a copolymer of 
polyurethane with polycarbonate called Corethane, which is 
thought to be better resistant to body fluid. 

FINANCIAL CONSIDERATIONS 

An air-driven TAH need not be exorbitantly expensive. The pro
duction of a TAH by vacuum-forming techniques requires only 
simple molds, and is a rapid process compared to that of solution-
casting. Cardiac Systems Inc. (1027 Conshohockcn Rd, 
Conshohocken, PA 19428, USA) had a license from the 
University of Utah for the production of such TAH, and FDA ap
proval was obtained for two implantations in human patients. 
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Currently, similar ventricles can be obtained from Kolff s labora
tory at the University of Utah in Salt Lake City. 

Neither need the drive system be expensive. One such system 
at our center (a slightly modified two-cylinder gasoline engine 
driven by an electric motor) costs less than $1000, and has been 
pumping every night for several years to test hearts and valves 
for durability. Other more sophisticated reciprocating pumps, 
which can be regulated, were designed by Norton and were rela
tively inexpensive'*''. Other types of drive systems for air-driven 
hearts are available for approximately $12 000. They are usually 
operated by solenoid-driven valves, and need a source of com
pressed air. For collaborating laboratories, Kolff's laboratory can 
provide a simple drive system for $6000. 

Drive systems which use air-actuated valve systems, such as 
are commonly used in respirators and diving equipment, are ex
tremely inexpensive, but have a tendency to drift. 

If we wish to provide an inexpensive TAH it makes no sense to 
incorporate four commercially available valves, knowing that 
their costs range between $1800 and $4200 each. Copies of the 
Bjork Shiley valve can be bought for $100 each in India and in 
China. During the last 6 years we have concentrated our efforts 
on building elastomer valves. My former co-worker. Long Shen 
Yu, can do this with either a vacuum-forming or a solution-
casting technique, or by spraying on simple male molds. The 
valves in our artificial ventricles are being tested for durability. 
We prefer biflap inflow valves because of their low resistance and 
tricusp semilunar valves with sinus valsalvae for outflow valves 
because they are so easy to manufacture. 

COMMENT 

It has been estimated that some 35 000-50 000 people per year in 
the United States alone will need some kind of replacement of 
their failing heart'"'. It is unlikely that human donor hearts will be 
found for more than a very small proportion of them. At most, ap
proximately 2000 human donor hearts are available per year. 
Xenografts may become possible, but the most appropriate donor, 
the pig, has a very short lifespan even when he does not meet the 
butcher's knife (a 3-year-old pig is a very old pig.) 

There is, therefore, a great incentive to persist in our efforts to 
develop the perfect TAH. If we do not squander our money on such 
items as SDI ('Star Wars'), there should be plenty of money in the 
United States to take care of its citizens in need. We must convert 
our military-directed industry towards peaceful goals, and our 
production-oriented society toward a service-oriented society. Now 
is the time to tell our political representatives where our priorities 

References 
1. Akutsu T. Kolff WJ. Permanent substitute for valves and hearts. Am Soe Artif Intern 

Organs. 1958;4:230. 
2. Kolff WJ, Akutsu T. Dreyer B, Norton H. Artificial heart in the chest and use of 

polyurcthanc for making hearts, valves and aortas. Am Soe Artif Intern Organ.s. 
I959;5:298. 

3. Kolff WJ. The artificial heart; research, development or invention? t^is Chest, 
I969;.^6:.114, 

4. Hiller KH, Scidcl W, Kolff WJ. An electronic-mechanical control for an intratho
racic aitifkial heart. Am I Med Electronics. 1963;2;212, 

5. Kolff WJ, Hiller K, Scidcl W a al. Results obtained with artificial hearts driven by 
the N,A,S,A, Scrvomcchanisni and the pathologic physiology of artificial hearts. Am 
Six: Artif Intern Organs. I962;8:L15. 

6. Nose Y, Kolff WJ. The intracorporeal mechanical heari. Vase Dis, 1966;.3:25. 
7. Kwan-Gett C. Zwart HH. Kralios AC cr al .\ prosthetic heart with hemispherical 

ventricles designed for low hemolytic action. Am Soe .Artif Intern Organs. 
197();Ki:4l)9. 

8. Kolff WJ. The Tenth Hastings Lecture. Kxperiences and practical considerations for 
the future of artificial hearts and of mankind. .Artif Organs. 1988:12:89. 

9. Kolff J. Cavarocchi NC. Ricbman JB. McClurken JB, Jessup M. The artificial heart: 
design, capabilities, and indications in the treatment of heart failure. Heart Failurc. 
1988;4:1.1. 

10. Willshav\' P. Nielsen SD, Naiias J. Pichel R. Olscn DB. A cardiac output monitor and 
diagnostic utiit f"or pneumatically driven ailificial heart. Artif Organs. 1984:8:2 LS. 

11. Kless H, Blumenthal NV, Mohnhaupt A. Afield K. Hucherl KS. Kxtracorporeal 
measurement of heinodvnaniic parameter of the arlificia! heart. Kur Soe Arlif 
Organs. 1974:1:166. 

12. Heimes HP. Klascn F. Completely integrated wearable TAH-drive unit. Int J Artif 
Organs. I982;.'i: I ?7. 

1."̂ . Affeld K. A redundant poilable driver t\)r the total artilicial heart. Am StK Artif 
Intern Organs. 1984:1.^:1 (abstractl. 

14. Lioi AP, Orth JL. Crump KR c; iil In vitro deveh^pment of automatic coninti for the 
actively filled electrohydraulic heart. J Artif Organs. 1986; I 2(2). I.'i2. 

1.̂ . Kolff J, Deeb GM. Cavarocchi NC el al. The artificial heart in human subjects. 
J Thorac Cardiovasc Surg. 1984;87:X24. 

16. Kinoshita M. Hansen C. Khanwilkar P. White K. Olsen DB. Detenninalion of atrial 
shunt si/.e to balance electrohydiaulic TAH. .Am Soc' .Artif Intern Organs. I991:2():l,3 
(abstract). 

17. Kiraly RJ. Development of an implantable left ventricular assist system. In: Andrade 
J. editor. Artificial organs. New York: VCH: I988;4.'>. 

18. Scare WJ Jr. Pantalos GM, Bums GL. Mohammad P, Olsen DB. The use of controlled 
porosity surface modifications in artificial heart applications. Proceedings of 
Cardiovascular Science and Teehnologv Conference, 12-14 December 1992. (.A.AMI). 

19. Smith L, Backman K, Sandquist G I'l ul. Development on the implantation of a total 
nuelcar-powercd artilicial heart system, .Atn Soc .Artif Intern Organs. I974:20:7,'^2, 

20. Rosenberg G, Snyder AJ. Landis Dl. cl ul. An eleetnc motor-driven total ailificial 
heart; seven months survival in the calf. Am Soc ,Artif Inteni (Organs. I984:.^():69. 

21 . Chen H, Miller PJ. Conley MG ft ul. Development of an implantable, permanent 
electromechanical ventricular assist system. In: Andrade J, editor. Artificial organs. 
New York: VCH:I988:S9, 

22. Houston CS, Akutsu T, Kolff WJ. Pendulum type of artilicial heart within the chest: 
preliminary report. Am Heart J. I9(S<);,S9:72.3. 

23. Gao H, Cheng Q, Smith L ei al. A new pusher plate ventricular assist device without 
compliance chambers or vent tubes. ,Am Soc Artif Intern Organ 1995:41:42 
(abstract), 

24. Ahn JM. Min BG. An implantable controller ^^ith fault tolerance for Ihe moving-
actuator total artificial heart (TAH) using a dual board. Am S(K- .Artif Intern Organs. 
199.'i;4l;8 (abstract). 

25. I.soyama T. Imachi K. Chin7.ci T cr al. Flow transformed pulsatile total artificial heart 
(FTPTAH) having no electrical switching valve. Am Soe Artif Intern Organs. 
1995;4I:6 (abstract). 

26. Imachi K, Abe T. Chinzci T el al. Optimal design of the jellyfish valve. Am SiK 
Artif Intern Organs. 1995;4I:5 (abstract). 

27. Norton SH. Akutsu T, Kolff WJ. Artilicial heart with anti-vacuum bellows. Am Soe 
Artif Intern Organs, 1952;8:I3I. 

28. Jarvik R. Voider J. Olsen D. Moulopoulos S. Kolff WJ. Venous return of an 
artihcial heart designed to prevent right heart syndrome. Ann Bionied Fng. 
I974;2;335. 

29. Joyce LD. De Vries WC, Hastings WL [•/ al. Response of the human body to the first 
permanent implant of the Jarvik-7 total artificial heart. Am Soe Artif Intern Organs. 
1983:29:81. 

30. Kolff WJ, Dc Vries WC, Joyce LD ct al. Lessons learned from Dr. Barney Clark, the 
first patient with an artificial heart. Prog Artificial Organs. 1984:2:165. 

31 . Kolff J. Deeb G M . Cavarocchi C cr al. The artilicial heart in human subjects, 
J Thorac Ctirdiovasc Surg. 1984:87:825, 

32. Levinson MM, Smith RG, Cork RC el al. Thromboembolic complications of the 
Jarvik-7 total artificial heart: case report. Artif Organs, 1986:10:236. 

33. Riebman JB, Liotta D, Navia JA el al. Orthotopic univentricular artificial heart. In: 
Andrade J, editor. Artificial organs. New York: VCH;I988:73. 

34. Levinson MM. Smith R, Ct>rk R et at. Clinical prtjblems associated with the total 
artificial heart as a bridge to transplantation. In: Andrade. J, edittir. Artificial organs. 
New York; VCH; 1988:169. 

35. Allaire PF, Kim HC, Maslen EH el al. Prototype continuous flow ventricufar assist 
device supported on magnetic bearings. J Artif Organs, I996;20(6}:582, 

36. Kolff WJ, The future of artihcial organs and of us all. In: Andrade. J, editor. 
Artificial organs. New York: VCH;1988;730. 

37. Buczak S. Fabrication of implantable artificial heart devices and components . 
wThermedics Report No , l -HV-92907-6 , Devices and Technology Branch, NIH 
Report, 28 October, 

38. Farrer DJ. Litwak P. Lawson JH el a!. In-vivo evaluations of a new thronlboresistant 
polyurethane ft)r artificial heart blood pumps. J Thorac Cardiovasc Surg, 
I988;95:191, 

39. Jacobs H, Okano R, Lin JY, Kim SW, PGE|-heparin conjugate releasing polymers. 
J Controlled Release. I985;2;313, 

701 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

40. Kim SW. Platelet Lidhesion anJ prevcnlion al blt)od-[X)lynier interfiiLC. ArtitOrgans. 45. Gristiiia AG. Bii)maleriul-cenlcreU inleetuni: microbial adhesion \'crsiis tissue inle-
1987;1 1:22S. gralion. Science. I987;237:15SS. 

41- Heyinun PW. Cho CS. McKcy Si'. Olscn DB. Kini SW. Hcparini/cd (><>l}urelhanes; 46. Ttipu/ P, Topaz S. KoHT WJ, Molded double lumen silicone skin htition tor dri\e-
in vitro dUii in voo studies. J Biomed Malcr Res. 1485; 19:419, lines to an artificial heart. AS AID Trans. 1991:37:M222, 

42. Nojiri C. Kuroda S. Hagiwara K t'l cil. In viini studies of heparin-iniiiiobili^ed and 47. Panayotopoulos EK. Norton SH. Akutsu T. Kollf WJ. A special reciprocating pump 
sultoiiated polyurethane using epilluoresceiil video niieroscopy lEVM). Am Sue to drive an arlilicial heart inside the chest. J Thorac Cardiovasc Surg. 1964;4S:K44. 
And" Intern. Organs. 1995:41:14. 48. Working Group on Mechanical Circulatory Support of the National Heart. Lung, and 

4.V Paccagnella A. Majni G. Ottaviuni G et al. Properties of a new carbon lihn for bio- Blood Institute. Arlilicial bean and assist devices: directions, needs, costs. stK.ietal 
medical applications, hit J Anil Organs. 1986:9:127. and ethical issues. L'S Depl of Health and Human Ser\ ices publication (NIH) S.'s-

44. .Arru P. Santi M. Vallana F et al. ,A new pyiulylic carbon tilm lor biomedical appli- 272.V Bcthesda. MD; Public Health Service; 1985. 
cation. Presented al the Congress "Ceramics in Bioinalerials', Milan; 1986. 

702 



77 
Earif Clinical Experience w i th Permanent Cardiac 
Replacement b f a i¥le ' inical Dewice 
D.K,C. COOPER 

INTRODUCTION 

Coolcy (Figure I) and colleagues' implanted the first lotal 
artificial heart (TAH) in a human in 1969. This aitempt was 
inlended as an interim measure unlil a suitable hunum heart 
could be located and transplanted. This group performed a 
second bridge-to4ransplant procedure in 1981'--I Since then the 
TAH has successfully served as a bridge to transplant in many 
patients. 

The first intended permanent implantation of a T.4H was per
formed by DeVries (Figure 2) and his colleagues in 1982*"̂ *, who 
used the device to prolong Ihc lives of four patients. This initial 
clinical experience was based to a great extent on pioneering 
work by Willem KoUT (Figure 3) and his colleagues in Utah, 
who.se biocngineering research did much to advance the artificial 
heart to the point where its clinical use could be considered 
(Chapter 76). The clinical experience of DeVries and his col
leagues (initially at the University of Utah and subsequently at 
Humana Hospital Audubon, Louisville) will be briefly re
viewed'*^'. 

DEVICE 

The Jarvik-7-100 (Figures 4 and 5) TAH consists of right and left 
ventricles and four tilting-clisk valves with anatomical communi
cations to ihc atria and great vessels. Each vcniriclc contains a 
flexible diaphragm constructed of mullilayercd polyurethanc. Al 
the base of each ventricle is a 30-F polyvinylchloride connecting 
lube that is tunneled under the skin and exits the body in the left 
lateral abdominal area through Dacron felt skin buttons. The con
necting tubes are attached to polyvinylchloride dtivelines, 1.6 cm 
in external diameter and 2.2 m in length. The drivclines arc at
tached to an external pneumatic pump (the Utahdrive Sy.stem II 
console, Symbioii, Inc., Salt Lake City). The luics may be con
nected to a portable heart driver during periods of patient 
mobility. 

The maximum slroiie volume of each Jarvik-7-100 ventricle is 
100 nil. The ventricles are pneumatically 'driven'. During dias
tole, blood fills the ventricle on the upper side of the diaphragm. 

% 

Hgiir? ! Dcsauii Cooicv, who .lUetnpteil iiiK lir-
an ar!Jfici;i! heiin Che [.iona iieuUi in 1969 

During systole, air is puLcd on ihc underside of the diaphragm to 
eject die blood froni the ventricle. The heart functions in response 
to ciivulaior) needs (frank .Starling law); thus, with increased 
venous return, stroke volunu; is increased without a change in 
heart rate. 
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Hgiirt" 3 VViileiri Knitf, of tbe liiiivers.ily of Liiiii. wruise pioiieentig work 
C!'.>nributed much lo Ihe developmetil (if the ani(ici-.ii heart 

Figure 2 William DeVrics led ilic surgical team that carried out flic first trial 
of periTianenl replacement of the heart by an artificial device 

PATIENT SELECTION CRITERIA 

The four potential recipients of the TAH were categorized as New 
York Heart Association class IV, and had each been rejected as 
candidates for cardiac transplaiitatioo by at least three programs. 
All revealed stable psychological profiles and had strong, rehable 
family support systems. They were all unanimously approved by 
an evaluation committee, and gave informed consent. 

Details of ihe four recipients are given in Table 1 *. The first 
patient to undergo this procedure was the first human subject in 
whom the Jarvik-7-100 TAH was implanted; the operation was 
performed on 1 December 1982. 

Table 1 Pre-implant clinical data of tlie four recipients of permanent 
total artiicial hearts 

Patient Age Underlying cardiac Reason transplantation 
(years) patlwlogy denied 

1 
2 

3 
4 

61 
54 

58 
62 

Dilated CM. COPD 
ischemic CM 

Di latcd CM 
Lschemic CM, mild COPD 

Advanced age 
Insulin-requiring diabetes 
melliuis 
Advanced age 
Advanced age 

CM = Cardiomyopathy; COPD = dironic obstructive pulmonary disease Figure 4 Jarvik-7-100 total artificial iieart 
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Figure 5 Robert Jarvik. who was a member of Willcm Kolff's research 
Ic-arn. hujding one of ihc devices iia.'iicd aflcr uiin. 

SURGICAL TECHNIQUE 

The teclioique of implantation has been reported by DeVries 
previously'. 

MONITORING 

A computerized bedside monilor-terminal stored and displayed 
systemic and pulmonary arterial and right and left atrial pressures. 
A cardiac output monitoring diagnostic unit (COMDIJ) displayed 
and stored left and right filling volumes, left and riglil cardiac 
outputs, and heart rate'". Left and right drive pressure wave forms 
were also recorded. The.se data were stored on a tape-recorder for 
later analysis"-'^. 

Table 2 Chronological order of significant post-implant events and 
coniplifatio.ns .in patient 2' 

Days 

I 
1 

3-6 
19 
6S 
94 
i33 

1.50-620 
163 
202 
352 
444 
590 
612 
620 

T.-\H i.iiipiaated 
Expioratioii of mediastinum for bleeding 
Renal failure 
CV.-\ (thromboembolic) 
.N'eiitrofXriiia 
CVA (liypopcrriibion) 
Discharged from hospital 
Subacule bacterial endoiuirdilis 
CVA (hcmnixhagicl 
Changed to new IJtahdrive console widi iow dph'lt 
C.\'.\ (thrombocmhoiic) 
Liver biopsy . microabscesses 
Feeding gaslriisli)Tiiy 
Traelieostomy 
Rcsoiraiory faiiiirc, sepsis, death 

" Based orj rcf. 8 
CV.4 = cerebrovascular atciderit irn'oi;ei 

tubular necrosis, embolic phenomena, and infection, aii of V/"hich 
occurred in ail Ihree long-lenn survivors. f)etaiied reports of their 
clinical courses liave been described elstjwhere""*. Only one patient 
(patient 2) was able to be discharged from the hospilaJ, this 
patient being abic to live in an apartnnent close lo Ihc hospital 
aflerdavl33. 

Hernodf nannic obserwations 

AH of the patients dcmonstralcd a remarkable degree of auto-
regulated hemodynamic homeostasis for prolonged periods'-. 
Patient 1 was maintained with high cardiac outputs (6--8 1/mui) 
that were associated with the onset of seizures. In the cases of pâ ^ 
ticnts 2-A, cardiac outputs were initiaily maintained al 3—4 i./rnin 
and, over a 7-day period, were increased and stabilized ai 5 6 L/iniii. 

The cardiac output was readily altered by elevating the heart 
rate'-, which was usually set iniliaily al 50 beals.^iuin. and in
creased gradually over a 1 month period lo 80 beEils./min. Systolic 
and diasiolic blc)od pressures could be maintained within normal 
ranges with heart rate set at 75 to 80 beats/niio. After appro.Ki-
malcly 45 days an autoregulation of the vascular system, in re
sponse to changes in device parameters, was noted in all patients. 
At this time, attempts lo increase cardiac output by inereasing 
heart rate led to va.sodilatation. resulting in a return of cardiac 
oulpul lo Ihe original level. Cardiac output was exlremeiy siable. 
Light exercise aeiivilies on the non-resistant exercise cycle, 
achieved by patients 2 and .3, were associated with an increase m 
cardiac output of 1-2 1/min. 

CLINICAL PROGRESS 

These patients lived for periods of 112, 620, 488, and 10 days re
spectively. The Jarvik-7-100 TAH functioned welL and 
hemodynamic stabihty was achieved m all patients'"-'f Only one 
device failure was experienced - a broken mitral valve pro.sthesis 
(patient 1)*. Tlieir postoperative course was, however, eventful in 
every case (Table 2), the major problems being hemorrhage, acute 

Complications 

Hemorrhage 

Ail four patients required re-operation for bleeding. The surgical 
learn's experience led them to conclude tliat postoperative bleed
ing in these anlicoagulated patients should be treated by prompt 
reoperation rather than by repeated blood transfusion and 
observation. 
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Hemolytic anemia 

All patients developed a significant hemolytic anemia. After a 
change in the Utah drive consoles to provide a lower dp/dt (on 
days 116 and 202 for patients 3 and 2 respectively), transfusion 
requirements decreased. This was paralleled by a fall in the 
lactate dehydrogenase and plasma free hemoglobin levels. 

Acute renal failure 

Depressed preoperative cardiac output and poor renal perfusion 
undoubtedly increased the risk of postoperative renal failure. 
Patient 4 had the greatest compromise in renal function before op
eration, and was the only patient to require dialysis postopera
tively. The etiology of acute tubular necrosis in the early 
postoperative course in patients with implants was considered to 
be multifactorial. The combination of high transfusion require
ments and postoperative hemolysis probably played a significant 
role, and the toxic effects of long-term aminoglycoside therapy 
were also considered to be a possible contributing factor. 

In the light of this experience, DeVries and his colleagues be
lieved that in future patients several therapeutic approaches 
could be used to prevent the development of renal failure. 
Patients at other centers who received TAH in which the low 
dp/dt Utah drive System II was utilized have not developed 
severe renal failure' ' '••. Therefore, this drive system, or the 
Heimes driver, would seem preferable. Improved hemostasis 
would minimize the need for multiple transfusions in the early 
postoperative period. Renal blood flow, already reduced in such 
patients, could be maintained by low-dose dopamine in the in
traoperative period, and by the use of mannitol and furosemide 
at critical times. 

Thromboembolism 

One of the greatest concerns in the care of the TAH patient is the 
prevention of thromboembolism. The use of anticoagulants, 
however, is not without risk, and requires careful monitoring of 
the thrombotic and fibrinolytic systems. 

In this small series, anticoagulation policy varied from patient 
to patient**. Patient 1 had no thromboembolic events, but his 
course was complicated by recurrent bleeding episodes. Patient 2 
experienced several thromboembolic episodes, though patient 3 
experienced only minor transient episodes. At autopsy, both of 
these patients had prominent infected thrombi (subacute bacterial 
endocarditis) on all of the valves of the prosthesis. 

DeVries' group pointed out that, in assessing the thrombogenic 
potential of the artificial heart, several factors must be considered, 
including: (a) the effects of activation of both the intrinsic and the 
extrinsic pathways of the coagulation cascade, (b) activation of 
platelets and of (c) the fibrinolytic system, and (d) the antithrom
botic/antiplatelet regimen used. None of these systems acts in isola
tion; they interact with one another, as well as with other enzymes 
and cellular systems, such as complement and kinin. Whether the 
coagulation cascade proceeds to completion depends on the 
adequacy of the antithrombotic/antiplatelet regimen that is used. 

As a result of the experience with these four patients, several 
changes were recommended in the anticoagulation protocol to be 
used in the future. Once hemostasis has been achieved in the sur

gical wound, heparin should be administered by continuous infu
sion; heparin kinetic studies should be employed to estimate 
dosage, with the goal being a partial thromboplastin time in
creased 50% above control. When the indwelling catheters have 
been removed and prophylactic antibiotics discontinued, heparin 
administration should be by subcutaneous injecfion every 8 hours. 

Since the patients in this study demonstrated thromboembolic 
problems after the diagnosis of bacteremia, concern was ex
pressed that subacute bacterial endocarditis accounted for some or 
all of the thromboembolic events, and that this would not be re
sponsive to antithrombotic therapy. In view of this possibility, in 
future cases treatment of infectious problems should have the 
highest priority as an antithrombotic measure. 

Infection 

After TAH implantation the blood is in continuous contact with 
synthetic materials; it was considered possible that blood 
material interactions impacted adversely on the immune status of 
the recipient. Infections severely compromised these patients, ne
cessitating multiple and long courses of antibiotics for infections 
cau.sed by urinary tract, bowel, respiratory, and skin normal flora 
and contaminants. Many of the organisms that caused chronic 
problems were detected in the early postoperative period". 

Infection arising from the drivelines, with spread to the media
stinal periprosthetic space, was the major limiting factor in long-
term use of the device. Intensive antimicrobial therapy for 
prolonged periods seemed to suppress but not to eradicate infec
tion, and was accompanied by the appearance of multiresistant 
bacterial strains. Complications of antimicrobial therapy included 
diarrhea secondary to overgrowth with Clostridium difficile in 
two patients". 

The surgical group concluded that the prevention of infection 
needed to be of foremost importance in the future development 
and utilization of the artificial heart. Of particular concern for 
TAH development was the finding of culture-negative 'skip 
areas' between the prosthesis and the skin; this was believed to 
imply a blood-borne infectious source of origin in some cases, 
rather than infection ascending along the drivelines from the 
skin"'. Infection could therefore be a problem even with a future 
device that was fully implantable. 

It was concluded that the incidence of infection could possibly 
be reduced in future cases by: (a) improved selection of patients 
to exclude those with a predisposition to infection, (b) periopera
tive antibiotic prophylaxis with the use of narrow-spectrum anti
biotics whenever possible, (c) particularly careful aseptic urinary 
bladder catheterization, (d) the use of non-invasive hemodynamic 
monitoring techniques, (e) frequent surveillance cultures, (f) the 
use of full antithrombotic and antiplatelet therapies with the sub
cutaneous (rather than intravenous) administration of heparin, 
and (g) improved protective isolation and wound dressing 
procedures. 

COMMENT 

The complications of thromboembolism and infection were con
sidered to be the most significant limiting factors to the use of the 
Jarvik-7-100 as a long-term cardiac replacement; it was thought 
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that avoidance of these complications might prove difficult. 
Exposure of circulating blood to foreign surfaces appeared to 
induce changes in both humoral and cellular immunity. Such 
changes complicated efforts to avoid blood-borne infection of the 
TAH. or ascending infection along the drive lines. 

Those associated with this initial clinical research program are 
to be commended on clarifying many of the problems that need to 
be overcome before permanent replacement of the heart by a 
mechanical device can become a totally successful and 
routine procedure. 
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Long-term Cardiac Support with the HeartMate® 
Vented Electric Left Ventricular Assist System 
TJ. MYERS AND O.H. FRAZIER 

INTRODUCTION 

Over the past 30 years extensive research and development efforts 
have been aimed at chronic cardiovascular disease, a major health 
problem in the United States. Although numerous advances have 
been made in medical and surgical therapy, as well as in preven
tive medicine, finding a definitive treatment for chronic end-stage 
heart failure continues to be a great challenge. Current therapies 
are mostly palliative, and the manifestations of heart failure 
progress until death. Because a cure for cardiovascular disease is 
not likely in the near future, the goals of therapy should be to 
extend life and to improve the quality of life. To achieve the.se 
goals the therapy must be reliable, cost-effective, relatively easy 
to implement and maintain, and able to provide a near physio
logic level of support. 

Many surgical therapies for end-stage heart failure have 
evolved over the past 40 years. Heart transplantation and 
mechanical circulatory support systems have become fairly 
common therapeutic modalities, but each has its limitations. 
Other therapies, such as cardiomyoplasty' and cardiac xenotrans
plantation-, still require considerable refinement before they can 
be commonly used. In the United States alone it is estimated that 
nearly 60 000 people each year could benefit from some form of 
cardiac replacement or long-term circulatory support'. Heart 
transplantation has become a good therapeutic option for patients 
with end-stage heart failure, but its effectiveness is limited by the 
number of donor hearts available. A variety of mechanical circu
latory support systems are being developed and tested, but their 
use is generally confined to relatively short periods. These 
devices require refinement and continued clinical testing before 
they can become a reasonable long-term therapeutic alternative. 

Research into artificial heart development intensified in the 
1960s, and in 1969'' a total artificial heart was used cHnically as a 
bridge to heart transplantation. Clinical experiences during the 
1980s with both total artificial hearts and left ventricular assist 
systems demonstrated that these devices were useful as a bridge 
to heart transplantation' *. Although the use of total artificial 
hearts has declined in recent years, various left ventricular assist 
systems are being used clinically with increasing frequency 

throughout the world. Total artificial hearts and left ventricular 
assist systems have been u.sed almost exclusively as short-term 
bridges to heart transplantation; there have been few attempts at 
long-term use. When the total artificial heart was used as a perma
nent system it provided sufficient circulatory support; however, 
its limitation on mobility and the eventual thromboembolic and 
infectious complications led to the abandonment of this program. 

The HeartMate® left ventricular assist systems (Thermo 
Cardiosystems Inc., Wobum, MA) were designed during an era 
when heart transplantation was not yet a clinical reality. The 
device was conceived for long-term use and not as a bridge to 
heart transplantation. The present HeartMate® system is the 
product of more than 20 years of research and development at 
Thermo Cardiosystems Inc., its parent corporations, Thermedics 
and Thermo Electron, and the Texas Heart Institute. The 
HeartMate® implantable pneumatic left ventricular assist system 
(IP-LVAS) and vented electric left ventricular assist system (VE-
LVAS) have undergone extensive clinical evaluation as bridges to 
transplantation during the past 10 years. The HeartMate® systems 
were tested clinically in this capacity (that is, as bridging 
devices), because there was a great need for mechanical circula
tory systems in patients awaiting transplantation and because a 
close relationship existed between the transplant population and 
the target population for the HeartMate®; that is, patients with 
chronic heart failure who were not candidates for transplantation. 

The clinical research to date with both the electrically and the 
pneumatically powered HeartMate® systems has demonstrated 
that these devices are useful as a bridge to heart transplantation^", 
and that they may be employed as a therapy for chronic heart 
failure patients'. For example, patients who have end-stage heart 
failure but are not candidates for heart transplantation may benefit 
from long-term mechanical circulatory support as an alternative 
to conventional medical therapy. Also, in a selected group of pa
tients, long-term left ventricular support may lead to recovery of a 
substantial degree of native cardiac function, thereby allowing for 
removal of the left ventricular assist system. The clinical evalu
ation of long-term support with the left ventricular assist system 
is a vital next step in mechanical circulatory support research. 
Because we cannot reasonably expect a cure for heart failure, or a 
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solution to the disparity between the number of available donor 
hearts and the number of waiting recipients, there is a profound 
need to pursue long-term nieehanical circulatory support. The ex
perience and knowledge gained by using the HeartMate® left ven
tricular a.ssist system as a bridge to transplantation have validated 
the concept of possible long-term or permanent iinplantation. The 
experience to date in the improvement of native left ventricular 
function following long-term implantation has also given hope 
that long-term rest of the ventricle in a heart failure patient might 
enable complete recovery of ventricular function. 

characteristics within the pump and by the materials of which it is 
made. The blood pump and actuator are placed within the 
abdomen or preperitoneal space; this placement avoids the prob
lems associated with thoracic implantation, namely, space limita
tions and infections'"*. The implanted pump components are 
relatively easy to place"" ' and are accommodated well by pa
tients'^. A thick librovascular capsule that develops around the 
pump when placed in the abdomen"* is believed to prevent migra
tion of the device and to resist infection within the pump pocket. 

DESIGN AND DEVELOPMENT OF THE VE-LVAS 

Early in the development of the HeartMate® left ventricular assi.st 
systems it was determined that a long-tertn device must be reli
able, implantable, easy to operate, and constructed of biocompati
ble materials'". An implantable system would reduce infectious 
complications and enhance the patient's mobility. Ease of opera
tion was vital because patients would be expected to operate and 
maintain the system with little assistance from medical or engi
neering personnel. Biocompatibility was essential to prevent 
thromboembolism and keep anticoagulant therapy minimal. These 
design requirements were fully incorporated into the current 
VE-LVAS and have been demonstrated to be clinically acceptable. 

Two important backup characteristics are also incorporated into 
the design of the VE-LVAS. Because the native heart remains in 
place it can function as a backup pump in most cases in which 
pump malfunction might occur. Also, a vent is externalized from 
the motor chamber and functions primarily to equilibrate air pres
sure as the pumping diaphragm moves; in the event of power loss 
or motor failure, however, the vent provides a means by which 
the pump can be actuated pneumatically. With the native heart as 
a backup pump, and the vent readily available for pneumatic 
pumping, the VE-LVAS can be used safely outside the hospital. 

The relatively uncomplicated design of the internal and exter
nal components inake the system both durable and easy to 
operate. The simplicity of the electromechanical actuator results 
in a high degree of reliability'". There are few moveable parts, 
and the motor functions at physiologic rates. Extensive in-vitro 
testing of the blood pump and electromechanical driver has 
demonstrated that the VE-LVAS implantable components are 
highly reliable for extended periods. The external system coinpo-
nents, which include a system controller and a 12-volt direct 
current (DC) power source, are of durable construction and can be 
readily exchanged if necessary. Routine maintenance of the 
system does not require special equipment or tools. 

The blood/biomaterial interface is made biocompatible through 
a counterintuitive approach to thromboembolism"'-. All blood-
contacting surfaces within the HeartMate® blood pump (except 
the porcine valves) are textured both to attract circulating blood 
cells and to promote their adhesion to the surface. A thin, uniform 
and well-adhered tissue lining is established throughout the blood 
pump and is maintained during support'-'-'. This biologic lining 
resists thrombus development and bacterial colonization. 
Consequently, patients can be supported with the HeartMate® for 
extended periods using minimal anticoagulant therapy and with a 
low risk of thromboembolism and device-related infection. The 
biocompatibility of the system is enhanced by the blood flow 

DESCRIPTION OF THE VE-LVAS 

The VE-LVAS (Figure 1) provides pulsatile blood flow by means 
of a flexing polyurethane diaphragm and a pusher-plate'''. An 
electromechanical actuator beneath the diaphragm provides the 
power to move the diaphragm. The main body of the blood pump 
weighs approximately 980 g, measures 11.2 cm in diameter, and 
is 4 cm thick. The metallic components of the pump are fabri
cated of a titanium alloy containing 6% aluminum and 4% vana
dium. The inlet and outlet conduits each contain 25-mm porcine 
valves within a woven polyester Dacron graft and a titanium cage. 
A 19-mm textured inflow tube, which is located in the left ventri
cle, is attached to the proximal end of the inflow valve conduit. A 
20-mm woven polyester Dacron graft is attached to the distal end 
of the outflow valve conduit, and the opposite end is anastomosed 
to the ascending aorta. A double-lumen percutaneous tube from 
the motor chamber contains an air vent and a set of electric wires. 

Blood Pump 

System Controller 

Percutaneous vent 
and electric lead 

Figure 1 Major components of the HeartMate® vented electric left ventricu
lar assist system include the implanted blood pump, the percutaneous vent and 
electric leads, the system controller, and a pair of batteries 
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The total blood volume of the pump is 218 ml with a maximal 
stroke volume of 83 ml. 

The actuator consists of an electronically commutated, low-
speed, torque motor and a pair of helical face cams that are at
tached to the pusher-plate (Figure 2). The motor causes the 
rotation of two diametrically opposed ball bearings that push 
against the helical face cams. Lubricants are not required for these 
internal moveable parts. The rise of the helical cams results in the 
conversion of rotary motion to linear motion. The motor operates 
at physiologic speeds, and one rotation of the motor causes one 
stroke of the pump. When the motor receives a start signal the 
rotor completes one revolution and then stops. The rotor remains 
in a stop position, or standby phase, until another start signal is 
received. Passive pump-filling occurs during the standby phase 
because the motor and the pusher plate are not attached to one 
another. The fact that these two components of the pump are not 
attached is an important design feature, because it allows backup 
pneumatic actuation in the case of motor or power failure. The 

B 

Figure 2 A cross-sectional schematic of the HeartMate® vented electric left 
ventricular assist system. The blood chamber is separated by a flexing 
polyurethane diaphragm that adheres to a pusher plate attached to helical 
cams. Part A represents the standby position of the rotor and ball bearings. In 
parts B and C the ball bearings push against the helical cams on the pusher 
plate, causing the diaphragm to move upward. Part D represents the end of 
ejection and the beginning of the tilling phase 

external noise of the motor is minimal; air movement through the 
vent can be heard in a very quiet environment. Patients and 
family members rarely complain of the noise created by the 
device. 

The microprocessor-based systein controller is the central 
control and tnonitoring unit for the VE-LVAS. On one end the 
system controller is connected to the implanted motor by a series 
of wires within the externalized percutaneous cable. On the other 
end there is a dual 12-voll DC power connection that allows the 
power supply to be exchanged without intenupting pump func
tion. The system controller measures 8..'i x 8 x 2 cm and is nor
mally worn on the patient's belt or in a pouch on a waist belt 
(Figure 1). This unit controls the mode of operation and inonitors 
the function of the motor. A button on the system controller 
allows the operator to toggle between a fixed rate and automatic 
mode. The unit has LED displays and an audible alarm to alert the 
operator of battery voltage level, motor malfunction, or broken 
electrical leads. 

Power to the iinplanted motor is provided via the system con
troller from either a pair of lead-acid-gel cell batteries or a 20-foot 
power cable. A table-top power base unit functions as a battery 
charger, an interface between a system monitor and the systetn 
controller, and a continuous I2-volt power supply from a 
120-volt alternating current (AC) source. Up to six batteries can 
be charged while power is supplied via the power cable or another 
pair of batteries. While the batteries are charging they are moni
tored for the proper charge and voltage maintenance. A pair of 
batteries can provide up to 8 hours of continuous operation of the 
system. The actual length of time that a pair of batteries will last 
depends largely on the pumping rate - that is, the amount of work 
the motor is required to perform. During periods of rest, patients 
normally use the cable power source while recharging all bat
teries. The power cable also provides a coinmunication link 
between the system controller and a system monitor through the 
power base unit. 

A system monitor is used during implantation, in the intensive 
care unit, or at any other lime that pump operation must be moni
tored. The system monitor continuously displays the pump oper
ating parameters (mode of operation, pump rate, stroke volume, 
and total pump flow), and an operator may change parameters 
using the touch-screen menu. As appropriate, messages will be 
displayed to alert the operator of any pump malfunctions or low 
pump flow. The system monitor also enables pump performance 
data to be stored on a computer disk or sent to a remote computer 
via modem. 

PATIENT SELECTION 

As of July 1995 the VE-LVAS has been used only as a bridge to 
heart transplantation. In the clinical trials in the United States all 
patients must be active candidates for heart transplantation and 
meet a set of specific inclusion criteria (Table 1). These criteria 
identify patients with severe end-stage heart failure who are re
ceiving maximal medical therapy and mechanical support with an 
intra-aortic balloon pump. Other criteria include the expected 
length of the waiting period for a donor organ and the patient's 
risk of sudden death. Because donor organs are especially scarce 
for patients with an O-positive blood type who weigh more than 
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Table 1 Patient inclusion criteria for the HeartMate'^ vented electric left 
ventricular assist system clinical trials 

Approved candidate for heart transplantation 
Circulation supported by lABP and inotropic drugs 
LAP or PCWP > 20 mniHg and 
Cardiac index < 2.0 1 min ' m ' or 
Systolic blood pressure < 80 mmHg 

lABP. intra-aonic balloon pump; LAP. Ic("i atrial pressure; PCWP. pulmonary capillary 
wedge pressure 

Table 2 Patient exclusion criteria for the HeartMate® vented electric left 
ventricular assist system clinical trials 

Body surface area < 1.5 tn-
Age > 70 years 
Chronic, irreversible renal, hepatic, or pulmonary disease 
Pulmonary infarction or hypertension 
Right ventricular failure with an ejection fraction < 10% 
Intractable ventricular tachycardia or fibrillation 
Cerebral vascular disease with stroke and transient ischemic attack 
Unresolved malignancy 
Positive HIV 
Severe blood dyscrasia 
Long-term high-dose steroid therapy 

200 lb, such a patient who is critically ill should be promptly con
sidered for VE-LVAS implantation. Likewise, a patient who 
meets the inclusion criteria and has a serious uncontrolled ar
rhythmia should immediately be evaluated for implantation. A 
separate set of exclusion criteria (Table 2) are also used with po
tential VE-LVAS candidates. The exclusion criteria are intended 
to standardize the study population and to maximize the probabil
ity for long-term survival. The inclusion and exclusion criteria in 
the current protocol reduce the number of patients in the study; 
they may also limit the number of patients who might benefit 
from this technology. 

The timing of the LVAS implantation is important but difficult 
to define. Most chronic heart failure patients have some degree of 
multiple organ dysfunction when they are being considered for 
VE-LVAS implantation. The duration and severity of multiple 
organ dysfunction must be taken into account because 
deteriorating renal, hepatic and pulmonary function must be re
versible if the patient is to survive beyond the short term. Most 
patients with mild (and some with severe) end-organ dysfunction 
will recover when normal circulation is resumed. Some patients, 
however, despite the resumption of normal circulation, continue 
to deteriorate into severe, non-reversible, multiple organ failure 
resulting in death. Improved patient selection should minimize 
this outcoire, as it appears to be related to the overall clinical 
status of the patient at implantation. 

Right heart function is an important consideration in determin
ing whether to implant a VE-LVAS. Most cardiomyopathy pa
tients have some degree of right heart dysfunction. This can 
usually be treated medically during the short period of accentu
ated right-sided dysfunction following implantation. A patient 
with clinical right heart failure and an elevated pulmonary vascu
lar resistance is considered to be at high risk for problems follow
ing implantation of an LVAS. Preoperative and intraoperative 
pharmacologic control of the pulmonary vascular resistance is 

critical in preventing right heart failure and the need for right 
heart mechanical support. The prognosis for patients who require 
right heart mechanical support after having been implanted with a 
left ventricular assist system is generally poor. 

IMPLANTATION OF THE VE-LVAS 

The technique for implanting the VE-LVAS is similar to that for 
implanting the IP-LVAS, which has been previously described in 
detail'^'^. After complete cardiopulmonary bypass is established, 
the apex of the left ventricle is cored with a circular knife. A 
Silastic and Teflon sewing ring is attached to the opening in the 
left ventricular apex with 12 pledgeted interrupted sutures. The 
main body of the pump is placed in the left upper quadrant of the 
abdomen, either in a preperitoneal pocket or within the abdominal 
cavity. The inflow tube is passed through the diaphragm and in
serted into the left ventricle which is then secured by tying a 
heavy ligature around the sewing ring and inflow tube. The 
outflow graft is anastomosed to the ascending aorta and then at
tached to the outflow valve assembly. Finally, the percutaneous 
lead is externalized through the left anterior abdominal wall, just 
above the iliac crest. 

Once the entire pump assembly is in place, and all connections 
are complete, a gradual transition from cardiopulmonary bypass 
to VE-LVAS support is begun. The aortic crossclamp is removed 
and the heart is allowed to resume beating. Inotropic support and 
pulmonary vasodilators are given as necessary. After the heart 
beat has been restored, and while the distal end of the outflow 
graft is crossclamped, the system is de-aired by placing a 19-
gauge needle in the proximal end of the outflow graft while blood 
flows through the blood pump. As cardiopulmonary bypass is 
reduced, blood volume is returned to the patient. After cardiac 
function is stabilized and de-airing is complete, the crossclamp is 
removed from the outflow graft and slow, manual, pneumatic 
pump actuation is begun. Finally, cardiopulmonary bypass is ter
minated and electrical actuation of the pump is begun in the fixed 
rate mode at a minimum rate of 50 beats per minute. The auto
matic mode is selected after it has been determined that there is 
an adequate pump preload. Successful implementation of the VE-
LVAS is enhanced with adequate support of right heart function, 
maintenance of a low pulmonary vascular resistance, and control 
of bleeding. During the intraoperative and immediate postopera
tive periods an appropriate intravascular blood volume must be 
maintained using replacement blood products as necessary. 
Surgical bleeding sites are meticulously controlled, followed by 
routine closure of the chest and abdomen. 

OPERATION OF THE VE-LVAS 

The VE-LVAS has a stroke volume capacity of 83 ml and a 
maximum pump output of approximately 10 1/min. The pump rate 
can be varied from 50 to 120 strokes/min. The system may be op
erated in one of two modes: fixed rate or automatic. In the fixed 
rate mode the operator sets the pump rate, and the stroke volume 
varies depending on the pump preload from the left heart. The 
fixed rate mode is used during the intraoperative pump start-up or 
at any time when a limited pump flow is desired. The micro
processor-controlled automatic mode functions by adjusting the 
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pump rate to achieve an average stroke volume that is approxi
mately 95% of capacity. As pump filling increases (as, for 
example, during exercise), the pump rate and total flow increase. 
Conversely, as pump filling decreases, the pump rate decreases to 
maintain the 95% stroke volume. The automatic mode is the 
setting used most often, because it provides maximal cardiac 
support and responds to the patient's physiologic demand for 
blood flow. 

Once the patient is stabilized intraoperatively the system opera
tor only rarely needs to change a pump setting while the system 
remains in operation. Mode selection and a fixed rate setting are 
the only pump functions that can be adjusted. 

The system controller continuously evaluates the function of 
the implanted pump and the external power supply. Audible and 
visual alarms alert medical personnel or the patient to conditions 
of low voltage, low blood flow, or a broken electrical lead. A low 
battery voltage has three levels of alert. At the first level an inter
mittent beep and an indicator light inform the operator that the 
batteries need to be exchanged. If the batteries are not exchanged 
the second level of alert is triggered: the beeps increase in fre
quency. At the third level of alert the beeps again increase in fre
quency, and the pump rate slows to 50 strokes/min to con
serve power. The low blood flow alarm has a fixed threshold of 
1.5 L/min. When the pump flow rate falls below that threshold a 
continuous beep occurs, and a red light on the controller is illumi
nated. The low flow condition is the equivalent of the pump being 
off as a result of malfunction. If this critical condition occurs, an 
internal clock displays the accumulated time of low flow (or no 
flow) on the system monitor. If an electrical lead breaks, a yellow 
light on the controller is illuminated at each stroke of the pump, 
and an intermittent beep sounds every 30 seconds. 

An alarm system also functions when the pump is being 
powered from the power base unit via the power cable (rather 
than by batteries). Redundant audible alarms will sound from 
both the system controller and the power base unit. 

The VE-LVAS can be used conveniently in either the hospital 
or a patient's home. In the intensive-care unit a patient's VE-
LVAS is connected to the power base unit and system monitor via 
the power cable. This power source enables pump function to be 
monitored continuously, and system changes may be made 
readily. After leaving the hospital a patient (and his or her family) 
must maintain only a few pieces of equipment: a power base unit, 
a set of six batteries, an emergency power supply, and an emer
gency response kit. The emergency power supply is a single-use 
pair of batteries that will provide up to 48 hours of power. This 
backup battery supply is in addition to the 24 hours of power 
from the set of six batteries used routinely. A patient will nor
mally have up to 72 hours of battery operation available should a 
power failure occur at home. The emergency response kit is a 
small camera bag that contains four spare batteries, a pneumatic 
hand pump, a spare system controller, and an identification card. 
Because of its reserve batteries the emergency response kit 
enables a patient to be away from home for many hours at a time. 
Because the VE-LVAS home equipment is easy to operate, pa
tients can resume a relatively normal lifestyle. 

Patients and family or friends are trained to maintain and 
operate all of the external system components. During the training 
sessions, emphasis is placed on recognizing problems and 
knowing the emergency backup measures. All trainees practice 

pneumatic pumping with the hand pump, making system con
troller changes, and exchanging power supplies. Patients and their 
companions are also taught appropriate communications and 
emergency transport measures. 

CLINICAL EXPERIENCE WITH THE HEARTMATE® 
SYSTEMS 

The IP-LVAS and the VE-LVAS have both been undergoing 
clinical trials approved by the United States Food and Drug 
Administration (FDA). Trials of the pneumatic system began in 
1986, followed by trials of the vented electric system in 1991. All 
LVAS implantations in both trials have been in patients awaiting 
subsequent heart transplantation. The FDA approved the IP-
LVAS for commercial use as a bridge to transplantation in 
October 1994, after determining that it was safe and effective 
when used for its intended purpose. Continuing clinical trials of 
the VE-LVAS will probably also lead to an application to the 
FDA for commercial approval of the vented electric system as a 
bridge to heart transplantation. In addition, clinical protocols cur
rently being developed in both the United States and Europe are 
intended to study the use of the VE-LVAS as an alternative to 
heart transplantation and conventional medical therapy. 

Although more patients have received an IP-LVAS than a VE-
LVAS, the clinical results of the two HeartMate® systems are 
similar. The primary difference between the two systems is the 
method of pump actuation, but both systems are implanted and 
function almost identically. The IP-LVAS requires an external 
control console that generates pulses of air to move the flexing 
diaphragm. The implanted electromechanical actuator of the VE-
LVAS makes this system more portable. The portability of the 
VE-LVAS enables patients to resume relatively normal physical 
activities, and it is this characteristic that enables patients to live 
for extended periods outside the hospital. 

Between January 1986 and July 1995 the IP-LVAS was im
planted in 422 patients worldwide. In the FDA-approved clinical 
study that was conducted in the United States the IP-LVAS was 
evaluated in 116 heart transplant candidates-". This study in
cluded 46 retrospective control patients who met the criteria for 
an IP-LVAS but in whom the device was not implanted. The 
primary end-point of this study was a comparison of survival 
rates 60 days after heart transplantation. The IP-LVAS group had 
a survival rate of 65%, whereas the control group had a survival 
rate of 3Q9c. In addition, many more IP-LVAS patients (71%) 
than control patients (36%) survived to undergo heart transplanta
tion. We believe that the higher survival rate in the IP-LVAS 
group is partly a result of the physiologic rehabilitation that 
results from circulatory support with the LVAS. Throughout the 
duration of support the average pump flow index (pump flow [in 
l/min] divided by body surface area [in m-]) was 50% greater than 
the pre-implant cardiac index. The greatly improved hemodynam
ics often normalized end-organ function, and such patients could 
resume physical activity. Many patients participated in exercise 
programs while their circulation was supported by the IP-LVAS, 
and this physical conditioning enabled them to undergo heart 
transplantation in a normal physiological condition. 

Complication rates in the 116 study patients were acceptable. 
The overall device failure rate was 0.9%: one event in 116 pa-
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tients. TTie single device failure occurred because of a loosened 
connector. The only moveable components that are implanted, the 
valves and the flexing diaphragm, have not failed or shown appar
ent signs of wear. The device-related thromboembolic rate was 
3% during the cumulative support time of 26 patient-years. 

The FDA-approved clinical trials of the VE-LVAS began at the 
Texas Heart Institute in January 1991-"-'. Since that time the VE-
LVAS has been implanted in 46 patients in the US and one in 
Europe. As of July 1995, 28 (59%) patients have been trans
planted, 13 (28%) are still being supported by the VE-LVAS, and 
six (13%) died while being supported on the system. The average 
duration of support has been 100 days, with a range of 1-503 
days. As with the IP-LVAS experience, most patients who 
survive beyond the immediate perioperative period have a 
significantly improved end-organ function and a greatly enhanced 
physical capacity. In a subgroup of nine VE-LVAS patients the 
hemodynamic effectiveness of VE-LVAS support was demon
strated by a 57% increase in the cardiac index and a significant re
duction in the pulmonary capillary wedge pressure (Table 3). The 
average pump flow index over the duration of support was 2.72 
1/min per square meter. 

Patients who have an uncomplicated recovery from the implant 
operation and participate in rehabilitative programs generally feel 
well and have a positive emotional state. During hospitalization 
before the operation, patients generally become very anxious; af
terwards they have a strong desire to resume as normal a life as 
possible. In response to that desire, VE-LVAS patients who 
qualify for discharge (on the basis of a patient release protocol) 
are allowed to leave the ho.spital to await a suitable donor heart. 
The protocol was developed to provide a controlled method for 
ensuring the safety of VE-LVAS patients outside the hospital" - \ 
After patients have met a set of physiological criteria, they (and 
the companions they have chosen) are given training in LVAS 
operation and emergency procedures. After completing the train
ing, patients are allowed to leave the hospital on day trips for in
creasing periods. When they have successfully completed five 
3-day trips they may be discharged from the hospital; they must 
return to the hospital weekly for brief visits. During periods away 
from the hospital, patients and their companions maintain records 
of their activity and health care. Patients may live only a limited 
distance from the hospital, and the patient and hospital personnel 
maintain close communication through pagers or cellular 
telephones. 

Since September 1992, 21 patients have participated in various 
phases of the patient release program. Patients have left the hospi
tal on 380 day-trips, and 12 patients have been discharged from 

the hospital for extended periods. Patients have been away from 
the hospital for a total of 1021 days (2.8 years) in a 3-year period. 
No device has failed while a patient has been away from the hos
pital. Minor technical problems have been resolved either by the 
patient or by hospital personnel during routine visits to the hospi
tal. Because the pumps have functioned successfully while pa
tients were away from the hospital, there has been no opportunity 
to evaluate emergency measures. 

The preliminary experience with outpatient VE-LVAS therapy 
has led to two positive results. First, daily maintenance costs have 
been dramatically reduced in all discharged patients. In some in
stances patients have incurred costs as high as $5000 per day 
while waiting for heart transplantation in the intensive-care unit 
before VE-LVAS implantation. VE-LVAS patients at home have 
costs of less than $50 per day, because they require only minimal 
medical care. Patients typically take few oral medications and 
require only a few medical supplies. The cost of medical care is 
significantly reduced, and some patients have been able to resume 
employment (Figure 3). Second, use of the VE-LVAS for outpa
tient therapy has positively affected the emotional status of pa
tients. Patients who feel well but are confined to the hospital often 
become depressed, and their anxiety over heart transplantation is 
profound. Patients who have returned to their home and work are 
more consistently positive about life and the possibility of trans
plantation. Many of the VE-LVAS outpatients are enthusiastic 
about participating in exercise programs, and they generally prac
tice good health care. Frequent participation in social, work, and 
family activities enables patients to better tolerate the long 
waiting periods that are often required before a suitable donor 
organ becomes available. Many VE-LVAS patients become 
active members of organ transplant support groups and other 
community service programs. Because the VE-LVAS outpatients 
have a good attitude toward their life, and are also in good 
physiological condition, their heart transplantation can occur 
under nearly ideal circumstances. 

COMMENT 

Clinical experience with both HeartMate® systems has demon
strated that these devices can reliably and safely provide physio
logic levels of circulatory support for extended periods. 
Continued research with this technology will answer many im
portant questions. One of these questions is: Which patient popu
lations can benefit most from this technology? The use of 
mechanical circulatory support systems is expanding rapidly 

Table 3 Hemodynamic results in nine patients who were implanted with a HeartMate® vented electric left ventricular assist system 

Base' 

Mean L77 
Range L 4 4 - L 9 9 
SD 0.22 

Canliuc index 
(I mill ' m -) 

24 h 

3.11* 
1.98-4.43 
0.93 

4a h 

3.18* 
2..33.^.26 
0.72 

Ba\e' 

26.7 
21-35 
4.8 

PCWP 

24 h 

11.6* 
7-17 
4.8 

4Hh 

14.5* 
9-18 
4.0 

Punipjittw index 
(I min ' m -) 

2.72 
1.7-3.4 
0.3.'i 

Pump flow 
(/ min ') 

5.47 
2.8-7.0 
0.75 

• Base values are those before implantation. 
t Statistically signiticanl when compared to values before implantation, 
PC'WP. pulmonary capillary wedge pressure: SD. standard deviation. 
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Figure 3 This patient, wliosc circulation is supported by the HeartMate* 
vented electric left ventricular assist system (VE-LVAS), began day trips 
away from tlie hospital 30 days after tlie VE-LVAS was implanted. He 
returned to liis work as an oil and gas trader approximately 6 weeks after 
implantation 

throughout the worM and, as a result, a vast amount of experi
ence will accumulate in the near future. This new experience will 
determine the future u-se of the VR4,VAS and systems like it. The 
goals must be to explore the use of this technology in new patient 
populations, while refining its use as a bridge to heart transplanta
tion. The clinical trials with the VE-LVAS as a bridge to heart 
transplantation are currently in the early stages; however, if we 
extrapolate from the experience with the IP-LVAS, the VE-
LVAS, too, is likely to be judged a safe and reliable device. The 
only functional difference between the two systems is portability. 
The need for a safe, reliable bridge device may possibly be met 
by both HeartMate* devices. We also anticipate that these devices 
may someday be used long-term as an ahernaiive to transplanta
tion in selected patients. 

The portability, safety and effectiveness of the HeartMate® 
systems have transformed the physiologic condition of chronic 
heart failure patients^*--^. It has been well documented that the 
ability to undergo physical rehabilitation during mechanical circu
latory support positively affects outcome over the long 

term''̂ "-^*-'̂ . Patients often recover some degree of native heart 
function during chronic circulatory support by a left ventricular 
assist system-**-''. Patients who are in good physical condition, 
who have a reliable circulatory support device, and whose native 
heart functions well enough to provide a backup to the mechani
cal system can safely and reasonably be discharged from the 
hospitap2-2fi-w.-ii. 

Patients in whom the VE-LVAS has been implanted have 
resumed nearly normal lives while waiting for heart transplanta
tion. By returning to their home, patients can participate in most 
usual activities with their families. They have returned to work, 
traveled across the United States by airplane, attended social 
events, and resumed other normal physical activities, including 
lawn mowing, basketball, and sexual intercourse. Patients who 
faced imminent death have returned to their home and work 
within 6 weeks after implantation of the VE-LVAS. 

As a result of their illness many patients believe that they are a 
burden to their family. Unfortunately this is so in many families, 
especially when financial hardship occurs and caring for routine 
family matters becomes almost impossible for the healthy spouse. 
Therefore, a patient's ability to resuiBe his contributions to the 
family's well-being is important to maintain himself in a reason
able emotional slate. VE-LVAS support greatly enhances the 
quality of life for many patients, which in turn enhances their 
outcome after transplantation. 

Another important question that VE-LVAS research will 
answer is: How cost-effective is such technology? All mechanical 
circulatory support systems and their implementation are cosdy; 
however, the total cost of this treatment is unknown. Potential 
cost savings exist in the use of the VE-LVAS both as a bridge to 
transplantation and as an alternative to transplantation. Most pa
tients who receive mechanical circulatory support therapy are 
critically ill before implantation and are incurring daily hospital 
charges of S2000-5000. Early reports on costs for outpatients im
planted with a left ventricular assist system (as a bridge to heart 
transplantation) indicate that the daily maintenance cost is 
significantly reduced when patients leave the hospital-*-^-. Patients 
living at home with VE-LVAS circulatory support generally take 
few medications, require few medical supplies and, most impor
tantly, do not require attendance by specially trained personnel. If 
VE-LVAS therapy is used as an alternative to transplantation the 
potential cost savings may occur through a reduction in the 
number of medications and in the frequency of hospital and clinic 
admissions. The current high maintenance cost of heart failure pa
tients may be reduced simply because fewer medical problems 
would occur during VE-LVAS circulatory support. 

Long-term mechanical circulatory support systems also have 
the potential for cost savings to our society as a whole. Most 
chronic heart faihire patients are unable to work; therefore they 
can only consume medical financial resources. Patients who 
return to work, either while their circulation is supported by a 
mechanical system or after transplantation, become contributors 
to the financial system by resuming the payment of taxes and 
insurance premiums. If such patients can be converted from con
sumers to contributors this phenomenon will have a profound 
positive effect on the overall cost of caring for heart failure 
patients. Long-term mechanical circulatory support systems 
have the potential for being an investment with a reasonable 
return-^. 
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The morbidity and mortality associated with cardiovascular 
disease continue to be a major problem in the United States and in 
other industrialized nations. Because our population is aging, and 
the incidence of cardiovascular disease remains fairly constant, 
the number of heart failure patients requiring cardiac replacement 
is likely to grow in the coming years. The current 5-year mortality 
rate for heart failure patients is as high as 75%^'', and little hope 
exists that the number of human heart donors will increase. The 
potential solutions to this problem include transplantation of 
transgenic hearts, xenotransplantation, cardiomyoplasty, reliable 
long-term mechanical circulatory support systems, and preven
tion. Of these solutions, it appears that mechanical circulatory 
support systems are currently the most reasonable. Mechanical 
circulatory support systems are reliable, are cost-effective, and 
can be manufactured in the numbers necessary to make them 
readily accessible worldwide. 

Recent clinical experience with various mechanical circulatory 
support systems has created excitement and optimism, because it 
appears that such technology might positively affect the survival 
and quality of life for millions of people in the coming years. 
However, numerous challenges must be met before mechanical 
circulatory support systems are in widespread use. The current 
economic, regulatory, and acceptance barriers must be overcome 
so that mechanical circulatory systems may be used appropri
ately". Research into, practice with, and education about 
mechanical circulatory support systems should continue to 
expand in hopes of extending the lives (with concomitant quality) 
of millions of heart failure patients worldwide. The HeartMate® 
systems now offer great hope for many relatively young people 
who in the recent past had no hope of returning to a healthy life. 
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79 
Temporary Support of the Lungs - the Artificial Lung 
W. FEDERSPIEL, P. SAWZIK, H. BOROVETZ, G.D. REEDER AND B.G. HATTLER 

INTRODUCTION 

The adult respiratory distress syndrome (ARDS), described first 
by Ashbaugh and his colleagues' almost 30 years ago, continues 
to present a dilemma to the clinician, for the mortality associated 
with the syndrome has remained exceedingly high in spite of a 
better understanding of the mechanisms that contribute to this 
pulmonary disease process. For the patient with ARDS, maintain
ing gas exchange at a level consistent with survival is associated 
frequently with progressively increasing levels of respiratory 
support. The final outcome in these patients is contributed to not 
only by the degree of pulmonary injury, but also by the level of 
dysfunction in multiple other organs-. Recognizing these facts, 
and that any therapy for ARDS involves more than just providing 
a setting where the lungs have the potential for recovery, we will 
concentrate this discussion on new therapies with intracorporeal 
devices under development for the treatment of ARDS. 

Intracorporeal devices for oxygenating venous blood are based 
on well-established bioengineering principles that will be re
viewed to allow a better understanding of the theory behind this 
form of respiratory support. Although the information is largely 
experimental, progress in this field has been dramatic over the 
past 10 years. There is therefore every reason to believe that a 
device will be available within the next 5 years, that, when im
planted in the body, will provide clinically significant support 
while the lungs themselves recover from a spectrum of injuries. 
Once temporary support is a clinical reality, significant progress 
will already have been made towards a more permanent im
plantable device. 

BACKGROUND 

During the early twentieth century, names that are legendary to 
medicine and surgery advanced the development of artificial 
support for the lungs'"*. Sauerbruch initiated work that was even
tually utilized in the development of the cuirass, and later the tank 
ventilator. Drinker's refinement and advancement of these con
cepts led to the tank ventilator in which patients with po
liomyelitis were treated at the Peter Bent Brigham Hospital in 

Boston. The modem area of artificial ventilation was furthered by 
Frenckner and Crafoord'"'', who perfected a compressor-powered 
volume generator to either assist or control ventilation. The 
administration of predetermined volumes - rather than pressures 
- was advanced by Engstrom with his ventilator designs. The 
possible advantages of negative pressure during expiration were 
deUneated by Maloney and Whittenberger'''". The classic work 
of Coumand and Werko demonstrated the effect of intermittent 
positive-pressure ventilation on the circulation, and recommended 
the use of artificial ventilation for a wide range of medical and 
surgical conditions" '-. The continuing design, development and 
practical applications of ventilators for respiratory support have 
supplanted many of the devices in use over the past 40 years 
which have been largely replaced by volume-cycled, positive-
pressure ventilators in conjunction with cuffed endotracheal 
tubes. 

The acute trauma sometimes associated with the institution of 
mechanical ventilation was recognized by these early twentieth-
century innovators. However, these were the consequences of 
over-zealous efforts which sometimes led to ruptured alveoli, 
pneumothoraces, and death. Many of the more subtle findings of 
respiratory barotrauma and pulmonary damage were not recog
nized, and did not become apparent until the early 1960s with the 
establishment of the first pulmonary intensive-care units". An 
understanding of the role of oxygen in health and disease also had 
to await the introduction of methods for delivery of high concen
trations of oxygen in clinical situations. The value of supplemen
tal oxygen in the treatment of hypoxemia is widely recognized. 
Oxygen in high concentration, however, is toxic and can lead to 
progressive respiratory failure and death. Damage to the lungs is 
most pronounced when oxygen is delivered at high partial pres
sures, where oxygen can act as a biochemical reactant with the 
generation of cytotoxic byproducts. Among these, oxygen free 
radicals have recently attracted intense interest. Thus, oxygen has 
the potential to damage any and all cells of the lung, with the 
alveolar capillary membrane being particularly sensitive to this 
effect"^"". 

Clinically, one sees a picture of non-cardiogenic pulmonary 
edema, which has been associated with ARDS. In experimental 
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and clinical settings a return to reduced inspired oxygen concen
trations and eventual air breathing before a lethal stage is reached 
can result in healing, survival, and avoidance, in the later stages, 
of pulmonary fibrosis. In addition, newer forms of respiratory 
care, such as positive-pressure controlled inverse ratio ventilation, 
have improved the outlook for patients with severe respiratory 
failure'''. Patients who survive ARDS and its treatment do well, 
and resume normal levels of activity. 

With prolonged mechanical ventilation and high partial pres
sures of oxygen, sequential changes in the lungs of primates and 
experimental animals have been well documented. Initial damage 
occurs at the epithelial and endothelial cell level with mitochon
drial swelling, cytoplasmic disruption, and nuclear degeneration. 

Platelet plugging and polymorphonuclear leukocyte infiltration 
become increasingly prominent - as does alveolar edema. This 
provides a framework for continuing cellular damage, increased 
capillary-membrane fluid permeability, and bacterial invasion. 
Pulmonary microthrombosis and vasoconstriction raise pul
monary artery pressures. Decreased ciliary action and tracheo
bronchial particle clearance can be observed as early as 6-12 
hours after 100% oxygen breathing. This is followed at 24 hours 
by depressed protein synthesis and altered endothelial function. 
By 48 hours alveolar edema and surfactant inactivation are pro
nounced, and by 60 hours ARDS is well established"'*'""''. Thus 
the pathologic stages of ARDS can be reproduced experimentally 
by the overzealous use of the very therapy intended for its 
treatment'"-'. 

In the human, making a clear differentiation of the various 
phases of pulmonary deterioration is difficult, because the under
lying lung involvement already present with ARDS leads to the 
institution of mechanical ventilation and oxygen therapy. 
However, it does appear that changes similar to those in experi
mental animals occur in humans. Available studies of humans in
dicate a similar pathology to that observed in animals. In the 
absence of any specific biochemical tests of practical use to diag
nose the threat of impending ARDS, the clinician must rely on 
patient evaluation. Clinically, the findings in humans have been 
well documented and include a progressive pulmonary interstitial 
edema, decreased pulmonary compliance, pulmonary vasocon
striction and hypertension, decreased diffusion capacity and a 
widened alveolar-arterial gradient, all leading to respiratory 
failure and death unless the cycle can be broken and healing 
allowed to occur-- -•". 

In clinical practice a wide variety of factors and mechanisms 
contribute to the development of ARDS. Among these are severe 
trauma and its associated multiple transfusions, septicemias of 
various etiologies, aspiration, and drug overdoses. The incidence 
of inciting causes in any published report may be important in 
evaluating results since trauma as a cause of ARDS has been re
ported to have a higher rate of survival-'. Thus, a heterogeneous 
group of disorders results in damage to the lung parenchyma, the 
pulmonary capillaries, and the epithelium. Young and healthy in
dividuals, as well as those in various chronic disease states, may 
be equally susceptible. This phenomenon, most frequently en

countered in intensive-care units, has an incidence of over 
150 000 cases per year in the United States, with a fatality rate of 
over 50%-*" -̂ . The reported incidence of ARDS, however, can 
vary according to the criteria used to define it'*'*. Even in settings 
where ARDS is not a primary consideration, hospital-acquired 
pneumonia has been reported in 10-70% of patients requiring 
prolonged mechanical ventilation, where lower airway coloniza
tion and infection can occur-' '" *'̂ . The fatality rate in these noso
comial pneumonias is often as high as 60%. Further, they pose a 
great expense to hospitals and insurance carriers because of the 
prolonged length of stay and cost of treatment''-^''. Although 
many of these patients are chronically ill and demonstrate multi
ple factors that contribute to their deteriorating pulmonary status, 
it is the act of mechanical ventilation and oxygenation itself that, 
while initially sustaining the patient, can eventually become a 
major factor in the further loss of pulmonary function and create a 
downhill course leading to a fatal outcome. 

These often-disappointing results with the use of ventilators 
and oxygen therapy provided the experimental and clinical 
impetus for development of other forms of support. Membrane 
oxygenators and improved devices for circulatory assistance were 
now available, and culminated in the first success for extracorpo
real membrane oxygenation (ECMO)* in a patient with acute res
piratory failure following severe trauma''. A review of worldwide 
experience (1972-1975) with ECMO, however, reported a disap
pointing 15% success rate'''. The need for a systematic evaluation 
of this new form of therapy led to a multi-center randomized trial 
from 1975 to 1977, sponsored by the National Institutes of Health 
(NIH). Results of the NIH study demonstrated 90% mortality in 
patients managed with best-case ventilatory support, and a similar 
mortality in patients receiving joint ECMO and mechanical 
ventilation'"*. 

As Kolobow has pointed out, however, a careful reading of the 
published report indicates that 'lost in the study was the observa
tion that the severest interstitial pulmonary edema when confined 
to a small part of the lung most commonly healed without me
chanical ventilation. In contrast the same disease process with 
more wide-spread involvement so as to impair gas exchange and 
require mechanical ventilation had a distinctly worse prognosis -
even while on ECMO'"*'''. The indications were, therefore, that 
relatively unaffected lung with near-normal compliance was inter
spersed among diseased segments and was preferentially over-
ventilated during respiratory support for ARDS""'-^'. The high 
inspiratory pressures and volumes, and the partial pressures of 
oxygen which were required, produced not only a worsening in
volvement of the diseased lung, but also rapid deterioration in 
those relatively unaffected areas. 

The barotrauma and volotrauma associated with mechanical 
ventilation alone was underscored by Kolobow and his col
leagues. They demonstrated that high peak inspiratory pressures 
(50 cmHiO) at an FiOi of 0.4 produced in normal sheep all the 
main variants of ARDS, with few animals surviving the 48-hour 
study period''-. Similar results have been reported in healthy dogs 
ventilated for from 22 to 70 hours at high peak inspiratory pres-

* In more modern terminology ECMO is now included under the broader term of extracorporeal life support (ECI^S), which includes both venoarterial and 
veno-venous access to the patient. 
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sures (34 cmHjO) with room air ' \ These studies have stressed 
the need for treatment strategies for ARDS that rest the lung, not 
only from barotrauma and voJotrauma. but also from high partial 
pressures of oxygen. 

To this effect, extracorporeal COi removal (ECCO2R) has been 
contrasted with extracorporeal membrane oxygenation (ECMO). 
Both therapies are included under the broader encompassing term 
extracorporeal life support (ECLS). Thus, adult ECMO refers to 
high flow (>50% of the cardiac output) veno-arterial bypass with 
emphasis on arterial oxygenation, whereas ECCOjR employs low 
flow (20-30% of the cardiac output) veno-venous bypass with 
emphasis on COi removal. In fact both therapies provide oxygen 
and remove carbon dioxide. With ECMO. patients are usually 
supported with continuous positive-pressure ventilation and other 
conventional means. Low-frequency ventilation (three to four 
cycles per minute) and reduced peak inspiratory pressures charac
terize ECCOjR"'"'. In practice ECCOjR has resulted in improved 
patient survival. The juxtaposition of ECCOjR to ECMO, 
however, suffers from limitations in the use of any historical com
parative groups, and emphasizes the importance of randomized 
clinical trials and concurrent controls. 

Indeed, Morris, in a detailed computer-constructed approach to 
the care of patients with ARDS, has shown that meticulous 
attention to respiratory support based on a speciflc algorithm 
without the need for extracorporeal intervention can yield results 
similar to those with ECC02R-'\ and a 42% survival rale". 
Nevertheless, encouraged by recent reports and anticipating en
hanced survival in the future, the results with ECCO2R have 
rekindled support for adult extracorporeal pulmonary support and 
a continuing enthusiasm for neonatal ECMO. Both employ low-
frequency, low-volume, and low-airway-pressure ventilatory 
support. With respiratory management that maintains healthy 
lung parenchyma while allowing the remaining diffusely diseased 
lung to begin to heal, expected survival has increased from 10% 
to 80%, and from 10% to 50% in neonatal and adult respiratory 
disease respectively-'"''*'*--"^''. 

In over 80% of cases of ARDS, compromised pulmonary gas 
exchange is the primary cause of dea th ' ' " ""*. This failure of the 
alveolar capillary membrane represents a major obstacle, there
fore, to therapeutic approaches that rely solely on mechanical 
ventilation, and presents to the bioengineer a major challenge to 
duplicate synthetically the Oj and COj exchange that occurs in 
the native lung. 

BASIC PRINCIPLES AND THEORY OF GAS EXCHANGE 

Artificial lungs range from extracorporeal oxygenators, being cur
rently used clinically, to intracorporeal oxygenators under devel
opment for future clinical application. The physical principles 
underlying gas exchange in all artificial lungs are remarkably 
similar. Artificial lung devices are designed to replace or augment 
the gas exchange function of the lungs by adding sufficient 
oxygen and removing carbon dioxide from blood. 'Arterializing' 
venous blood presents a challenging task. Sufficient gas exchange 

must occur to supply basal O^ consumption (VO.) requirements 
of the body and to eliminate the CO, produced (VCO,) by all 
metabolic processes. With these criteria as guides, mean resting 
exchange rates required of an artificial lung designed to replace 
lung function would be about VO, = 270 ml/min and VCO, = 240 
ml/min''". Furthermore, O, and COi exchange rates can increase 
several-fold even for mild stress or exercise. An artificial lung de
signed to supplement rather than supplant lung function may need 
to exchange gas at rates at least one-half those of basal consump
tion and elimination. 

That the healthy lung easily provides for basal gas exchange 
with sufficient reserve to meet exercise demands provides an elu
cidating lesson in basic gas exchange concepts. The simplest rel
evant paradigm to introduce these concepts is that of gas 
exchange across a membrane interposed between a well-mixed 
liquid (blood) phase and a gas phase. Here, "membrane" refers to 
any medium separating the liquid and gas phases, and in which 
the relevant gas species (On and COi) arc soluble and can diffuse. 
In real lungs the 'membrane' consists predominantly of the epithe
lium of alveolar sacs and the endothelium of pulmonary capillar
ies. In artificial lungs the 'membrane' is usually the wall of a 
porous hollow fiber within a fiber module (ensemble). The overall 
rate of oxygen exchange across the membrane. VOi. is given by''' 

VO, = :̂̂ y4 {Po, ~ Poy) (Equation 

where POi^ and P02t are the oxygen partial pressures in the gas 
and in the liquid, respectively, A is the total surface area of the 
membrane, and A'M represents the permeability of the membrane 
to oxygen.* The membrane permeability quantifies the ease of 
gas diffusion across the membrane and is given by 

K^. aP 
S 

(Equation 2) 

where a and D are the solubility and diffusion coefficients of the 
gas within the membrane, and 5 is the membrane thickness. Thus, 
this simple gas exchange paradigm indicates that designing an 
artificial lung for maximum exchange rate requires, from a geo
metrical design perspective, maximizing membrane area while 
minimizing membrane thickness. 

The normal human lung possesses a remarkable geometrical 
design. Total membrane area is 90-95 m-, with a mean thickness of 
about I fim or less''-. This represents an area comparable to a tennis 
court, with a thickness appreciably less than that of airmail sta-
fionery. To be effective an artificial lung need not necessarily dupli
cate the geometrical design parameters of a real lung. Real lungs 
have a substantial reserve capacity for handling maximal exercise 
exchange rates, and current artificial lung technology can focus pri
marily on meeting or augmenfing basal gas exchange requirements. 
Furthermore, an artificial lung can at lea.st partially compensate for 
membrane area and thickness limitations by increasing the partial 
pressure difference which drives exchange (Equation 1), for 
example by using pure Oi near atmospheric pressure as the gas 
phase. Nevertheless, a principal goal of artificial lung development 
is to maximize the exchange area separating gas and blood phases, 
while simultaneously minimizing its thickness. 

*Oxygen is used a.s an example, but analogous relationstiips can be written for any gas which can diffuse across the membrane. 
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The earliest artificial longs sought to maximize exchange area 
by bringing direct contact between blood and gas phases, eg , as 
m tlie bubble oxygenator. While no explicit membrane between 
blood and gas phases exisied. most of the resistance to exchange 
occurred in sraall unmixed liquid diffusionai boundary' layers ad
jacent io die gas bubbles. The Thickness of these layers was mini
mized by increasing die inlerisily of gas bubbling within blood, 
but not without increasing overall trauma to blood, producing un
acceptable levels of red cell hemolysis and protein dcnaturation at 
the blood-gas inlerfacc. Artificial lungs currently m use and 
under development increase exchange area and detreiise mem
brane thickness, while avoiding direct contact between hlood and 
gas phases, by using hollow fiber memhranes. Hollow fiber mem
branes are simple, generally poroiis-wallcd polymer tubes, where 
exchange occurs by diffusion through the porous walls of the 
tube. The hollov,' riber membrane is the basic exchange element 
of prcscnr^day artibcia! lung devices. 

Mollow fiber membranes (HFlvl) are [ubular polymer 
membranes with internal diameters generally less than 500 /xm. 
An HFM can be made from nearly iiny polymer winch h soluble 
in a solvent, by transformmg the polymer in a controlled ma.nner 
from a liquid to a solid state'l In the process, several HFM char
acteristics periineni to gas exchange can he contiolled, including 
the size and wal! thickness of the iibcr, and its wall morpihoicgy. 
Porous fiber membranes are the inost common HFM used in 
artificial iiing devices. These fibers have fixed submicron-sized 
pores thai are contiguciis across the liber v.-all and form tortuous 

paths for gas diffusion. Gas exchange across tbe wall occurs by 
diffusion through the pores themselves, rather than in the polyiiiei 
material. Thus the polymer material does not generally determine 
exchange performance and behavior as much as the characteris
tics of the pores themselves (e.g. pore size and tortuosity)*^. 

One polymer property of importance is a fiber's hydrophobic 
versus hydropliiUc nature. Hydrophobic hoOow fibers (e.g. poly-
tctrafiuorocthylcne or Teflon, tmd polypropylene HFM) are used 
in artificial lung applications because these fibers resist fluid 
wetting under normal Iransrnural pressure differences. Non-
wetting of fibers is important to optimal gas exchange perfor
mance, since liquid within pores would markedly reduce the rate 
of gas diffusion and the amount of gas species per unit pore 
volume. Thus, the exchange permeability of a wetted porous fiber 
may be several orders of magnitude smaller than that of a fiber 
whose pores rem<iin gas-filled'*-''l Even with hydrophobic hollow 
fibers, the membrane permeability may actually lie between the 
limits of gas-filled and liqiud-lilled pores'*. Hydrophilic hollow 
fibers (e.g. polycarbonate or polysulfone HFM) are wcttabic, and 
are used predominantly for exchanging chemical species which 
are soluble only within liquids, and for which liquid within the 
membrane is required for transmural solute movement (e.g. he
modialysis and heniofiltration). 

Hollow fiber membranes can also be manufactured with non-
porous and/or composite wall structures '̂-*. Non-porous HFM have 
walls consisting of a liomogeneous, dense polymer. These fibers 
are often referred to as 'true' membranes because they provide 

thin dense layer 
inner surface porous layer 

Figure 1 Electron micrograptis of a composite tiollow fiber membrane, (a) Cross-section stiowing porous outer aiid inner layers sandwiching a non-porous, true 
raenibraiie. (b) Inner porous surface. (From ref. 57, reprinted by i)ermis.sion iToin Blackwell Science, Inc.) 
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absolute segregation of the liquid and gas phases. A true mem
brane fiber with walls thick enough for structural support would 
have a permeability much smaller than a porous fiber of similar 
size, and would not be generally suitable for an artificial lung'''. 
Thus, composite hollow fiber membranes have been developed 
which combine a thin true membrane for liquid and gas 
segregation with a porous wall for structural support and optimal 
gas permeability. The Mitsubishi MHF composite fiber incorpor
ates a non-porous polyurethane membrane sandwiched between 
two porous polypropylene layers, as shown in Figure 1". 
Diffusion of a gas species across the non-porous polymer layer 
involves absorption of gas molecules on the polymer surface, dif
fusion through the polymer molecular matrix, and desorption of 
the gas species at the opposite surface. Thus, the permeability of a 
composite HMF is largely dictated by the permeability of the 
non-porous polymer layer used as the true membrane''*, and is 
generally smaller than the permeability of a porous membrane of 
comparable wall thickness-'''' •". 

The gas exchange capacity of any artificial lung will generally 
not be limited by the permeability of hollow fiber membranes. For 
example, measurement and theory suggest that the O, permeabil
ity for porous hollow fiber membranes ranges approximately 
from 10- to 10 •* ml 0,/cm-/s/cmHg'-" ' '" . Placing these 
permeabilities in perspective, an artificial lung with 2 m- of mem
brane surface area (representative of extracorporeal oxygenators), 
and with a 70 mmHg average PO2 difference between the gas 
and blood pha.ses, could theoretically exchange from 8.4 1/min to 
840 1/min of O,, which are rates substantially larger than actually 
arise in extracorporeal oxygenators. The principal reason for the 
smaller realized exchange rates is that substantial diffusional 
resistance to gas exchange resides within the blood phase, in 
small unmixed diffusional boundary layers adjacent to the fiber 
wall surfaces. These liquid-side boundary layers reduce the 
overall exchange permeability of artificial lung devices to levels 
substantially below the ideal exchange capacity associated with 
the hollow fiber membranes themselves. 

Artificial lungs employ large numbers of hollow fiber membranes 
in ensemble arrangements which vary with device and application. 
Because of the ongoing exchange processes, the partial pressures 
of oxygen and carbon dioxide vary along the blood and gas flow 
pathways. Convective mixing within blood and gas phases is not 
perfect; hence gas exchange involves diffusion not only through the 
fiber wall, but through the gas and liquid phases as well. For prac
tical purposes diffusion through the gas phase occurs readily. The 
principal resistance to diffusion, therefore, is associated with the 
fiber membrane and the liquid (blood) phase, and the overall gas 
exchange permeability, K, of the artificial lung is given by 

K K„, K, 
(Equation 3) 

where K„, and AT, are the permeabilities of the fiber membrane and 
liquid phase, respectively. The reciprocal relation arises because 
resistance to transport is the inverse of permeability, and the 
membrane and liquid phase represent diffusional resistances in 
series, which add directly to determine overall resistance. Thus, 
as indicated by Equation 3 the overall gas exchange permeability, 
K, is always less than the smallest of the permeabilities, K^, and 
AT,. In simpler terms the smallest permeability controls overall ex
change in an artificial lung. 

The liquid (blood) phase permeability, AT, accounts for diffu
sion from the fiber surface through the imperfectly mixed liquid 
boundary layers which arise adjacent to the fiber surfaces. These 
layers always exist because providing sufficient convective 
mixing adjacent to the fiber surface is difficult, and even a 
micron-size unmixed liquid layer can reduce Âi appreciably 
below the fiber A'„„ and dictate overall gas exchange. The liquid 
phase permeability depends inversely on the size of the diffu
sional boundary layers (see Equation 2). Thus, an effective 
artificial lung maximizes convective mixing within the blood 
phase so that the diffusional boundary layer is minimized. 
Nevertheless, in practice the overall artificial lung permeability is 
generally dictated by the liquid diffusional boundary layer, and 

K=K, (Equation 4) 

Only under conditions of markedly reduced K,„. as would accom
pany fiber wetting, would oxygenator exchange performance be 
affected by the permeability of hollow fiber membranes. 

There are two principal phenomena relative to gas exchange 
that relate predominantly to flow around the hollow fiber mem
branes. First, the gas exchange permeability increases at increas
ing rates of blood flow. The flow dependence arises because, all 
else constant, increasing blood flow velocity through the hollow 
fiber ensemble decreases the diffusional boundary layer thickness, 
and increases the effective exchange permeability. Also, changing 
the character of the flow from a laminar state, as occurs in the 
vena cava, to a more disturbed pattern conducive to secondary 
currents would reduce the boundary layer and increase exchange 
permeability. The second principal phenomenon is that the gas 
exchange permeability of hollow fiber ensembles is substantially 
greater with blood flow perpendicular (cross-flow) rather than 
parallel to fibers. Wickramasinghe el A/.''*' looked at oxygen ex
change in hollow fiber bundles using both perpendicular and par
allel flow to the fibers. At equal values of flow per fiber surface 
area, the O2 exchange permeability with cross-flow was about 22 
times greater than that with parallel flow. These substantial differ
ences can be attributed to smaller diffusional boundary layers 
around individual fibers with perpendicular flow. 

The theoretical basis for gas exchange with an artificial lung 
device is, therefore, well founded and supported by extensive ex
perimental data. Since in humans the oxygen dissociation curve 
predicts that in going from a POi of 45 mmHg to a f o , of 60 
mmHg one approaches 90% oxygen saturation, an increase in ar
terial oxygen tension of 15 mmHg from an intracorporeal 
artificial lung is desired, which corresponds to an oxygen transfer 
of approximately 127 ml/min in a 70 kg man. Through computer 
modeling in our laboratory''•' we have determined that a sufficient 
membrane surface area can be attained and housed in the inferior 
vena cava, right atrium and superior vena cava of humans to meet 
this gas exchange requirement without obstructing venous return 
to the heart. 

INTRACORPOREAL ARTIFICIAL LUNGS 

More recent reports of mortality with extracorporeal lung support 
in the adult with respiratory failure continue to be excessive at 
the 50% level'^''"*''. Complications with this therapy are 
significant, with over 80% of patients experiencing bleeding and 
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requiring transfusions'''. Mechanically related malfunction, sec
ondary to circuit clotting and loss of gas exchange usually fol
lowing severe plasma leakage within the membrane fibers, is a 
constant concern. In the early 1980s work was begun utilizing a 
new approach to the treatment of reversible pulmonary failure. 
Here the oxygenator would be introduced into the body without 
the need for any mechanical support to circulate the blood. 

This approach was founded on the original experiments of 
Bodell''-, who in 1965 designed an implantable artificial lung -
not as a lung replacement, but as a 'ventilatory booster'. The 
device was constructed of silicone rubber capillary tubing, housed 
within a Teflon graft connecting the pulmonary artery and left 
atrium. Pulsatile flow passed through the graft and around the 
capillary tubing. The ends of the capillary tubing passed through 
the graft at sites which were sealed by an adhesive, and were 
brought out through the chest wall, where oxygen could be added 
at one end and COi and any residual oxygen exhausted at the 
other end. In experiments using dogs and sheep, oxygenation was 
demonstrated, as well as a decrease in CO, tension. A major 
problem with the device was clotting within the prosthesis. Bodell 
suggested an alternative would be to 'suspend the capillary tubing 
directly within a blood vessel such as the vena cava '" . Here, 
therefore, were the foundations for both an intrathoracic and an 
intravenous oxygenator in support of the failing lung. 

Intracorporeal artificial lung technology comprises lung assist 
and replacement devices designed for intravenous or for intratho
racic placement. Unlike its extracorporeal counterpart, intracor
poreal artificial lung development is still in its infancy. No 
intracorporeal devices have been brought to standard clinical 
practice, although clinical trials of an intravenous device have re
cently been concluded'''. After introducing some of the earlier pi
oneering work, this section overviews recent developmental work 
in the areas of intrathoracic and intravenous artificial lungs. 

INTRATHORACIC ARTIFICIAL LUNGS 

The intrathoracic artificial lung developed at the Northwestern 
University Medical School (under the direction of Bruce Bodell, 
nearly 30 years ago) was remarkable in gas exchange efficiency 
when tested in animals, given some of the design limitations of 
this early device''-. The wall thickness of the non-porous silicone 
fibers was about 150 /j,m, which is about 3-4-fold more than the 
thickness associated with porous hollow membrane fibers avail
able today. Furthermore, the combined surface area of the fiber 
ensemble was only about 0.06 m-. Extracorporeal devices typi
cally present at least 2 m- of exchange area. Current intravenous 
prototypes can achieve up to about 0.5 m- of surface area. The 
average increase in Po , with the Bodell device varied among 
animals from 79±23 mmHg to 120±28 mmHg. The Pco. behav
ior was not as consistent but was generally reduced. 

The group of Awad et al. at Laval University in Quebec also 
contributed substantively to early artificial lung work. One of 
their prototypes involved an intravascular oxygenator composed 
of bundles of silicone rubber tubing placed within the vena 
cava''**. The tubing size was the same as used within the Bodell in
traluminal device, and the bundles consisted of 16-20 tubes of 
1.1m length. The tubes were imbedded at one end into an arterial 
catheter, with the other end free and open. The insertion proce

dure involved threading a polyethylene catheter from a femoral 
vein insertion site, through the vena cava, to the jugular vein, 
where the catheter was exteriorized. The free ends of the silicone 
tubing were tied together and secured at the femoral end of this 
catheter, and the catheter pulled through until those ends appeared 
at the jugular site and were exteriorized. The ends were subse
quently cut free to provide gas exhaust. At the end of the insertion 
procedure the 1.1 m intravenous oxygenator lay within the supe
rior and inferior venae cavae. 

A total of nine dogs were studied with the device. The dogs 
were respirated with an OT mixture, and the O. concentration 
lowered until arterial POj fell to 50 mmHg. Subsequently, pure O, 
was passed through the fibers at 1-2 1/min for 4 h. The resulting 
arterial POj increases were only 5-10 mmHg, and COi levels con
tinually increased. Interestingly, this intravenous device used the 
same fibers as the intraluminal device of Bodell et al.''-, and had 
comparable surface areas (0.04 m- versus 0.06 m-), yet the intra
luminal device of Bodell accomplished an apparently better 
overall oxygen exchange performance, possibly related to the pul
satile blood flow from the pulmonary artery. 

The artificial organs group at Brown University, headed by 
Galetti and Richardson, has done pioneering work towards devel
oping an implantable booster lung''^ Scaled-down artificial lung 
prototypes were made of woven or coiled Teflon tubes. In the in
ternal blood perfusion mode the tubing curvature associated with 
weaving or coiling induced secondary convection currents which 
aided mixing of the blood phase''''. In the area of device develop
ment, three implantable booster lungs were constructed incorpo
rating 12-24 tubes and total areas of 0.13-0.16 m', with different 
manifolding and weaves among devices''\ The woven tubes were 
placed in polyethylene bags which were ventilated with pure Oj. 
In-vitro water tests examined exchange under steady and pulsatile 
perfusion conditions. VO, increased from 2 to 6 ml/min as pulsa
tion frequency increased from 0 to 100 bpm. The in-vivo studies 
involved a pulmonary-artery-to-vein implantation in anesthetized 
sheep with right pneumonectomy. The implanted booster lungs 
were in parallel to the remaining lung and competed with it for 
pulmonary flow. Blood flow to the prosthesis was varied by alter
ing inspired O2 concentration to the natural lung, which altered 
pulmonary vascular resistance and redistributed flow to the 
booster lung. The implanted booster lungs achieved O, exchange 
rates of from 2 to 8 ml/min as blood flow varied from 200 to 
600 ml/min. In general, artificial lungs that have relied on blood 
flow within (rather than around) the hollow fiber membranes 
have demonstrated limited gas exchange capabilities'*'. 

Current developmental work towards an implantable intratho
racic artificial lung focuses primarily on a device which can serve 
as a bridge-to-transplant for patients with chronic respiratory 
failure. As is the case for heart transplantation, demand exceeds 
supply for donor organs. The wait for a suitable lung donor 
exceeds any time frame suitable for extracorporeal support. The 
efforts towards developing an intrathoracic artificial lung lie more 
in infancy than those focusing on intravenous oxygenation. 
Current developmental efforts have been centered at the 
Department of Surgery, University of Michigan, and the 
Departments of Biomedical Engineering and Surgery at 
Northwestern University. 

The University of Michigan's implantable gas exchange device 
(IGED)'''' is designed for pleural placement without the need for 
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iiieumonectomy. The IGED is implanted io series with tlie native 
ung by placing it in-line witii the pulmonary artery. Thus, this 
ntrathoracic artificial lung may potentially be useful for treatment 
if acute respiratory failure, since the lungs remain intact for po-
ential healing and ultimate removal of the device. IGED implan-
ation is done by exposing the pulmonary artery (PA) through a 
eft lateral thoracotomy. End-to-side Dacron grafts are sewn 
inder partial occlusion of the PA close to the pulmonic valve, 
vith a second graft being placed on the more distal PA. The 
GED is placed between the grafts and application of a tourniquet 
0 the PA diverts total pulmonary flow through the artificial lung. 

In addition to the advantage that all flow goes through the 
levice, a PA to PA circuit also has other advantages, Perfusing 
he lung with oxygenated blood reduces pulmonary vascular re-
istance and may promote healing of the lung. The serial arrange-
ncnt means that the lung can act as a filter for particulate and 
•mbolic material shed from the device, which otherwise would 
ravel to the systemic circulation. Since a partial occlusion can be 
ised to attach grafts, the IGED can be implanted without car-
liopulmonary bypass. Furthermore, PA implantation preserves 
eft atrial anatomy for subsequent lung transplantation. The prin-
:ipal disadvantage to the IGED's serial disposition to the natural 
ung is that its blood flow resistance must be minimal. At 5 l/min 
)lood flow, the pressure drop engendered by the IGED device 
hould be less than 15 mniHg to minimize the potential for right 
•'cntricular failure. 

The IGED device is composed of a hollow fiber woven mem-
irane placed within a compUant shell to enhance any mixing 
educed by pulsatility of PA flow. The membrane surface area of 
jrototypcs made varies from 1.2 m- to 1.95 m^. The inlet and 
mtlet ports are 20 mm in diameter to minimize flow resistance, 
md are configured to produce a radial flow from shell to center, 
:ross-wi.se with respect to HFM oricntadon. The devices made 
ire relatively compact, measuring 30 cm by 8 cm by 5 cm, and to
gether with their compliance/conformability allow for pleural 
jlacement without pneumonectomy. Figure 2 shows an IGED 
levice in position on the main PA. 

Several IGEI) devices have been manufactured and tested in 

anesthetized adult sheep. Sodium heparin was used to maintain 
activated clotting times from 180 to 320 s. After implantation, the 
evaluation procedure begins with occlusion (snare tourniquet) of 
the PA segment between the end-to-side grafts, and with clamp
ing of the endotracheal tube used for ventilating the animal during 
surgical implantation. Arterial PO2 went from a mean value of 
290 mmHg pre-device to one of 200 mmHg post-device (IGED 
supplying all gas exchange), but variations across animals appear 
large (50 mmHg to 300 mmHg), Overall, VO, did not differ 
significantly pre- and post-device use, being 1.9 and 2.1 ml/mjn 
per kg respectively. Arterial PCO2 went from a pre-device mean of 
30 mmHg to a post-device mean of 35 mmHg, but was also 
highly variable, an effect attributable to gas flow rate sensitivity 
and its effect on CO2 removal. The hemodynamic indices of 
cardiac output and mean arterial pressure showed no significant 
pre- and post-device use differences. The longest in^vivo test 
period of the device was 8 h prior to animal sacrifice. 

The developmental efforts at Northwestern University focus on 
an intrathoracic artificial lung device to be placed in parallel with 
the native lung, as a bridge-to-transplant in chronic respiratory 
failure or a bridge-to-healing in acute respiratory failure*'. This 
particular artificial lung device may be unique in that its design 
was based on extensive, semi-empirical mathematical modeling 
for optimizing fiber bundle paranieters. The device consists of 
380 fim polypropylene HFM matted into a fiber bundle with a 
frontal .area of 128 cm-, a blood flow path of 3.5 em, and fiber 
bundle porosity of 0.53. The membrane surface area of the design 
is 2.2 m ,̂ with a predominant blood flow path which is cross-wise 
to the attendant fibers. The device is intended for placement 
between the main PA and the left atrium, in parallel with the 
natural lung. This device has been tested through in-vitro blood 
experiments and in a few in-vivo tests. The mean O2 and CO2 ex
change rates in vitro varied from 50 to 200 ml/min and 150 to 
300 ml/min, respectively, as blood flow rate was varied from 
1 to 5 l/min. In-vivo tests in pigs demonstrated an O2 transfer rate 
of 99 ml/mln and CO2 transfer rate from 86 to 144 ml/min as gas 
flow rate was varied from 3.2 to 5 l/min. The maximum blood 
flow rate obtained through the device in vivo was 1.2 I/min, and 
the maximum pressure drop was 10 mmHg. The tests were de
signed primarily to establish implantation methodology and to 
preliminarily assess gas exchange. Further tests are continuing. 

''igurt 2 Tlie IGED inlrathoracic gas exchange device in |X"silioi! on the 
nain pulmonarj artery. (From ref. 68. reprinted by perinihsiofi from J.B. 
jippincott Co) 

INTRAVASCULAR ARTIFICIAL LUNGS 

The present objective of this innovative effort is to augment 
compronnsed gas transfer in patients by intravenous oxygenation, 
providing an approach thai will be less expensive, less personnel-
intensive and easier to operate than extracorporeal lung assistance, 
and less invasive tlian intratlsoracie arthieial lungs. In comparison 
to ECMO this approach wordd also maintain normal pulmonary 
blood flow while rnarliedly reducing biomaterial-blood interfaces. 
The potential exists, therefore, for reducing mortality and 
morbidity in these critically ill patients. 

Clhiical experience whh extracoiporeal membrane oxygenation 
has provided ample proof that adecpjale oxygen delivery and 
carbon dioxide removal can be obtained with artificial lung 
devices that have a membr.ane surface area up to 6.0 m^ and a 
pressure drop across die device of 100-3(J0 mmHg. In this 
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context the challeoges of intravascular oxygenator deveiopmcDt 
are defined by the anatomical and physiologica] constraints of 
device placement in one of the major blood vessels of the human 
body. 

All of tlie intravascular devices currently under development 
are intended for insertion either perciitaneously or by venotomy 
through the femoral or jugular vein and require total or partial 
placement in the inferior vena cava (IVC), superior vena cava 
(SVC), and right atrium. One device also uses the PA. 
Convenient, practical implantation is a clinically desirable feature 
but limits the insertion diameter of the device to 10-15 mm. Once 
the oxygenator is deployed in the vena cava, the optimum 
configuration is one which allows the membrane fibers to be 
distributed in the available space, maximizing blood-fiber 
interaction and minimizing the ability of blood to shunt away 
from the gas exchange surfaces. Intravascular oxygenators are 
thus required to be compact for insertion, yet maintain the poten
tial for an expanded configuration upon implantation. 

In order to avoid impeding return of venous blood to the heart, 
devices that reside in the vena cava arc restricted to providing no 
more that 10-15 mniHg in flow resistance. Tn addition, blood flow 
rate over the gas exchange surfaces is not a controlled variable 
and is dependent on native flow. The adult human IVC ranges on 
average from 2.2 em to 3.3 cm in diameter along its length, and 
the SVC averages frotn 1.5 cm to 2.2 cm. The usable length for 
device placement in the IVC, right atrium, and SVC fs approx
imately 40-50 cm™. 

Given the physical constraints of size, shape and flow resist
ance, one of the primary design considerations of intravascular 
oxygenation is miniaturization. These devices must be 
significantly smaller than their counterparts which are used clini
cally for extracorporeal membrane oxygenation. Most of the in
travascular oxygenators under investigation do not exceed 0.5 itf 
of membrane surface area. It is generally agreed that, in order to 
be clinically useful, intravascular oxygenators need to provide at 
least half of the basal gas exchange requirements of an adult 
human, i.e. 125 ml/min of oxygen delivery and carbon dioxide 

'removal. Thus arises the second design consideration of improv
ing efficiency for membrane gas exchange performance by in
creasing cross-flflw and convcctive mixing of blood as it interacts 
with membrane surfaces. The third design challenge in intravas
cular oxygenator development is to improve biocompatibility. 
Even for short-term (<24 h) implantation of membrane devices, 
full heparinization is required. 

Since the mid-1980s four research groups have taken on the 
challenges of intravascular oxygenation, and each has produced 
innovative device designs that attempt to aceonimodate the con
straints and requirements for a clinically useful product. 
Mortensen and colleagues at CardioPuimonics, inc. (Salt Lake 
City, UT) developed the IVOX, the only intravascular oxygenator 
to date that has undergone human clinical trials"^^-'. The IVOX, 
shown in Figure 3, is intended for placement in the IVC, right 
atrium and SVC, through a femoral venotomy. The device con
sists of a bundle of microporous hollow membrane fibers which 
are joined at the distal end of the device to the inner lumen of a 
dual-lumen gas conduit, and at the proximal end to the outer 
lumen of the gas conduit. An oxygen source is attached to the 
inner lumen and a vacuum pump attached to the outer lumen of 
the gas conduit, thus drawing oxygen through the hollow fibers. 

Gas ou^tel 

Figure 3 tVOX, Drawing illustrating position, of IVOX within a patient's 
venae cavae. The IVOX device in this illnstration has been implanted through 
a right common femoral venotomy. Tlie right internal jugular vein is an ac
ceptable alternative access route for insertion of tlie device. (iTom ref. 73, 
permission given hy Blackwell Science Inc.) 

Oxygen diffuses through the fiber membranes into the blood 
where it is exchanged for carbon dioxide, which in turn diffuses 
back across the membranes and enters the exhaust stream. 
CardioPuimonics has produced IVOX devices in a range of sizes, 
with varying fiber length, number, and total surface area. Devices 
that have been tested clinically range in membrane surface area 
from 0.21 to 0.52 m l 

The IVOX incorporates a mechanism for furling the hollow 
fiber bundle to reduce its diameter for insertion and subsequent 
unfurling and expansion for better exposure of the hollow fibers 
to blood upon implantation. The hollow fiber membranes of the 
IVOX are crimped along their length, a process which perma
nently bends a straight ibcr in the pattern of a sine wave. The un
dulations of the crimped hollow fibers allow them to maintain a 
spaced relationship to one another when they arc deployed in the 
vena cava, and to some extent inhibit the tendency of membranes 
to clump together when introduced into the blood flow. In addi
tion, the crimping provides an opportunity to produce a disturbed 
blood fiow pattern around each hollow fiber, a condition which 
will improve gas exchange efficiency of the membranes. 

The polypropylene microporous hollow membrane fibers of 
IVOX devices have two coatings. The first is an ultra-thin (less 
than 1 /jm) siloxane coating which functions as a true membrane. 
It is permeable to oxygen and carbon dioxide but impermeable to 
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water, thus preventing the membrane pores from being fouled by 
ierum leakage. This type of true membrane 'skin' on the outer 
surface of a poroui? membrane fiber is expected to extend the lifc-
;ime performance of membrane gas exchange devices that contact 
jlood. The second coating is applied to all components of the 
IVOX, and is a covaiently bonded heparin derivative that is in-
;ended to iocrease the thromboresistance of ihe device. 

Extensive clinical trials with the IVOX device will be summa-
rized in a subsequent seciion of this chapter. The gas exchange 
Derformance of the device varied widely, with average rates of 
axygen and carbon dioxide transler into and out of circulating 
venous Wood ranging from 40 to 70 ml/min, as reported in a 
summary of 160 IVOX clinical trial patients* '̂'-'*. 

Hattler and colleagues at the University of Pittsburgh IVIedical 
Center are collaborating with Medtronic, Inc. (Minneapolis, MN) 
to develop the intravenous membrane oxygenator (IMO)''**" 
Several prototype IMO configurations have been developed and 
tested. Their unique and commoo feature is a centrally positioned 
balloon, around which microporous hollow membrane fibers are 
arranged in various configurations. The polyurethane balloon is 
inflated and deflated with helium by an intra^aortic balloon pump 
console. This pulsation provides a means for regularly moving the 
fiber membranes, changing their configuration and minimizing 
the tendency for fibers to clump. In addition, the balloon motion 
enhances convcctive mixing around the fiber membranes and thus 
improves gas exchange performance. 

The most promising IMO design to date consists of a bundle of 
microporous hollow membrane fibers which are potted into mani
fold units at the proximal and distal ends. A central tube delivers 
oxygen to the distal manifold where it is distributed to the fiber 
bundle, Vacuum pressure is applied to the proximal manifold unit 
and oxygen is thus pulled through the hollow fibers. Oxygen dif
fuses through the pores of the membrane fibers into the blood, 
where it is exchanged for carbon dioxide which diffuses back 
through the membrane wall and is exhausted in the exit stream. 
Centrally located in this fiber bundle is the rhythmically pulsating 
balloon (Fig. 4), The IMO is intended for percutaneous insertion 
through the femoral or jugular vein, and will reside in the IVC, 
right atrium, and SVC. 

The central gas delivery tube is used as a mechanism around 
which the fibers can be twisted or furled for a compact insertion 
configuration, and subsequently unfurled after placement in the 
vena cava. Typical investigational prototypes range in length 
from 34 to 40 cm and have fiber surface areas which range from 
0.12 to 0,59 in^. Several different prototypes which incorporate a 
variety of membrane fiber configurations have been tested in vitro 
using fresh bovine blood at flow rates of 2-3 1/min. Oxygen and 
carbon dioxide exchange rales range from 30 to 250 ml/min per 
nr. Design challenges for the future include optimization of the 
balloon infiation volume and rate, optima! fiber selection, and in
corporation of biocompatible fiber coatings'''. 

Mockros of Northwestern University (Evanston, IL) and his 
colleagues have developed several innovative prototype intravas
cular lung assist devices (ILAD)-'*""*. Their most recent efforts 
are focused on a dynamic intravascular lung assist device or 
D-ILAD. The D-ILAD is made up of sheets of short microporous 
fibers. The ends are potted in two tubular manifolds which are 
disposed lengthwise along the device and peipendicular to the 
fiber axes. The fiber sheets are stacked, folded, and then twisted 

Right 
Atrium 

Central 
Balloon 

Enters veto In 
upper part of leg 

Figure 4 IMO. Anatomic placement of the intravenous meinbr.'ine oxygena
tor (IMO). SVC = superior vena cava; IVC = inferior vena cava. (From ref 
76, permis.sion given by J.B. Lippincott Co.) 

around a central shaft. The result is a heUcal or screw-like fiber 
aiTangement with the fiber membranes representing the threads of 
the screw and the manifolding tubes residing at the axial core 
(Figure 5). The inlet oxygen is delivered through the length of 
one manifold tube and the outlet gas, containing carbon dioxide, 
is exhausted through the other. Gas is pulled through the D-ILAD 
under vacuum pressure. Several different fiber folding and stack
ing arrangements have been incoiporated into prototype devices. 

The entire D-ILAD device can be rotated to enhance mixing of 
blood around the fibers, thus improving gas transfer performance, 
while the pumping motion can also auginent blood flow. In addi
tion, this group has introduced yet another means of increasing 
the relative velocity between membrane fibers and the blood, i.e. 
oscillation of the fiber sheets. In initial experiments, oscillatory 
motion was shown to be superior to rotational motion in enhanc
ing gas exchange performance. The Northwestern group bas fab
ricated prototypes with membrane surface areas ranging from 0.1 
to 0.5 m^. Oxygen transfer fluxes of 208 ml/min per ni ' and 
carbon dioxide transfer fluxes of 310 ml/min per m' have been re
ported for in-vitro tests with bovine blood at flow rates of approx
imately 21/min. 

One of the potential problems of the D-ILAD is the effect of 
fiber motion during rotation or oscillabon on the wall of the vena 
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Figure 5 D-ILAD. Screw-lype artificial lung, shown before folding and 
twisting (upper left). Finished configuration (upper riglit). Schematic showing 
gas How path (boitom). (From ref. 79, petmission given by i.B. Lippincosi Co.) 

cava. Current efforts are under way to develop a stationary sheath 
that will surround the oscillating device during operation and 
protect the vasculatore from possible damage. The sheath will be 
fornied from microporous membrane fibers, and will function in a 
dual capacity as a gas exchanger and protective covering. 

Snider and colleagues at tlie University Hospital, Penn State 
University (Hershey, PA) are developing the Penn State intravas
cular lung (PENSII^)"'""*-\ This device differs from the others de
scribed above in that its implantation position is intended to 
include the vena cava, right atrium, right ventricle, and PA, with 
iotendcd percutaneous insertion through the femoral vein. The 
PENSIL (Figure 6) has, as its central core, a balloon ripped, flow-
directed, FA catheter. Blind-ended microporous hollow mem
brane fibers are potted into manifold sleeves which arc placed 
concentrically around the PA catheter. The central catheter serves 
as the spine of the prototype devices, as well as the conduit for 

Conceptualization of 
A Final Prototype 

Gas in 
aFr ,. 

'-¥ PA 
'iPOft 

gas delivery and exhaii.st. Gas is conveyed to the manifold sleeves 
through holes cut into the walls of the catheter. Gas deUvery to. 
and exhaust from, the hollow fiber membranes can occur in two 
different ways. One mode oscillates gas in and out of the catheter 
and fiber membranes by pressure changes (760 mmUg absolute 
for flow in. and 80 mmHg absolute for flow out) at a frequency of 
approximately 40 cycles per second. The second mode provides 
gas continuously under pressure (760 mmHg absolute) to some 
of the fibers and vacuum (80 miiiHg absolute) to another group of 
fibers through separate lumens of the catheter. The pressurized 
fibers deliver oxygen and the vacuum flbers exhaust carbon 
dioxide. 

PENvSIL prototypes have been fabricated which range in size 
from 0.04 to 0.38 m-*. Oxygen transfers as high as 140 ml/min per 
m- at a blood flow rate of 7.5 1/min, and carbon dioxide transfers 
as high as 350 nil/min per m- at a blood flow rate of 4.5 1/min 
have been reported. One of the advantages of the PENSIL design 
is that it resides in the right atrium and right ventricle, which 
allows exposure of the device to all of the returning venous blood, 
including that from the coronary sinus. However, as prototypes 
are scaled up in size, attention to safe insertion through the right 
heart will become an important design consideration. 

CLINICAL TRIAL OF THE IVOX 

All intracorporcal oxygenators under development for placement 
within the venous system provide only temporary and parl;ial aug
mentation of gas transfer while the natural lungs recover from 
acute respiratory failure. None of these devices is intended for 
fixed, non-reversible pulmonary pathology. The intravascular 
oxygenator (IVOX) is the only intracorporcal device to have un
dergone phase I and phase II human clinical trials*^\ The phase I 
trials established the relative safety for introducing an intravascu
lar oxygenator in humans, and the phase If trials examined the 
clinical efficacy and gas exchange performance for this device. A 
total of 160 patients from the USA and elsewhere were studied. 
Criteria for inclusion or exclusion in the phase II trial have been 
reviewed and are given in Table 1. 

Table 1 Criteria for IVOX trial 

Inclusion 
FjQi s=0.,10 for 24 ti or more with PaOj <60 torr and one or more of the 
following: 
1 Positive cnd-e.xpiratory pressure SslO cmH20 
2 Peak inspiratory pressure S545 cmHiO 
3 Mean airway pressure s=3()cmHjO 
4 IVIinute ventilation 150 ml/min per kg with PoCO, >40 ton-

Exclusion 
1 Uncontrolled multiple organ failure or patient in extremis 
2 Contraindication to systemic anticoagui.ition 
3 Uncontrolled bacteremia/fungemia 
4 Low cardiac output refractory to inotropes 
5 Lack of usable access vein (jugular or femoral) 
6 Existence of thrombi in major veins or vena cava 
7 Abnormal anatomy of llie access veins or vena cava 

Fsubi Opji l.^ 

Figure 6 Pensil. Proposed intrapalinonary arterial lung ex situ. (From ref. 
81, permission given by J.B. Lippincott Co.) 

Once entry criteria have been met, the right internal jugular or 
femoral vein is used for device implantation following a eutdown 
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and surgical exposure. The largest sized IVOX (0.21-0.51 m'̂  
membrane surface area) is chosen according to the anatomical 
constraints of the vena cava size (determined by pre-insertion ul
trasound) and suitability of the access vein. The IVOX is furled 
during insertion and guided over a wire into position in the IVC/ 
right atrium and SVC, where unfurling occurs to fully expose the 
hollow fiber membranes to the returning venous blood. 
Heparinization (ACT 180-200 s) is maintained during use of the 
device. Once the IVOX is activated attempts are made to reduce 
FJOT and minute ventilation as long as blood gases can be 
maintained at pre-IVOX levels with oxygen saturations over 90%. 

The IVOX clinical trials have confirmed the earlier animal ex
periments in demonstrating that gas exchange does occur when 
hollow fiber membranes are introduced into the venous system of 
humans, where the average rates of Oi and CO2 transfer vary 
between 40 and 70 ml/min. Manipulation of the patient can 
improve gas exchange. Thus, permissive hypercapnea, and main
taining an adequate hematocrit and cardiac output, are important. 
These values provide approximately 30% of projected needs. 
Nevertheless, at this level of gas exchange clinical benefits are 
frequently difficult to document. During IVOX utilization some 
clinical trial patients showed improvements in blood gas partial 
pressures and in the ability to reduce the intensity of mechanical 
ventilation. 

Moderate to severe complications considered to have produced 
adverse clinical sequelae, or to have contributed to the patient's 
death, were recorded in 24.5% of the patients. Bleeding during 
IVOX insertion or explantation was the most common complica
tion, and 17.7% of the devices had significant mechanical or per
formance malfunctions during utilization. Conversely, the IVOX 
functioned in some patients for weeks without adverse effects. In 
these desperately ill patients, 60% survived to have the device 
removed, but only 30% improved to a point where mechanical 
ventilation could be discontinued. These same patients were hos
pital survivors and were discharged, for an average 30% survival 
rate. The IVOX clinical experience suffers, however, from the 
lack of concurrent controls and randomization in the trial. 
Nevertheless, as the first and only clinical trial of an intravascular 
oxygenator, the IVOX has provided evidence that gas exchange 
(Oi and COi) occurs in humans, but at a level that meets only 
30% of patients' needs and with a significant rate of complica
tions and device malfunction. 

COMMENT 

Although further trials of the IVOX are not being pursued at 
present, methods to improve safety and gas transfer capability, 
and to reduce the need for anticoagulation, are actively being in
vestigated by scientists both in the USA and elsewhere. The ma
terials and technology presently available, and as reviewed in this 
chapter, more than meet those needs for a device that will provide 
clinically significant, temporary, reliable and safe support for pa
tients with reversible lung failure. Continuing improvement in 
device development should yield a clinically useful intracorpo-
real oxygenator before the turn of the century. 
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80 
Xenotransplantation of the Heart 
D.K.C. COOPER 

INTRODUCTION 

It is generally accepted that there is a shortage of suitable human 
organs for purposes of transplantation'. The total number of pa
tients on the United Network for Organ Sharing (UNOS) waiting 
list in the USA is now in excess of 45 000, over double the 
number registered in 1988. Over 3000 patients are awaiting a 
heart transplant. These data indicate that the demand for organs in 
the USA is increasing by about 10-15% each year. Worldwide, 
this number can be increased by at least a further 50%, and possi
bly 100%. Furthermore, the median waiting period for several 
types of donor organ has increased significantly in recent years. In 
particular, patients in need of a liver or heart wait approximately 
twice as long today as they did 5 years ago. 

The above estimate of the current worldwide need for organs 
each year, however, does not take into account other important 
factors. The first of these is whether the number of patients on the 
waiting list fully reflects the number who might benefit from an 
organ transplant. A large percentage of patients are unsuitable, for 
one or more relative contraindications. Much of our reluctance to 
accept the borderline patient is based on the knowledge that the 
number of donors is strictly limited, and we feel obliged to utihze 
this scarce resource as carefully and responsibly as possible. Many 
believe it is no longer justified to transplant an organ into a patient 
considered to be at high risk of not surviving the first few post
operative days. If there were an unhmited supply of donor organs, as 
would be the case if xenotransplantation were successftil, this ethical 
barrier would be largely removed. The very sick or borderline 
patient could be given his or her chance without jeopardizing the 
future of the more stable candidate. The decision regarding re-
transplantation of organs, which with heart or lungs is less fre
quently successful, would similarly prove less of an ethical dilemma. 

The second factor relates to the current status of allografting in 
countries where, for religious or cultural reasons, cadaveric organ 
donation is rare or nonexistent. Japan is the prime example of a 
country with advanced medical technological skills and yet 
where, for cultural reasons, cadaveric allotransplantation is virtu
ally nonexistent. The impact of successful xenotransplantation in 
such a society would be enormous. 

The advantages of xenotransplantation are obvious. Not only 
would the supply of donor organs be unlimited, but these organs 
would be available electively when required. Transplant opera
tions could therefore be carried out on routine operating lists, and 
no potential recipient would need to die for lack of a suitable 
organ. Of equal importance would be the possibility of pretreating 
either the donor or the recipient to enhance acceptance of the 
graft, as the transplant procedure could be planned for a specific 
day. In addition, donor organs would not be subjected to the 
effects of brain death, which can be damaging, particularly to the 
heart. Chronic infection is proving an increasing problem in 
regard to human donors, particularly with regard to the transfer of 
hepatitis and HIV; animals could be bred and maintained to 
ensure that no infection is present that could be transferred to the 
recipient. 

DEFINITIONS 

Xenotransplantation refers to the transplantation of organs or 
tissues from an animal of one species into an animal of another 
species^. With regard to humans it clearly refers to the use of a 
donor other than humans. The terms concordant and discordant 
xenografting' are used frequently (and loosely) to refer respec
tively to transplantation between closely related animal species 
(e.g. baboon-to-human) and between distantly related animal 
species (e.g. pig-to-human). 

This suggested nomenclature is helpful, but experimental and 
clinical experiences have demonstrated that there are not just two 
distinct groups of xenograft, but gradations, inasmuch as an organ 
from one animal species, when transplanted into an animal of a 
different species, may be rejected in some pairs by a cellular 
mechanism (acutely) and in others by a humoral (or vascular) 
mechanism (often hyperacutely). Furthermore, features of both 
cellular and vascular rejection can occur within the same 
xenografted organ**. 

It would therefore seem that additional nomenclature is 
required to define the immunological similarity or disparity 
between two species. There are few truly concordant pairs (in 
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which rejection is purely cellular), as a degree of vascular rejec
tion is likely to be seen in many cases. In contrast, however, dis
cordant pairs virtually always reject hyperacutely by a humoral 
mechanism. 

With regard to the histopathology of the rejection that takes 
place, we should probably confine our terms to (a) cellular rejec
tion, (b) vascular (denoting antibody-mediated or humoral) rejec
tion, and (c) mixed rejection^. Vascular rejection may be 
hyperacute (in that it occurs within minutes or a few hours after 
transplantation) but may be delayed, and can occur several days 
or even weeks after transplantation. 

BASIC IMMUNOBIOLOGY 

Concordant xenografting 

When xenotransplantation is carried out between closely related 
species, there are usually no or very low detectable levels of anti-
donor species (xenoreactive) antibody in the host at the time of 
transplantation-''. The antibody titer may rise during the first few 
days after transplantation. In a proportion of recipients, rejection 
will be cellular and will follow the normal sequence of events 
seen after allografting. In a proportion, however, rejection will be 
vascular or of a mixed nature. 

The relative proportion of ca.ses in which cellular (rather than 
vascular) rejection will result varies, depending on the two animal 
species involved and on the organ transplanted. For example, in 
chimpanzee-to-human renal transplants, rejection was mainly of a 
cellular nature^ whereas vascular rejection was reported in a 
chimpanzee-to-human cardiac graft^. In vervet-monkey-to-
baboon cardiac transplants, 80% of the hearts showed features of 
vascular rejection with or without cellular rejection''. In contrast, 
following vervet-monkey-to-baboon liver transplants, cellular re
jection predominated^. 

Discordant xenografting 

Rejection between widely differing species is uniformly vascular 
and generally hyperacute""*'^ There is increasing evidence that 
vascular rejection of discordant xenografts in humans is largely a 
result of antibody-mediated complement activation through the 
classical pathway, although the alternative pathway may also play 
a role. Hi.stopathologically, the features of vascular rejection 
consist of massive capillary destruction with severe interstitial he
morrhage and edema"* (Chapter 81). Intravascular thrombosis re
sulting from platelet and/or fibrin thrombi is relatively rarely 
observed by light microscopy, but can be documented on electron 
microscopy. Degenerative changes are evident in the myocytes 
and contraction band necrosis may be present. 

CHOICE OF AN ANIMAL DONOR FOR HUMANS 

If a human were to be the recipient, and using currently available 
immunosuppressive therapy, xenografting from a concordant 
animal .species such as the chimpanzee, or possibly the baboon, 
would have a much greater chance of success than would a graft 
from a discordant animal. Pioneering work in the use of primate 
kidneys as donor organs for humans showed clearly that the 

closer phylogenetically the donor to man, then the longer was the 
donor organ survival time. Reemtsma (Figure I, Chapter 82) ob
tained longer survival using chimpanzee kidneys as donors'"'" ' ' 
than did Starzl (Figure 2, Chapter 82)'^ '̂  or Hitchcock er al."'. 
who used baboons; rhesus monkey kidneys fared even worse'". 

Immunological similarities and differences between various 
primate species have been studied by Sarich'^ using microcom-
plement fixation, which has been shown to be a sensitive and reli
able technique to measure the degree of immunological 
cross-reactivity between species. There were a number of consid
erations which led to albumin being the molecule whose evolu
tionary changes were studied. The very close relationships 
existing among all hominoid albumins, and particularly among 
the higher primates, are shown in Table I. There are, however, a 
number of problems in the use of non-human primates as donors 
for humans. 

The baboon does not grow to a size large enough to make it a 
suitable donor of some organs, for example the heart, for adult 
humans, though there may be a role for this animal as a donor for 
children. The rationale for baboon transplantation in infants and 
small children is that few human donors can be found in this age 
group, and the immature immune system of newborn infants may 
have less competence to reject foreign tissue'". There is good ex
perimental evidence that growth of xenograft anastomoses occurs, 
but less conclusive evidence that it will be possible to control re
jection well enough to expect even medium-term survival. 

Other higher primates are, in general, endangered species, and 
would not be available in sufficient numbers unless extensive and 
costly breeding programs were initiated. Even the chimpanzee 
heart may not be large enough to support the circulation alone in 
a large human adult''' (Chapter 18). There would, in addition, 
almost certainly be ethical and moral objections to the use of such 
animals; many of these ethical considerations have been dis
cussed by Kaplan-" and Veatch-'. It would appear, therefore, that 
xenografting between concordant species will not provide the 
final answer to donor supply in humans. 

Certain discordant animals, such as the pig or sheep, would 
provide organs of a suitable size and anatomy for humans, but 
transplantation would be greatly complicated by the development 

Table 1 Reactivity in the microcomplement fixation procedure of sera 
from various species witli a pool of three antisera directed to human 
serum albumin' 

Spt'cies 

Hominoidea (human.s and apes) 
Homi) sapiens (human) 
Gorilla gi>rilla (gorilla) 
Pan iragltHlyles (chimpanzee) 
Pimf>opygmaeus (orang-utan) 
H\lohales lar (gibbon) 
SymphaUmi>us syntlartylu.s (gibbon) 

Cercopithecoidea (Old World nior 
Ceboidea (New World monkeys) 
Prosimii (Prosiniian. e.g. lemur) 
Non-primates 

Bos launis (bull) 
.S'u.v scrofa (pig) 

ikeys) 

hidi'x (tfJissiniilaritv 

1.0 

\.m 
1.14 
1.22 
1.28 
1.30 
2,2.V2.6.<i 
2.7-.';.0 
8.6-18 

.̂ 2 
>35 

" Adapted from rcf. 12, 
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of hyperacute rejection, which is not prevented or modified by the 
currently available immunosuppressive drugs*'-''. If this immuno
logical problem could be overcome, however, such animals as the 
pig or sheep would provide a readily accessible, continuous 
supply of donor organs. Moral and ethical objections would 
almost certainly be few and easily overcome as such animals are, 
in any case, slaughtered in large numbers on a daily basis to 
provide food for human consumption. 

CONCORDANT CARDIAC XENOGRAFTING 

From an extensive review of the experimental literature, it would 
seem that, with regard to transplantation of organs between some 
closely related species, there is the probability that, with the cur
rently available immunosuppressive drugs, rejection can be 
delayed significantly. There is increasing evidence that immuno
suppression with cyclosporin prolongs graft survival when 
xenografting is performed between two closely related animal 
species, such as wolf and dog", fox and dog-\ hare and rabbit-*', 
sheep and goat-"', and Cynomolgus monkey and baboon-^-". 
Rejection in these models appears to be primarily cellular; 
humoral factors, which might lead to vascular rejection, generally 
play a less important role, though this is not always so, as 
found in the closely related vervet-monkey-to-baboon 
model*'- '̂-^". 

Rejection between such animal species is, in general, more vig
orous than when allografting is performed, and is therefore more 
likely to result in early graft failure from accelerated acute rejec
tion; humoral factors would also appear to play a role in many 
cases. In addition, rather higher doses of immunosuppressive 
drugs have to be administered than would be necessary after 
allografting, making the recipient more susceptible to the 
complications of such therapy, in particular, infection. 

As grafts between closely related primate species are rejected 
acutely in some models-'' -" but hyperacutely in others*-''-'", it is 
difficult to predict accurately the outcome of a transplant in 
humans using any one primate subgroup as donor. For example, 
Cynomolgus monkey hearts inserted heterotopically into baboons 
are rejected by a cellular (acute) rejection response, which can be 
successfully overcome by combination immunosuppressive 
therapy using cyclosporin, azathioprine, corticosteroids, and anti-
thymocyte globulin (ATG)-''-''•". Hearts from African green 
(vervet) monkeys, on the other hand, transplanted into baboons, 
are sometimes rejected hyperacutely and frequently by a delayed 
va.scular mechanism, and survival is not greatly prolonged by 
combination immunosuppressive therapy'' -'', though if ATG is 
added to the regimen, and rejection episodes vigorously treated 
with bolus steroid therapy, some prolongation can be achieved'". 
Pretransplant total lymphoid irradiation, in collaboration with 
pharmacological immunosuppression, does result in longer sur
vival of some hearts but, in this experimental model, has been as
sociated with a high mortality-''. 

Whether pharmacological immunosuppression including cy
closporin or tacrolimus will delay or prevent rejection of trans
planted primate hearts in humans remains uncertain, but, from 
early (precyclosporin) clinical studies using chimpanzee kidneys 
in humans ' " ' " , it would seem reasonable to expect that chim
panzee hearts will function for at least some weeks, or even 

months or years, under these circumstances. The outlook 
for baboon hearts, again based on early renal transplantation 
in humans'^"' , would seem less optimistic, though function 
for 3 weeks has already been shown to be possible (Chap
ter 82). 

If clinical concordant xenografting is to be performed, the 
success of the procedure will almost certainly be increased if 
donor and recipient are of compatible ABO blood group. This 
conclusion is supported to some extent by experimental work 
using the vervet monkey as donor and the baboon as recipient'', 
and by a single clinical experience (Chapter 82). In the experi
mental studies, early hyperacute rejection (within the first 60 
minutes) was not seen in those cases where ABO compatibility 
was present between donor and recipient, but was seen in a 
significant proportion of cases (three of eight) where incompati
bility was present. Mean donor heart survival was also shorter in 
baboons receiving ABO-incompatible vervet monkey hearts 
These observations were noted both in non-immunosuppressed 
recipients, and in recipients immunosuppressed with a combina
tion of pharmacological agents. 

The role of truly concordant xenografts in providing temporary 
support for patients with grossly inadequate function of important 
organs, such as the heart or liver, though at present uncertain, 
may well warrant clinical investigation within the near future. 
Permanent long-term function of such grafts would appear to be 
less likely, as almost certainly recurrent acute rejection episodes 
and early chronic rejection (graft vasculopathy) would develop, 
leading to relatively early graft failure. 

Several new pharmacologic immunosuppressive agents are cur
rently under investigation that may prove more efficient in pre
venting not only the cellular rejection that takes place in 
concordant xenografting but also the antibody-mediated rejection 
that can occur following the production of new antibody by B 
lymphocytes. Several of the drugs currently under investigation, 
such as brequinar sodium, mycophenolate mofetil (RS61443) and 
15-deoxyspergualin, have been shown to have relatively potent 
anti-B-cell activity (Chapter 70). 

For example, infant baboons (age 9-19 months), splenec-
tomized and immunosuppressed with a combination of antilym-
phocyte globulin, FK506 (tacrolimus), and methotrexate, with 
methylprednisolone being used as rescue therapy for rejection, 
survived for up to 127 days with an orthotopically transplanted 
rhesus monkey heart^-. Mean graft survival in four surviving 
animals was 80 days, but three other animals died between 35 and 
96 days from pulmonary infection or renal failure associated with 
drug therapy. 

A combination of total lymphoid irradiation and cyclosporin-
based immunosuppression has led to survival of heterotopically 
placed rhesus monkey hearts in baboons for periods in excess of 
1 year". Whether such regimens will be well tolerated by ill 
patients awaiting heart transplantation remains uncertain, but 
clearly such heavy immunosuppressive programs are likely to be 
associated with a higher incidence of infection and de novo 
malignancy than is associated with allografting at the present 
time. 

However, there have been five clinical heart transplants using 
non-human primates as donors for humans, the most recent being 
in 1984 (Chapter 82). Survival of concordant grafts has been for a 
maximum of only 20 days. 
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DISCORDANT CARDIAC XENOGRAFTING 

For a number of reasons the pig has been identified as a suitable 
potential donor for humans'-*. These reasons include: (a) availabil
ity in large numbers, (b) inexpensiveness of breeding and main
taining, (c) suitable size for the smallest or largest of humans, (d) 
availability of pathogen-free (gnotobiotic) animals, and (e) con
siderable similarities of anatomy and physiology with humans. 

Four heart transplants have been carried out using the pig or 
sheep as donors for humans, the most recent being in 1992 
(Chapter 82). Maximum survival has been 24 hours. 

The problem of hyperacute vascular rejection has to date 
proved insurmountable, and is yet to be resolved. Progress is 
taking place in the laboratory, however, and it would seem that 
the most likely solution to the problem will come from one (or a 
combination) of the following approaches. 

Human anti-pig antibody depletion or inhibition 

One promising approach would appear to be the depletion or inhi
bition of xenoreactive (anti-pig) antibodies in the host. If the 
xenoreactive antibody titer can be temporarily significantly or 
totally depleted, or in some other way 'neutralized', then an organ 
grafted during this critical period may not undergo vascular rejec
tion even when the antibody titer returns to its normal level. The 
period of time during which antibody depletion or neutralization 
is required remains uncertain, but may be as short as 1-3 weeks. 
The resulting state that is achieved, termed 'accommodation''^, 
enables survival of an organ graft in the presence of specific anti
bodies directed against antigens expressed on the surface of the 
organ. Normal levels of complement are also present. 

Although this state has not been fully achieved after discordant 
xenografting, it has been clearly documented after the transplanta
tion of ABO-incompatible organs, both experimentally'' '" and 
clinically''*, where the mechanism of antibody-mediated rejection 
is very similar. 

Antibody depletion can be carried out by extracorporeal im-
munoadsorption utilizing columns of specific immunoadsorbents 
that are directed only against the specific antibody whose removal 
from the plasma is desired. These immunoadsorbents must, there
fore, consist of: (a) the antigen itself (or a cloned or synthetic 
antigen), (b) a cross-reactive antigen''', or (c) an anti-idiotypic an
tibody""'. 

There is now conclusive evidence that the pig epitopes against 
which human anti-pig antibodies are directed are carbohydrate 
structures, namely galactose structures in the a configuration 
(aGall-3Gal)"" '*•'. Pretransplant extracorporeal immunoadsorp-
tion using an aGall-3Gal immunoadsorbent (or the continuous 
intravenous infusion of aGall-3Gal to bind the anti-pig antibod
ies for a period of several days) may therefore be successful in al
lowing accommodation to develop. When this form of therapy is 
combined with pharmacologic immunosuppressive therapy, pro
longed xenograft function might be achieved. 

genetic engineering of a pig that does not express oGal on its vas
cular endothelium. The expression of terminal a-galactose 
depends on the proper function of a single gene encoding for the 
enzyme a l , 3 galactosyltransferase'**. If this gene were 'knocked 
out' by homologous recombination, then there would be no target 
for the human anti-aGal antibodies. Although this 'knockout' 
technique is not yet possible in the pig. it has been established in 
the mousê ** '̂ " and, with the current rate of advance in the field of 
genetic engineering, it is likely that it will prove feasible in the 
pig within a few years. 

McKenzie's group in Australia, however, has demonstrated 
that, as a result of knocking out the gene, subterminal sugars are 
exposed against which other natural antibodies exist (McKenzie 
I.F.C., personal communication). They, and others''\ have sug
gested an alternative strategy which they have termed 'transferase 
dominance', whereby the same substrate (in this case, lac-
tosamine) can accept either galactose (under the influence of a l . 
3 galactosyltransferase) or fucose (under the influence of the H 
transferase). After isolating and transfecting the H transferase, 
they were able to demonstrate that its activity dominates over that 
of the ttl, 3 galactosyltransferase and that the aGall-3Gal epitope 
is essentially not made, but its place is taken by fucose. Most 
humans have no natural antibodies against fucose (unless they are 
of the rare Bombay phenotype). Transgenic mice expressing the 
H transferase demonstrate little aGal expression and, if this work 
can be duplicated in pigs, the genetically engineered pig may 
prove to be an acceptable donor for humans. 

The recent development of genetically engineered pigs that 
express certain human complement-inhibiting proteins'"'''- results 
in their resistance to the effects of human complement on pig 
tissues. This is proving a significant step forward in our efforts to 
overcome the hyperacute rejection that destroys discordant animal 
grafts within minutes or hours. 

For example, decay accelerating factor (DAF, CD55), mem
brane cofactor protein (MCF, CD46), and CD59 (protectin. ho
mologous restriction factor) are membrane inhibitors of 
complement that are present on a wide variety of cell types. These 
inhibitors block the activity of autologous complement but not of 
xenogeneic complement from a distantly related species. Lysis of 
human cells by human complement occurs when these regulatory 
proteins are deficient. Recent results show considerable prolonga
tion of pig heart function after heterotopic transplantation into pri
mates if the organ is taken from such a genetically engineered 
pig5l.« 

There is some evidence, however, that even if the complement 
cascade is inhibited (and hyperacute rejection avoided), delayed 
vascular rejection might still occur within the first few weeks 
after transplantation, and that this may be associated with other 
mechanisms involving xenoreactive antibodies and cellular 
infiltration''' '^. It would therefore seem that our efforts must also 
be directed towards discovering some means of abrogating the 
effect of these antibodies, both to prevent activation of the com
plement .system and also to inhibit other mechanisms dependent 
on the antibody-antigen interaction. 

Genetically engineered donor pigs 

An alternative approach is the development of a pig that might 
prove a universal donor of organs for humans'*"* "'\ namely by the 

UNRESOLVED PROBLEMS 

The major unresolved immunological barrier is clearly the 
problem of antibody-mediated rejection, but the severity of the 
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cellular response to a discordant organ remains unknown, and 
may prove to be a more significant barrier than has been 
anticipated". 

There is the risk that, even if rapid rejection can be overcome, 
the early development of graft vasculopathy might occur. There is 
some optimism, however, that this may not develop, as in long-
functioning ABO-incompatible renal allografts in patients in 
whom accommodation has been achieved, there does not appear 
to be a higher incidence of graft atherosclerosis^*. However, there 
is little significant experience in this field following heart 
transplantation^*. 

The use of a heterotopic or orthotopic non-human primate heart 
as a 'bridge' to allotransplantation would seem feasible for, as 
already mentioned, it seems likely that non-human primate hearts 
will function satisfactorily for possibly weeks or months. This 
would allow time for a suitable human heart to be located and in
serted (with removal of both the non-human primate organ and 
the recipient's native heart, if it is still in situ). 

The use of a xenograft as a bridge to allotransplantation would 
seem to be indicated particularly in infants and children with 
complex congenital heart disease, as left ventricular assist devices 
and artificial hearts have not yet been developed of a size 
whereby they can be implanted easily in these small patients. The 
small volume of the thoracic cavity may prohibit the insertion of 
an auxiliary (heterotopic) heart, and orthotopic transplantation 
may prove necessary. The complex abnormal anatomy of the re
cipient's own heart may be another factor making heterotopic 
transplantation difficult or impossible, again necessitating ortho
topic siting of the xenograft. Retransplantation would be per
formed when a suitable human donor organ became available. 
Performing this form of experimental surgery initially in children, 
who clearly cannot give informed consent, however, may be seen 
by some as a major ethical hurdle. 

An animal heart inserted as a bridge to transplantation would 
have some advantages over a mechanical support device, the most 
important and obvious being the fact that the animal heart can be 
totally enclosed within the thoracic cavity, thus reducing the risk 
of infection. There is similarly a reduced risk of thromboem
bolism when mechanical parts are not implanted. If the xenograft 
is sited heterotopically, it would seem essential to anticoagulate 
patients just as it is in patients with heterotopic allografts, as there 
remains a possibility that thrombus formation will occur in the 
patient's poorly contracting native right or left ventricle, and that 
embolism to the pulmonary or systemic circulations may take 
place. 

Three aspects of this procedure, however, remain for discus
sion. The first has already been alluded to, and concerns the ethics 
of using a non-human primate for this purpose-"-'. The use of pri
mates, with their close relationship to humans, stimulates a con
siderable emotional response in the public, a significant 
percentage of whom may object to their use for this purpose. 
Objections would probably be particularly vociferous if such 
hearts were used in adults (as opposed to infants and children), as 
adequate mechanical devices for the support of adult patients with 
failing ventricles are readily available and, indeed, in many cases 
insertion has been followed by successful allotransplantation. 

A second feature of the use of a xenograft heart as a 'bridge' 
has not yet been fully explored. It remains uncertain whether sub
sequent transplantation with an allograft could then be success

fully achieved, as there is conflicting evidence as to whether anti
bodies will develop that might cause early failure of the subse
quent allograft. Recent experimental experience in primates, 
however, is that this does not occur''''. 

The third aspect of the implantation of a primate heart in 
humans (whether temporary or permanent) that requires very 
careful consideration is the risk of transferring pathogenic agents 
that may result in serious infection or the development of neopla
sia. Primates captured in the wild, and to a lesser extent colony-
bred animals, are known to harbor a host of pathogenic agents''", 
of which viruses probably represent the greatest risk to 
humans''' ^•\ This concern regarding the transfer of pathogens is 
reinforced by the consideration that the transfer of an agent that 
causes no morbidity in the non-human primate may result in 
serious disease in an immunosuppressed human patient. The 
Simian retroviruses, which include viruses related to the human 
immunodeficiency virus type-1, which can cause the acquired 
immune deficiency syndrome (AIDS) in humans, and the her
pesviruses, in particular, must be considered dangerous if trans
ferred to humans. 

There is some evidence that primates bred under suitable con
ditions of management exhibit a lower tendency towards viral 
infection than do wild-caught animals''-. The use of non-human 
primates as organ donors may be possible, therefore, provided 
that they are at least free of those infectious agents that are known 
to pose a serious threat to human health, e.g. Mycobacterium tu
berculosis, herpesviruses, exogenous retroviruses, and Marburg 
virus. In this regard the feasibility of breeding and maintaining 
specified pathogen-free animals may be worthy of investigation. 

Finally, questions have been raised regarding whether the 
metabolic environment of the human host will allow normal func
tion of a pig (or even baboon) organ"'^. Will an organ from one 
species of animal metabolize and function satisfactorily in the dif
ferent metabolic environment of a host animal of another species? 
In 1970 Calne' pointed out that, because no discordant organ 
grafts have functioned for long periods, we cannot answer this 
question. The question remains unanswered. Minor differences in. 
for example, pH or serum hormone levels could have profound 
and unfavourable effects on the function of the graft. 

Organs from animals closely related to humans would seem 
more likely to function satisfactorily when used as xenografts. 
Chimpanzee and baboon kidneys, for example, have clearly func
tioned adequately in the human metabolic environment, and 
chimpanzee and baboon hearts have functioned satisfactorily in 
humans until rejected (Chapter 82). Chimpanzee and baboon 
livers have also shown reasonably good function after transplan
tation into humans''''''''. It is unlikely, however, that all the 
enzymes and hormones that show species variation will function 
with equal efficiency in xenogeneic recipients. 'One of the excit
ing side products of successful xenogeneic transplantation would 
be the new insights inevitably gained into the normal processes of 
physiology'''"'. 

Pig kidneys and hearts have functioned in non-human primates 
for several weeks''-^'''''' and it seems likely that function of these 
organs will not be a major problem. Clinical experiments in 
which blood from patients in hepatic failure has been perfused 
through pig livers have demonstrated that the pig liver has the 
capacity to perform at least some of the functions necessary to 
support human life'''* "̂. 
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COMMENT 

The problem of overcoming xenograft rejection is proving more 
difficult than predicted by no less an authority than Sir Peter 
Medawar who, in 1969, made the following remarks: 'A new so
lution is therefore called for; the use of heterografts - that is to 
say, of grafts transplanted from lower animals into man. Of the 
use of heterografts I can say only this: that in the laboratory we 
are achieving greater success with grafts between species today 
than we achieved with grafts within species 15 years ago. We 
shall solve the problem by using heterografts one day if we try 
hard enough, and maybe in less than 15 years''''. Over 25 years 
later his optimistic prediction has unfortunately not been fulfilled. 

We would, however, appear to be at the threshold of an excit
ing era in organ transplantation where the use of xenografts is ex
plored, initially perhaps as bridging devices, particularly in 
infants and young children. In adults and larger children it would 
seem wise to utilize the heterotopic position for xenografts when 
inserted as temporary assist devices. Experience gained in this 
area may lead to developments which allow xenografts to be used 
on a more permanent replacement basis. 

In an interesting editorial, Chen and Michler^- discussed the 
difficult question of when to initiate a clinical heart xenotrans
plantation program. They suggest (quoting the work of Fox 
and Swazey^') that three questions need to be answered, 'namely, 
(i) in the laboratory, what defines success of a sufficient level to 
warrant advancement to the clinical arena, (ii) under what clinical 
condition should this advancement proceed, and (iii) in the clini
cal arena, what defines success of a sufficient level to warrant 
further evaluation." They do not provide conclusive answers to 
these questions, but clearly believe that 'the question that 
currently remains is not how, but rather when should heart xeno
transplantation advance to the clinical arena?' 

In line with the scientific developments outlined in this chapter, 
there would appear to be a growing acceptance of xenotransplan
tation among the public. A Partnership for Organ Donation 
Survey in the USA confirmed that whereas 80% of those ques
tioned said they would accept an organ allograft, 50% said that 
they would accept an organ transplant from an animal if a suitable 
human organ was not available^"*. 

Just as the early pioneers of open-heart surgery from the 1950s 
did not envisage heart surgery on the scale it is performed today, I 
believe we do not envisage the role of xenotransplantation as it 
may be in 40-50 years time. The ready availability of a new 
organ to replace a diseased one will prove too great a temptation 
to the average patient or physician to allow either to persevere 
with inadequate medical therapy that maintains the patient in a 
suboptimal quality of life. 

References 
1. Cooper DKC. Xenograt'ting - how great is Ihe cliriical need'.' Xeno. I993; l ;25 . 
2. Cooper UKC, Kemp E. Rcemtsnia K, While DJG. edicor.s. Xenolransplanlation. 

Heidelberg: Springer; i 99L 
.̂ . Calue RY. Organ transplantation between widely disparate spceies. Transplant Proe. 

1970;2:.'i50. 
4 Rose AG, Cw>per DKC. Human PA. Reiehenspurner H. Reitharl G. Histopalhology 

ofhyperaeute rejection of the heart - experimental and clinical observations in allo
grafts and xenografts. J Heart Transplant. 1991;10:223. 

.̂ i, Reemtsma K. McCracken BH. Schlegel JU ft ai Renal heterotransplantation in man. 
Ann Surg. 1964:160:384, 

6. Cooper DKC. Human PA. Rose AG c/ al. The role of ABO blood group conipatihil-
ity in heart transplantation between closeU-related aiiiinal species. An experimental 
study Lismg the vervct tnonkey-to-baboon cardiac xenograft model J Thorac 
CarJiovasc Surg. 1989:97:447. 

7, Mieles. L, Ye Y. Luo Y ff al Auxiliary liver allografting and xenograftmg it) the 
nonhuman pritnate. Transplantation. 1995:.'i9:1670. 

8 l^exer G. Cooper DKC. Rose .AG v! al. Hyperacute rejection in a drsciirdam Ipig to 
baboon) cardiac xenograft model. J Heart Transplant. 198(i:.'i:411. 

9. C(M)per DKC. Human PA. Lexer G ct ui The effects of c>clos[>orin and antibody ad
sorption on pig cardiac xeruigraft surv i \a l in the babiM)rt, J Heart TransplanI, 
198K;7:2.3S. 

10. Reemtsma K. McCracken BH. Schlegel JV, Pearl M Heterotransplantation of the 
kidney: two clinical experiences. .Science, 19f>4:14.^:700, 

11. Reemtsma K. McCracken BH. Schlegel JV cf ul Reversal of early graft lejeclion 
after renal heterotransplantation in man, J Am Med Assoc, 1964:187:691, 

12. Reemtsma K, Heteroiransplantalion, Transplant Proc, 1969; 1:2.'i 1, 
13. Reeintsma K, Renal hclerolransplantation from non-human primates to man ,Anu 

NY AcadSci , 1969:162:412, 
14. Star/I TE, Marchioro TL. Peters GN el al. Renal hclcrotransplatualion from baboon 

to man: experience with six cases. Transplantation, 1964:2:7*i2, 
Ifi. Porter KA. Marchioro TL. Star/1 TL, Pathological changes in six treated baboon to 

man renal heterotransplants, Br J Llrol. 196,*i:37:274 
16, Hitchcock CR. Kiser JC. Telander RL. Seljcskob KL, Babottn renal grafts, J Am 

McdAssiK, 1964:189:934, 
17, Sarich VM. The origin of the hominids: an inimuntilogical approach. In: VV'ashburn 

SL. Jay PC. editors. Perspectives on human evolution. New York, Holt. Rinchan & 
Winston: 1968:94. 

18, Sade RM. Crawford FA. Fyfe DA, Symi^osiuni on hypoplastic lelt heart syndrome 
J Thorac Cardiovasc Surg, 1986:91 937, 

19, Hardy JD. Chave/ CM. Kurrus FD c/ ai. Heart transplantation in man: developmen
tal studies and report ol a case, J Am Med Assoc-, 1964:188:1 1 32. 

20, Kaplan AL, F.thical issues raised by research invohing xenografts, J ,Ani Med ,ASSIK-, 
198.'i;2.<i4:3339, 

21, Veatch RM, The ethics of xenografts. Transplant Proc, 1986:18:93 
22, Krombach \\ Hammer C. Gcbhard F et ui. The effects of c> elosporin on wdlf to dog 

kidney xenografts. TransplanI PriK, 198.'S:17:1436, 
23, Hrtel W. Reiehenspurner H. Hammer C ft al. Heart transplantation in closely related 

species: a model of humoral rejection. Transplant Proc, 1984:16:12.'^9, 
24, Kemp H. Slarklint H. Larsen S, Kieperink H, Cyclospt)rine in concordant renal hare-

to-rabbit xenotransplantation: prolongation and niodiiication of rejection, and 
adverse effects. Transplant Proc 198?; 1 7:13.'; 1, 

25, Bailey LL. Jang J. Jcjhnson W. Jolley WB, Orthotopic cardiac .xenografling in the 
newborn gtial, J Thorac Cardiovasc Surg, 198.'i;89;242, 

26, Sadeghi AM. Robbins RC. Smith CR ft al. Cardiac xenograft survival in baboons 
treated with cyclosporin in combination with c tuncnl ional immunosuppression, 
TransplanI Proc. 1987:19:1149. 

27, Kurlansky PA. Sadeghi AM. Michler RF fl ai. Comparable survi\al of inlra-species 
and cross-species primate cardiac transplants, TransplanI Proc. 1987; 19:1()67 

28, Sadeghi AM, Robbins RC. Smith CR ftai. Cardiac xenotransplantation in primates, 
J Thorac Cardiovasc Surg, 1987:93:809, 

29, Ctiopcr DKC. Human PA, Reichart B. Prolongation of cardiac xenograft ( \crvet 
monkey to baboon) function by a combination of total lymphoid irradialit>n and im
munosuppressive drug therapy. Transplant Proe, 1987:19:4441. 

30, Reiehenspurner H. Human PA. Btiehm DH ft al. Optimaii/ation ot immunosuppres
sion after xenogeneic hearl transplantation in primates, J Heart rransplant, 1996 (In 
press), 

31, Reemtsma K. Pierst)U RN. Marboe CC fl ai. Will atherosclerosis limit clinical 
xenografting'.'Transplant Proc, 1987:19:108, 

32, Kawauchi M. Gundry SR. .Alonso de Begona J et al. (1993) Prolonged survival of 
orlhotopically transplanted heart xenografts in infant babotms, J Thorac Cardiovasc 
Surg, 1993:106:779. 

33 Norin AJ. Roslin MS. Panza A ft al. TLl induces spccilic B cell unresponsiveness 
and long-term monkey heart xenograft survival in cyclosporin-treated baboons. 
Transplant Proc, 1992;24:.'>()8, 

34, Cooper DKC, Ye Y, Rolf LL Jr. Zuhdi N. The pig as potential organ donor for man. 
In: Cooper DKC. ft al.. editors. Xenotransplantation, Heidelberg: Springer: 
1991:481, 

:i5. Bach FH. Piatt J, Cooper D K C Accommodation - the role of natural antibody and 
complement in discordant xenograft rejection. In: Cooper DKC ft al.. editors. 
Xenotransplantation, Heidelberg: Springer; 1991:81, 

36, Cooper DKC, Ye Y. Kehoc M et al. A novel approach to 'ncutralizalion' of pre
formed antibodies: cardiac allotransplantation across the ABO-blixxl group barrier as 
a paradigm of discordant xenotransplantation. Transplant Proe. 1992:24:.*i66. 

37, Cooper DKC. Yc Y. Niekrasz M ft al. Specific intravenous carbohydrate therapy - a 
new concept in inhibiting antibody-mediated rejection; experience with ABO-
incompatible cardiac allografting in the babtKin, Transplantation, 1993:.S6:769, 

38, Alexandre GPJ, Squifflet JP. De Bruyere M ft al. Present experience in a series o( 
26 ABO-incompat ib lc living donor renal allografts. Transplant Proc. 
1987;I9;4538. 

39, Van Breda Vriesman P J C The future of plasmapheresis in host manipulation. In: 
Hardy MA. editor. Xenograft 2.'>, Amsterdam: Excerpta Medica: 1989:267. 

734 



XKNOTRANSPLANTATION OF THH HEART 

40. Koron H. Milulic F. Ncclhlinj: FA ei ul. Murine monoclonal anti-idiolypic anlibodics 
directed againsl human anii-«Gal antibodies prevent rejection ot" pig cells in culture: 
implications lor pig-to-human organ xenotransplantation. Presented to the Third 
International Congress on Xcnolransplantalion. Boston, IMM?. Transplant Proc. 1996 
(In press), 

41 . Good AH. Cooper DKC. Malcolm AJ a al. Identification of carbohydrate structures 
that bind human anti-porcine antibodies: implications tor discordant xenogralting in 
humans. Transplant Proc. \992.24:559. 

42. Oriol R, Yc Y. Koren H. Cooper DKC. Carbohydrate antigens of pig tissues reacting 
with human natural antibodies as potential targets tor hyperacute vascular rejection 
in pig-to-nian organ xcni»lransplantation. Transplantation. 199.^;.'i6:1433. 

43. Cooper I^KC, Good AH. Koren 11 et ai. Identitication of fY-galaclosyl and other car
bohydrate epitopes that are boutid by human anti-pig antibodic>: relexance tit discor
dant xenografling in man. Transplant Immunol. 1993:1:198, 

44. Cooper DKC. Koren F. Oriol R. Oligosaccharides and discordant xenotransplanta
tion. Innnunol Rev. 1994; 141:3 I. 

45. Cooper DKC. Ki)ren H. Oriol R, Genetically-engineered pigs. Lancet. 1993;342:6K2. 
46. Dabkowski L. Vaughn H.A. McKen/.ie IPC, Sandrin MS Characteri/.ation ot a 

cDNA clone encoding the pig rtl,3galactosyltranslerase: implications f(jr xenotrans
plantation. Transplant Proc. 1993;2.'i:292l. 

47. (ialili Lf, Inleraction of the natural anli-rt antibitdy with rtgalaclosyl epitopes: a 
maj(»r obstacle for xenotransplantation in humans. Immunol Today 1993; I4:4S(). 

4S, Galili U. Shohet SB. Kobrin F. Stults CLM, Macher BA, Man. apes and Old World 
monkeys differ Ironi other mammals in the cx[)ression of (^-galactosyl epitopes on 
nucleated cells, J Biol Chcm. 19S8;263; 17755. 

49. Capecchi MR. Altering the genome by homologous recombination. Science. 
1989:244:12HH. 

50. Condoreet .IP. Knock-oul a la pcllc! MedSc i . I992;S:!()9I 
51. McCurry KR. Kooyman DL. .AK urado CG ci a}. Himian complement regulatory pro

teins protect s\sine-lo-primate cardiac xenografts Irom humoral injury. Nature Med. 
1995:1:423. 

52. White DJG. Braidley P. Dunning J v! ul. Hearts from pigs transgenic ft)r human DAH 
are not hyperaeutely rejected when xenogralled to primates. Presented to the Third 
International Congress on .Xenotransplantation, Boston. 1995. Transplant Proc. 
(in press). 

5}. Invcrardi L, Samaja M, Marelli K, Bender JR. Pardi k. Cellular immune recognition 
of xenogeneic vascular endothelium. Transplant Proc, 1992;24:459, 

54, Levcnthal JR. Dalmasso .AP. Cromwell JW c! al. Prolongation of cardiac xenograft 
survival by depletion of complement. Transplantation. I993;55:S57. 

55, Kobayashi T, Taniguchi S, Ye Y cl al. Prolongation of graft survival following pig-
to-baboon heart transplantation by cobra venom (actor (CVK) without natural anti
body depletion. Presented to the International Society for Heart and Lung 
Transplantation. 1995. (Submitted.) 

56, Bach FH, Robson VC. Winkler H ct al. Barners to xenotransplanlalLon, Nature Med, 
1995; 1:869, 

57, Moses RD. Auehincloss H, Mechanism of cellular xenograft rejection In: Cooper 
DKCcf (//,. editors. Xenotransplantation. Heidelberg: Springer; 1991:101, 

58, Cooper DKC. A clinical survey of cardiac transplantation between ABO-blood 
group incompatible recipients anil donors. J Heart Tiansplanl. I990;9:376. 

59, Ye Y. Luo Y. Kobayashi T cl al. Secondary organ allograltnig alter a primary 
'bridging' xenotransplant. Transplantation, I995;60:9(). 

60, Benirschke K, Primates - the road lo sell-sustaining populations New York: 
Springer-Verlag; 1986. 

61, Kalter SS, Overview of Simian \ iruses and leeogni/ed \ irus diseases and laboratory 
support for the diagnosis of \iral infections. In: Benirschke K. editor, Prniiates - the 
road lo self-sustaining populations. New York: Springer-Verlag: 1986:681. 

62, Van Der Riet L De St J. Human PA. Cooper DKC ri al. Virological implications of 
the use of primates in xenotransplantation. Transplant Prt>c- 1987:194068 

63, Luo Y, Taniguchi S, Kobayashi T. .Niekras/ M, Cooper DKt^', Screening of balx>ons 
as potential liver donors for humans. Xcnolraiisplanlation, 1996:2:244, 

64, Auchineloss. H, Xenogeneic transplantation, Transplanlalion. 1988:46 I. 
65, Slar/I I h . Hxperience in Hepatic Iransphintalion, Philadelphia. P . \ Saunders; 

1969:408. 
66, Star/1 TI-. Tung J. T/akis A c; al. Bab(K)n-lo4iuman li\er iransplanlation Lancet, 

1993:341:65, 

67, Alexandre GPJ. Gianello P. Laiinne D ci ai Plasmapheresis and splenectomy m 
experimental renal xeiiolransplanlalion. In: Hardy MA. editor. Xenograft 25 New 
York: Flsevier; 1989:259. 

6S. Hiscman B, Licm DS, Ralfucci I', Heterologous l i \e r perfusion in irealment of 
hepatic failure, Ann Surg. 1965:162:329 

69. Norman JC. Saravis CA, Brown ML, McDennoti W V Jr. Immunoehemieal obser\a-
tions in clinical heterologous (xenogeneic i li^er perfusions, Surger\ 1966;(>0:1 "9, 

70, Abouna CJM, Ashcrofi T, Muckle TJ ci al. Heterologous exliacorporeal hepalic 
support: hemodynamic, biochemicai and immunological obser \a t ion Br J Surg, 
1970:57:213, 

71 . Medawjr P. Quoted h\ Reemisma K. Heterotiansplanlat ion. Tiansplant Pri*c, 
1969:1:251, 

72, Chen JM, MichJer RH, Heart xcnolransplantalion: lessons learned and lulure 
prospects, j Heart Lung Transplant, 1993:12:869. 

73. Fox RC. Swa/ey JP, The experimental-therapy dilemma. In: l ox RC. editor. The 
courage to fail, Chicago. IL; Iniversily of Chicago. 1974:60. 

74, Gallup Organi/alion. Inc. The .American public's attitudes toward organ donation 
and transplantation. Conducted for the Partnership for Organ Donation. Boston, 
1993. 

735 



81 
Pathology of Cardiac Xenograft Rejection 
A.G. ROSE 

INTRODUCTION 

Rejection of cardiac xenografts between closely related species 
may be exclusively acute (cellular) (e.g. Cynomolgus monkey to 
baboon) or it may be due to a mixture of vascular (hyperacute or 
delayed vascular/humoral-mediated) and acute rejection (e.g. 
vervet monkey to baboon). Rejection of xenografts between dis
tantly related species (e.g. pig to baboon) is always by a hyper
acute mechanism in the untreated model. Though the acute 
response can be delayed, or even prevented, by currently avail
able immunosuppressive agents and techniques, hyperacute rejec
tion (Figures 1-7) has proved extremely difficult to prevent or 
delay. Cardiac xenografts have very occasionally been used in 
humans in a desperate attempt to save the life of a patient for 
whom no human donor heart was available'*-* (Chapter 82). 
Xenogeneic (and allogeneic in sensitized hosts) cardiac trans
plants, which have been performed in a wide range of experimen
tal animals, have helped to further our understanding of the 
mechanism of hyperacute rejection''"'* (Chapter 80). 

PATHOPHYSIOLOGY 

Hyperacute rejection*, which by definition occurs within 24 hours 
following transplantation, is characterized by the immediate or 
early failure of graft function, and is accompanied by the devel
opment of typical morphological changes (Figure 1-4). 
Macroscopically the heart rapidly becomes cyanotic, turgid and 
edematous with epicardial ecchymoses and loss of function^. 
Histology shows interfascicular and/or interstitial edema, 
microvascular thrombi, destruction of capillaries, and interstitial 
hemorrhage. This is in sharp contrast to acute rejection, which is 
relatively rarely encountered within the first 5 days after trans
plantation. Delayed vascular rejection is a term that is sometimes 
used to refer to hyperacute rejection occurring more than 24 hours 
after transplantation (Figure 8). 

The reason for this difference in the rapidity of onset is be
lieved to lie in the different mechanisms involved in these two 
types of rejection. Thus, acute rejection is based on the develop
ment of cellular immunity, which takes several days to develop 

following exposure of the recipient's immune system to the 
foreign antigens contained in the graft. Vascular rejection may 
possibly be brought about by one of three mechanisms: 

1. The classical pathway of complement activation is operative 
in humans and non-human primates. In discordant xenograft-
ing preformed antibodies activate donor endothelial cells, 
which in combination with complement achieve rapid graft 
destruction. In concordant xenografting there are no or low 
numbers of preformed antibodies. Subsequent production of 
cytotoxic antibodies may lead to graft destruction in a few 
days. 

2. The alternate pathway of complement activation, which oper
ates in some discordant species (e.g. rodents), is triggered by 
xenograft foreign endothelium without antibody. The comple
ment cascade initiates platelet aggregation and cell lysis. 

3. Direct activation of recipient thrombocytic aggregation and 
adherence is initiated by activation of the donor vasculature 
which produces platelet-activating factor. Neither comple
ment nor antibodies are needed. 

Since it is the vascular endothelium of the graft that comes into 
initial contact with the host, interacting with the host's circulating 
blood, it is the donor organ's microcirculation that undergoes 
maximal damage during vascular rejection. Formation of immune 
complexes may lead to endothelial cell necrosis. In keeping with 
the theory of immune-mediated endothelial cell destruction, it is 
not surprising that the ill-effects of the immune damage are most 
apparent in the capillaries, since they are composed of only 
a single layer of endothelial cells resting upon a basement 
membrane. 

The formation of fibrin-platelet thrombi may precede the phase 
of recognizable endothelial cellular damage, but thrombus forma
tion is also believed to be triggered by immune complexes within 
the graft microcirculation. A personal review*" (see below) of a 
large number of both experimental and clinical xenografts and al
lografts leads one to conclude that coronary venular thrombosis 
(Figure 1) is a key event in hyperacute rejection. The interstitial 
hemorrhage that is such a characteristic feature of hyperacute re
jection occurs in the distribution of the occluded venous drainage. 
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Figure 2 Detaching, partially necrotic endothelial celis (mitolic ligures) 
within a chimpanzee heart wiiicli had been transplanted inlo a human patient. 
Delayed vascular rejection occurred on the fourth post-transplant day 

Severe coiigesiioii precedes capilkiii' disriipiion. The histological 
appearances of hjpcracutc rejcciiun eorrespond to a form of 
venous sub-infarction of tiie heart. This concept would explain 
the laclc of liomogeneity of the histological iindings in such 
lieaits. The reasoo for the parlictilar iir.o'vemeoi of coronary 
venules in the early thrombotic process is unknown, Tlie resultant 
vascuiar obstiuction and capillary diiruplioo rai<idly lead to 

Figure J F'osj-capiliary veniile occluded hy niaieiet-ribriti ihrombub in liie 
saine rejected cardiac scjiograft shown in ri|.!ure 1?, 

serious malfunction of the graft, and ischemic changes become 
recognizable in the myoeyles. In some instances the xenograft 
may become totally necrotic. 

The presence of neutrophils within the xenograft has been re
garded as a characteristic feature of hyperacute rejection, and 
analogies have been drawn to the Arthus reaction, in which neu
trophils are essential mediators of tissue damage. Different siraiMs 
of rat have been used as a highly reproducible and rigidly con
trolled model of Iiyperacutc cardiac allograft rejection. In this 
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Figl • . . ; • •:;!!il!a." xen is a cCiiiscqiiencitMii'vciiuliir throaibosiS-IS: liiterstiriai hen^orrhagc sisin 
folk . '. ' • • within a p' lule niiitiing acros< ihe iniddlc oftiie pictiire 

,ver view cf tiuxmirius iuthii! a venule in hypeuicuie rejec^ I'lgure 7 Intense interstitial hemorrhage between die myocytes obscures the 
cdoiiia and inrcrstitiai hernorrhige are aisc, evidenl r,re,-e\i;-.rew edema 

Figure 6 Vervct (Africa!! gieeni rp.onkey eartiiac xenograft iri a babooi! re
cipient sh(;.\i's iiiftiise capillury deslryeliot! wilh resullaiil massive eiythiocyte Figure 8 Delayed vascular rejection of several aays duration showing 
extravasation and prfrrninenl interstitial edetna char.icieristie of hyperaciite organizing thrombi within subepicardial veins. The myocardium is diffusely 
rejetiie-i! liemorrhagic and edematous 
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model, Forbes e! alJ presented experimental evidence to show 
that the absence of neutrophils from the graft produced no alter
ation in the characteristic pattern of vascular and myocardial 
damage in hyperacutely rejecting rat allografts. They concluded 
that neutrophils are neither essential nor specific participants in 
hyperacute allograft rejection in the rat model. It should also be 
borne in mind that interstitial hemorrhage will release leukocytes 
into the myocardial interstitium. Such leukocytes will be present 
in the same proportion to interstitial erythrocytes as is seen in the 
individual's peripheral blood. Forbes et al.'^ do not exclude a pos
sible role for neutrophils in the production of myocardial injury in 
the later stages of hyperacute rejection. Neutrophils were not a 
prominent feature in our own material, either experimental or 
clinical. 

The initial morphological event that characterizes hyperacute 
rejection in rat cardiac allografts is platelet aggregation in the vas
culature of the graft, in the presence of a largely intact endothe
lium. This is followed by widespread endothelial damage. 
However, hyperacute rejection proceeded in the usual fashion in 
cardiac allografts in a rat strain with a hereditary platelet function 
defect^, 

O'Regan el al.'^. in a study of C6-deficient rabbits, showed that 
sufficiency of the sixth component of complement is required for 
hyperacute xenograft rejection in this model. In a study using 
cobra venom factor as a means of depressing recipient hemolytic 
C3 activity, Forbes et al.'" further demonstrated that com
plement activation by graft-bound alloantibody is a critical 
effector mechanism of hyperacute rejection in an inbred rat 
model. Kobayashi et al."'- have reported survival of <25 days 
of discordant (pig-to-baboon) complement-depleted cardiac 
transplants. 

Another report suggests that the presence of antibodies against 
vascular endothelial cells may be related to hyperacute rejection 
in human cardiac allografts". 

HISTOPATHOLOGICAL FEATURES OF REJECTION IN 
CONCORDANT AND DISCORDANT XENOGRAFT 
MODELS 

In a personal review''' of the histopathological changes seen in 7.S 
experimental cardiac xenografts (52 between closely related (con
cordant) and 23 between distantly related (discordant) species) in 
which the roles of ABO-incompatibility, xenograft concordance, 
and the effects of immunosuppression were evaluated, the follow
ing histological patterns of rejection were observed (Table 1). 
Hyperacute rejection was seen in all 23 discordant xenografts 
(Figure 3) and in 13 concordant xenografts (Figure 4). Acute cel
lular rejection was seen in 20 concordant xenografts, and a 
mixture of acute and vascular rejection in 10 concordant 
xenografts (Figure 5). Nine concordant xenografts showed no re
jection at the time of death of the recipient baboon; death was be
lieved to result from the side-effects of heavy immunosuppressive 
drug therapy in the majority of cases. 

It would appear that, if hyperacute rejection can be averted in 
the early period following xenotransplantation, subsequent rejec
tion may take one of three morphological forms: (a) acute cellular 
rejection, (b) delayed vascular rejection, or (c) mixed acute and 
delayed vascular rejection. 

The mixed form of rejection (Figure 9) appears superficially 
similar to severe acute cellular rejection with interstitial hemor
rhages, but mixed xenograft rejection is characterized by a lym
phocytic response which does not approach the severity of that 
seen in severe acute cellular rejection. The microvascular destruc
tion is thus the dominant factor, and is disproportionate to the 
lymphocytic infiltration. Sharma et al.''' experimentally prevented 
hyperacute rejection in cardiac transplants performed in presensi-
tized dogs, but these grafts were later rejected by what was re
garded as primary cellular rejection. These authors made a clear 
separation between hyperacute and acute rejection, and did not 

Tabic 1 

driHip 

Histopatholog> of rejection in heterotopic cardiac xenografts in the baboon 

n None 

Type of rejeclioii 

Afiile Mixed Hxpenuiile 

Concordani (ven-et monkey to haboon) 
(1) No IS' 
(2) ABO incompatible, no IS 
0) CsA. AZA. MP 
(4) A B O i n c o m p . C s A . AZA. 

(5) CsA, AZA, MP 
(6) RATG. CsA, AZA, MP 
(7) l . i-DS.CsA. AZA. MP 
(8) [."i-DS.CsA, MP 

Discordanl (pif> u> hiibotml 
(9) No IS 

(10) Splenectomy 
(11) CsA, AZA. MP 
(12) Antibody ad.sorption 
(13) Antibody adsorption. CsA 

MP 

AZ^ 

i.v. MP 
therapy for 
rejection 
episodes 

\ . MP 

9 
9 
6 
.5 

5 
6 
7 
."i 

4 
.3 
5 
7 
4 

0 
0 
0 
0 

1(1) 

io) 
4(4) 

1(1) 

0 
0 
I) 
0 
0 

0 
4 
.'5(2) 
3(1) 

3 

-) 
T 

1 

0 
0 
0 
0 
0 

4 
2 
0 
1 

0 
0 
0 
3 

0 
0 
0 
0 
0 

5 

3 

1 

1 

1 

I 

1 

0 

4 

3 

7 
4(1) 

IS = imiTiunosupprcssiun; CsA = cyclosptirinc; AZA = a/alhioprinc; MP = inclhylprcdnisoluiic; RATG = rabbit anli-huinan Ihvmocytc globulin. I.'̂ -DS = l^-dcoxyspcrgualiii 
"AH ciincordanl xciiografl pairs were ABC) blutid group conipaiiblo except where slated 
Figures m parentheses denote recipient died 
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Figure 9 Vcrvci iAfiican green) inoiikey caidi.ic xenograft in a baboon re-
cipie.iu, uctiionstratiiig a mixliire of atule reiecliim (indicated by iiioderale 
lyiiiptiocytic itifiitration, top left) and vascular rejection (indicated by massive 
interstitial edema and erylhrocvlic exiravasation, elsewhere) 

describe a mixed form. In our experience, however, this distinc
tion between acute and delayed vascular (hyperacute) rejection is 
not always so clear-cut, and mixed forms occur. The late onset of 
the delayed vascular component of mixed rejection also differs 
from the classical concept of early-phase hyperacute rejection. 

The clinical significance of the above observations i,s that the 
grading system(s) curreotly used to measure acute allograft rejec
tion may liave to be modified once xenografts are introduced into 
clinical use. Furthermore, vascular rejection may lead to graft 
failure at a relatively late stage after transplantation, as demon
strated by graft failure occurring as late as 25 days in the studies 
outlined above. Again it should be emphasized that the term 'hy
peracute' is applied to vascular rejection occurring within 24 
hours after grafting and 'delayed vascular rejection' is the term 
used for vascular rejection that occurs after the first 24 hours. A 
grading system for hyperacute and delayed vascular rejection is 
described below. 

ROLE OF VENULAR THROMBOSIS IN THE 
PATHOGENESIS OF HYPERiftCyTE AND DELAYED 
VASCULAR REJECTION 

A ie\iew rtl ihe pathologic teatuiv^ yt 112 cxpcrimenldl and clini
cal t^rdidt allogidits jnd \enogidIts Keiial biopsies drd excised 
graftal rtyealcd a commun !>equenlial lievehitiuictit of liistologicdl 
changes m gntts showing vascular (liypcrdcute or delayed Vdscu-
lai) lejection''. fhiomhosis ol venules, particuldih in the subepi-
caidium and i>ulei halt ot the myocaidium, is the ke> mslial event 
(Figure 1) 1hi% leads lo mtcitascicular and, latei, iiteistitial 
(intermyiicxte) edema, which is cspeciall) obvious m the outei 
halt of the myocaidium In parallel with these changes is Ihe de
velopment of tonge!,tion m the snlnrnded wnulcs and L<ipilldrie% 
(Figuie 41 Nulwequentl). tocal ui diltu^e mterstnial hemorihage 
(tigures 4B, 6 and 7i dftecting the subLndo^-drdium, sometime^ 
evtendmg in time to in \ i ihe the inner hall of Ae vcniiuuldr 
mvocardium, is observed 

Hyperacute rejection in its various temporal modes appears to 
be analogous to venous subinfarction of the heart. The observed 
pathology (in which vcnular thrombosis plays a key role) favours 
a thrombogenic hypothesis as the basis for the histological fea
tures of hyperacute and delayed vascular rejection (namely 
edema, vascular thrombi and interstitial hemorrhage) and is less 
supportive of an antigen-antibody reaction which activates com
plement by the classical pathway. The pathology thus fits with 
either (a) activation of the alternate pathway by the grait foreign 
endothelium in the absence of antibody or (b) the direct activation 
of the donor vasculature leading to platelet aggregation and ad
herence. The suggested key role for vcnular thrombosis would 
explain the non-uniform distribution of the histological changes 
in vascular rejection, and may hold the potential for finding 
means of preventing the development of hyperacute rejection of 
xenografts. 

HISTOPATHOLOGIC GRADING OF HYPERACUTE AND 
DELAYED VASCULAR REJECTION 

If future attempts to introduce xenografting into clinical practice 
prove successful, it will be essential to have a clinically relevant, 
reproducible grading system for vascular rejection. No previous 
formal attempt has been made to grade hyperacute or delayed 
vascular rejection based upon a review of both experimental and 
clinical material In an attempt to define a microscopic grading 
system for hyperacute and delayed vascular rejection of the heart, 
the present author reviewed the clinical and liistologic findings in 
112 (previously personally studied) experimental (n=I09) and 
clinical (n=3) cardiac xenografts and allografts, most of which 
showed hyperacute rejection. The study material comprised 44 
discordant xenografts, 41 concordant xenografts, and 27 allo
grafts. Hyperacute rejection was present in 75 instances, delayed 
vascular rejection in five, acute cellular rejection in 13, and mixed 
vascular and acute cellular rejection in 19. The detailed 
histopathologic features were analyzed together with the clinical 
data. Delayed vascular rejection (i.e. that occurring later than 24 
hours post-transplantation) has many histologic features in 
common with the usual form of hyperacute rejection, the major 
difference being the time frames in which the two develop. 

The following grading system'* was devised: 

Grade A: hyperacute rejecdon, which is characterized by venular 
thrombi, generalized edema and interstitial hemorrhage. The 
latter is most prominent in the inner layers of the ventricular 
myocardium. 

fimik- B: mixed dclitycd vaNCular and acute cellular rejection 
(which is usually encountered more than 7.^10 day.? post
transplantation) is usually characterized by tlir features of hy
peracute rejeclioii plus a modest lymphoid infiltration. 

Both Grades A and B vascular rejection can be subcategorized 
into three stages: (1) mild (initial), (2) moderate tintermcdiate) or 
(3) severe (late). Stage J (early, mild phase): shows fresh venous 
thrombi, swelling of capillary endothelial cells, relatively normal 
myocytes and intact capillaries. Stage 2 (intermediate, moderate 
phases: shows, in addition to the above, congestion of capillaries 
and imerfascicular edema. Capillaries show sludging of erythro
cytes and occasional thrombi. Focal interstitial hemorrhage is 
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seen in the inner half of the myocardium. Stage 3 (late, severe 
phase): shows all of the above plus disruption of capillaries, wide
spread interstitial hemorrhage with most severe involvement 
subendocardially, and variable amounts of myocyte necrosis. If 
hyperacute rejection has been delayed by therapeutic means 
(delayed vascular rejection), some thrombi may show signs of 
organization. 

The proposed grading system provides a basis for meaningful 
pathologic evaluation of vascular rejection. 

COMMENT 

Despite the large amount of experimental work that has already 
been undertaken'** "*-, the successful use of animals as sources of 
organs for transplantation in humans awaits a solution to the 
problem of hyperacute rejection. If this can be overcome, then the 
currently available pharmacological agents may well be able to 
prevent or treat the subsequent acute rejection that may develop. 
It has also been suggested, however, that accelerated atheroscle
rosis will eventually present a significant problem in cross-species 
transplantation"*\ If this proves to be the case, the longevity of 
such xenografts may clearly be limited. 
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82 
Clinical Experience with Cardiac Xenotransplantation 
S. TANIGUCHI AND D.K.C. COOPER 

INTRODUCTION 

There have been nine reported clinical investigations of cardiac 
xenotransplantation into humans (Table 1), Both concordant and 
discordant donor organs have been used. 

Case 1 

By the mid-1960s the increasing success of experimental cardiac 
transplantation (Chapter 18), and the experience gained by 

Reemtsma (Figure l ) ' - \ Starzl (Figure 2)"*̂  and others''^ in their 
initial attempts at renal xenotransplantation in humans, led Hardy 
(Figure 9, Chapter 18) and his colleagues to perform the first 
cardiac xenotransplant in a human*. Their attempt, in 1964, to 
transplant the heart of a large chimpanzee into the chest of a 68-
year-old man has been outlined in Chapter 18, and will not be dis
cussed again here. Suffice it to say that the heart was too small 
to support the circulation adequately, and the patient died after 
I hour. 

Table 1 World experience in clinical heart xenotransplantation* 

Year 

1964 

1968 

1968 

1968 

1969 

1977 

1977 

1984 

1992 

'Based 
OHTx 

Suri^eon 

Hardy 

Cooley 

Ross 

Ross 

Marion 

Barnard 

Barnard 

Bailey 

Religa 

on ref. 17. 
= Ortholopic heart 

Insliliiliim 

University of Mississippi, 
Jackson. Mississippi, USA 

Texas Heart Institute. 
Houston. Texas. USA 

National Heart Hospital, 
London, UK 

National Heart Hospital. 
London, UK 

Lyon, Hrance 

University of Cape Town, 
Cape Town, South Africa 

University of Cape Town, 
Cape Town, South Africa 

Loma Linda University, 
Loma Linda, California, USA 

Silesian Academy of 
Medicine, Sosnowiec, Poland 

transplantation; HHTx = Heterotopic 

Donor 

Chimpanzee 

Sheep 

Pig 

Pig 

Chimpanzee 

Baboon 

Chimpanzee 

Baboon 

Pig 

neart transplantation. 

Type 

OHTx 

OHTx 

HHTx 

Perfused 
with human 
blood but 
not transplanted 

?OHTx 

HHTx 

HHTx 

OHTx 

OHTx 

Outcome 

Functioned 2 hours 
(heart too small i 

Immediate cessation 
of function 
(•' vascular rejection) 

Cessation of function 
within 4 min 
(? vascular rejection) 

Immediate cessation 
of function 
(? vascular rejection) ' 

Rapid failure 
(? raised pulmonary 
vascular resi.stance) 

Functioned ."S hours 
(heart too small) 

Functioned 4 days 
(probable vascular 
rejection) 

Functioned 20 days 
(vascular rejection) 

Functioned 24 hours 
(cause of failure 
uncertain) 

Refi'/'enci' Source 

8 

9 

10,11 

12 

13 

13 

15 

16 

743 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

Figure 1 Keiih RecmiMna was ihe firsl to explore xeiiografting in hiiiiiaiit. in 
a scientific manner. Between 1963 and 1965, wliile at Tulaiie University in 
New Orleans, lie Iran^planled a series, oi'cliimpan/.ee kidneys iiilo pauenis 
with advanced renal failure; kidney function wa^ obtained for period', no t-n >•' 
monttis 

Case 2 

The probable second attempt at clinical xenotransplaotation was 
by Coolcy (Figure I, Chapter 77) and his colleagues in Houston 
in 1968, who transplaoted a sheep hearl into a 48-ycar^old man 
wlio liad advanced coronary artery disease and whose circulatory 
status was deteriorating several hours after resuscitation following 
a cardiac arrest'. The lymphocytotoxic crossmatch was positive, 
and the heart was iininedia.tely hypcracutely rejected. Even today, 
with currently available immunosuppressive agents, such an 
atieiiipt using a discordant xenograft would be doomed to early 
Failure. 

Cases 3 and 4 

Further experimental steps were taken by Ross (Figure 3) and his 
colleagues in London, England, in early 1968, which are worthy 
of note even though they were unsuccessful. Ross's group was 
faced with the unusual circumstance of having two patients at the 
same time in adjacent operating rooms, neither of whom could be 
weaned from cardiopulmonary bypass support following open 

Figure 2 Tom SVdizl was the firsl io Iranspknt baboon ki .•. • 
panz.ee and baboon livers into huinuns. One babi)ori liver li, • • 
aiely well nnhl ihe palienl died Irsnn overvvsielininp sepsis after 70 days 

heart procedures. They reasoned that an animal heart inserted as 
an auxiliary pump might be able to maintain the circulation until 
either the patient's own heart recovered or a human donor heart 
became available to allow orthotopic transplantation. In one of 
the patients a pig heart was therefore anastomosed in parallel as 
an auxiliary heart transplant (Figure 4) but, within 4 minutes of 
reperfusion, it was hypcracutely rejected'"-". 

Following this experience, in the second patient a preliminary 
test was carried out by inserting the coronary perfusion lines from 
the pump-oxygenator into the coronary arteries of a pig heart to 
see whether the same response would occur. The reaction was 
identical, so this heart was not transplanted. 

The problem of hyperacute rejection of non-primate organs in 
humans has still not been resolved, more than 2.5 years later. 
Nevertheless, Donald Ross and his colleagues must be credited 
with the concept of osing an animal heart as a 'bridging' device 
towards transplantation with a human heart, an idea that was 
taken up subsequently by Barnard (see below) and has gained 
further support and interest in recent years. The exact date of 
Ross's procedure remains obscure, but it almost certainly took 
place in the first 6 months of 1968, possibly before Cooley's 
operation. 
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perate appliance are reliev'd, Or noi at all', as Shakespeare has 
wrilten (Hamlet IV.iii. 9). 

Case 5 

In 1969 Marion in France inserted a chimpanzee liearl, bul few 
details arc known''. 

Hnurf: 3 Doiiaid Ros.s, vtho wiss Ike (irsi lo aUi-fiiipi lo use aii aiiima; heart as 
a "brklsing' (te\ii;e towaids cardiac ai;o!ransp!a;«a1iosi 

Figure 4 Drawing of liie auxiliary pig Iiearl tratispjaiil perfi.'niieii by "D-jnald 
Ross and his coUeagiiex. Dacan grafts were siseci to connect the donor and 
recipient atria and great VCSSCIN 

Both Ross and Cooley have since indicated to us that they feel 
mildly embarrassed about these attempts at discordant cardiac 
xenotransplantation, as they were highly premature. Although 
with the aid of hindsight this is clearly correct, the frustration of a 
surgeon faced with a dying patient sometinies leads him (or her) 
to take desperate measures. 'Diseases desperate grown. By des-

Cases S and 7 

The next two reported attenspts were in 1977, when Barnard 
(Figure 10, Chapter 18) and his colicagncs used concordant 
cardiac xenografts on two emergency occasions at Ciroote Schiiui" 
Hospital in Cape Town'^l On both occasions ihe patient's nati\'e 
IcD, ventricle failed to support the circulation when attem|>ts were 
marie lo discontinue cardiopulmonary bypass after surgical proce
dures. Inlra-aoriic balloon pump support was unsuccessful in the 
tirst case and not available in the second. Both transplarits were 
placed heterotopically and were intended as temporary cardiac 
assist 'devisres',, to support the patient until the native ventricles 
recovered. 

The first of these two patients received a heterotopic graft from 
a 30 Itg baboon. This small heart proved insufheicnt to support 
die circulation in ihe presence of rcficaicd attacks of vcntricuku" 
hbrdlalion which affected the patient's own heart, l l ie patient 
died some 6 hours after transplantation. 

The second patient v.'as supported successfufiy by a heterotopic 
chimpanzee heart until rejection occurred 4 days later: the recipi
ent's own heart failed to recover sulTicieritly to support tlie circu-
iaiion alone. Higher doses of immunosuppression (azaihioprine, 
corticosteroids, and antirhyrnocyte globulin) were used than 
woidtl be Ihe case with a human donor. Alihoiigh ihe initial report 
suggested lliai severe acute rejection was the cause of graft 
failure, a revie«' of the specimen by Rose has conlirmed that vas
cular rejection tvas a major feature'''. However, at the fuTic, this 
c.Kpcrience suggested that a heterotopic transplant, usmg a sidt-
able xeaogratf and hea\'y immunosuppression, niigh! be a sac-
cchstu! bridge io alloiranspiantation, or miglit susuiiti hie if the 
patient's ov/n. niyocardia- function would recover within 2-3 
days. 

Cases 

In 1984, Bailey (Figure 5) ei al^^ transplanted a baboon heart into 
a neonate who had hypoplastic left heart syndrome. "With the ad
vantage of cyclosporin, in addition to other immunosuppressive 
therapy, the recipient survived 20 days. Death was from progres
sive graft necrosis, complicated by acute renal and pulmonary 
insufficiency. Hyperacute rejection did not occur. Autopsy 
findings showed only traces of cell-mediated rejection in the 
cardiac graft. Graft failure appeared to have resulted from a pro
gressive humoral response, unmodified by immunosuppres.sion. 

The donor selection process in this initial baboon-to-new born-
human clinical trial was concerned with the presence of pre
formed dODor-specific lymphocytoloxic antibody, and with the 
degree of homology between donor and recipient tissues. The re
cipient was erythrocyte type O. Type O baboons are exceedingly 
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bosis, cellular hypoxia, and myocyte injury and/or necrosis 
followed. 

Figyri' 5 F_eonariJ Bailey, who led die isain Ihal carried nut orthoropic iraiis-
pknladon using a balxiou heart in "Baby Fae' in 1984 

rare, .md HOPL was available tci use as .1 (iuncn Blood giniip 
matching, theicfou, tould nut be <iLhie\cd. Anti^4 and aiiti-B 
i^o45<i:hitini!is to fiiiiuan L-ry'iiro.;\(tS and Io',\-nieied lictctoaj2j.'li'-
timn^ l(» babuon cr>diniL\te.' APIL- piescni Jii the palier.t"^ t ircula-
tiiiii befoie tiansplaiifatii'ii. but disappeared afi:rrwards It was 
uti.iear whether Hie r.-u^^nt sdct tFel) l^ikd to pmduce lieniag-
gluiKiiiis pi/stopei.iineiy or, iiniit iiLely wherliei che hcmagglu-
liriirib were imniedialei} and conliiinously udsurbed on in the 
baboon gratt '-ascular cndotliciiuiii. 

Oti dit ba^I^ 01 thi> case, m «liiih taidiac hi-.tnpatbological 
le.itures appealed to be tlmse «t antiboily aiiibui lomplemeDi-
mediated injury dc-pitc imtiiutiosuppressujE, this gioiip felt thut 
lejLLtion ol llie \e'i<)grail mighi have been due to ABO hemag-
gliitiiuiis, aiid.'ui -,pvvic.-,ipcLifn. c}ti>tou, dnlibod',, among other 
factors Ih t e\at l role ut each type of diilibod} leiiudus un-
lerunn It seems likely, hoi«e\er, thai ABO antibodies and/or 
anti-bulHHjii antibodies v tie gradiuli) adsorbed by the graft, pro^ 
during injury Iv Ihe largt-st endothelial bed. namely ilir micrucir 
culjtory \es';els This plicnoiiienon lesulted m 'Aidet.pread 
micio^asculai luinerial narrowing Circulatoiy ':ludgmg, tHrom-

Cases 

The final and most recent attempt at cardiac xenotransplantation 
in a human was reported in 1992 by a Polish group, headed by 
Czaplicki, and involved the transplantation of a pig heart'*. The 
patient was a 31 ^year-old man with Marian's syndrome and 
severe aortic valve insufficiency. He was treated by an experi
mental regimen of homogenized embryonal and early fetal calf 
thymuses in capsules administered orally for 14 day.s prior to the 
transplant. He was also given cyclosporin by mouth at a daily 
dose of 2 mg/kg body weight and azathioprine in a daily dose of 
75 mg. For the last 8 days before operation he was injected intra
muscularly with 150 mg of an agent called Thymex L and also 
with TFX-thymomodulate every second day. 

His condition was exceedingly poor, and it was decided to go 
ahead with a xenograft as no allograft was available. Two 90 kg 
pigs had been identified, and for 18 days before their use as 
donors they were also given homogenized embryonal and early 
fetal calf thymuses in capsules by mouth, and also by intramuscu
lar injection, together with intramuscular embryonal and early 
fetal thymic calf extracts. Again, for 8 days before transplanta
tion, each pig received 100 mg of cyclosporin and 50 mg of aza
thioprine by mouth daily and 1.50 mg of Thymex L daily and 
10 mg of TFX-thymomodulin every second day intramuscularly. 

At the time of surgery a non-treated pig heart was perfused 
with the patient's blood through the heart-lung machine, and the 
pig heart underwent typical hyperacute rejection after 20 minutes. 
In the opinion of the surgical team this control pig's heart served 
to partially eliminate antibodies against the donor species' anti
gens from the recipient's blood. 

The heart of Ihe first pretrcatcd pig was then connected to the 
patient's blood circulafion. After 80 minutes it was disconnected. 
There were no histopathological features of rejection in this heart. 
The second pretreated pig's heart was then transplanted orthotopi-
cally. The patient was weaned from cardiopulmonary bypass and, 
after 2 hours of cardiac function, the patient's chest was closed. 
For 4 hours the patient'.s condition was good, with his blood pres
sure being recorded at 90/50 mmHg. There was then a deteriora
tion in blood pressure and the cardiac index was measured at only 
1.75 l/min per m-. Kidney function began to deteriorate and aci
dosis developed. A hemofilter was connected after 5 hours, but 
the patient died from a low cardiac output syndrome just under 
24 hours from the time of perfusion of the heart. Histopathologic 
examination did not show any features of rejection of the 
transplanted heart. 

The authors of this report attribute failure of the pig heart to the 
large size of the recipient, but provide 00 supportive evidence for 
this conclusion. In fad, the donor pig and human recipient were 
of very comparable sizes. 

COMMENT 

Though there has been increasing continuing experimental work 
involving both concordant and discordant xenotransplantation 
since 1992, no further clinical attempts have been reported. 
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Xenotransplantation of the Lung 
R.N. PERSON III 

INTRODUCTION 

Lung and heart-lung transplantation are now established as thera
peutic interventions for many terminal conditions affecting the 
pulmonary system. Paradoxically, our increasing clinical success 
exacerbates the donor organ shortage by broadening indications 
for transplantation and increasing referrals of appropriate patients 
at an earlier stage in their disease. The most acute need is among 
patients with either congenital heart disease or cystic fibrosis, for 
whom heart-lung or double lung transplantation is at present the 
only viable option. Appropriate organs are often not available for 
this group of generally young patients; many of those listed for 
transplant die waiting'. Additional patients with other end-stage 
pulmonary disorders might benefit if more lungs were available. 

One potential source of organs is a xenogeneic donor-. In 
choosing a donor species for man one would intuitively choose a 
donor phylogenetically closely related to man; but while relative 
physiologic, biochemical, and immunologic similarity might 
favor primates, there are several important factors militating 
against this option. Cardiothoracic organs of a size appropriate 
for adult humans would be available only from large adult male 
chimpanzees, gorillas, or similar endangered species. These 
animals harbor epizootic viral infections likely transmissible to 
man, breed poorly in captivity and slowly in the wild, bear small 
litters, and take decades to reach usable adult size. Appropriate 
ethical concerns further weigh compellingly against their use. 
Several investigators are currently preparing to use baboon hearts 
clinically for children and small adults. However, even if success
ful, the use of baboon organs will not address the needs of the 
vast majority of potential lung recipients. 

SPECIFIC ISSUES RELATED TO DISCORDANT LUNG 
TRANSPLANTATION 

Historical background 

Campbell et ai, in the 1950s', reported using dog lungs as oxy
genators for seven patients; high pulmonary vascular resistance 
limited flow to 400 ml/min. Waldhausen et al.^ similarly found 

maximal flows through dog lung of 200 ml/min. Bryant et al. per
fused pig lungs with human blood using an ex-vivo perfusion 
system'. They achieved flow rates of less than 10% of normal 
human levels. Blood retrieved from the cardiopulmonary bypass 
machine and stored gave better results than fresh blood, suggest
ing that formed blood elements, which are depleted and defunc-
tionalized by storage, contribute to the pace of the rejection 
response. Rapid elevation of pulmonary vascular resistance and 
parenchymal edema occurred promptly in all of these situations, 
and in a number of other experimental models of lung 
xenotransplantation'' ' ' . 

Role of complement 

In general, a central role for complement has been shown conclu
sively in the hyperacute (minutes to hours) dysfunction of vascular
ized organs transplanted between discordant species; its importance 
has been confirmed in the pig-to-primate combination'"" -'. Whether 
the lung is privileged with respect to complement-mediated damage 
is the focus of ongoing controversy. 

Recently, Kaplon et al. reported short-term (1-3-day) pig lung 
survival in the baboon, with evidence of only modest levels of 
antibody deposition and complement activation relative to hyper-
acutely rejected pig hearts'"". Flow probes around the main pul
monary artery and the transplanted lung suggested that 10-40';j-
of the cardiac output was perfusing the xenograft. Blood gas 
samples from the pulmonary vein of the transplant had a high POy 
However, the orthotopic single lung grafts were unable to support 
the recipient when the contralateral native pulmonary artery was 
transiently occluded; very high pulmonary vascular resistance in 
the graft resulted in right heart failure and circulatory collapse. 

Similarly, this group recently reported that discordant double 
lung transplant primate recipients could not be weaned from 
bypass due to right heart failure-^ A modest decline in anti-
endothelial antibody, coupled with patchy deposition of IgM and 
complement pathway components, were interpreted as consistent 
with the absence of hyperacute rejection. However, these obser
vations might also be explained by hypoperfusion of the grafts 
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due to lung injury. A high pulmonary venous Po, and demonstra
ble pulmonary artery flow apparently do not correlate with a clini
cally meaningful level of graft function. 

Using an ex-vivo working heart-lung model to address this 
issue, we find that pig lung is rapidly damaged by human blood'''. 
The injury is characterized by a rapid, profound rise in pulmonary 
vascular resistance (within 5 minutes) and subsequent severe pul
monary capillary leak. With rare exceptions, oxygen transport 
function is lost within 30 minutes. Immunohistochemical staining 
shows immunoglobulin deposition (IgM>IgG) as well as deposi
tion of complement components from both classical and alterna
tive pathways-''. Prevention of antibody binding and complement 
activation (by antibody absorption combined with heat treatment) 
results in graft function similar to that obtained when the graft is 
perfused with pig blood. Both features of lung injury (vasocon
striction and capillary leak) are significantly blunted by strategies 
which prevent complement activation, demonstrating that these 
phenomena are in large measure complement-mediated" -''. 

These findings suggest that the pig lung is susceptible to tradi
tional hyperacute rejection, and that the process can be modulated 
by specific intervention directed at regulation of complement activ
ation. In our estimation, the claims of Kaplon et al. (that the lung 
dysfunction they observe does not represent complement-
mediated hyperacute rejection, and thus that the lung is privileged 
with regard to hyperacute rejection) are thus refuted. In fact, their 
physiologic and histologic observations are in large measure con
sistent with our own. and support the conclusion that primate anti-
pig antibody and complement trigger rapid injury to the lung. 

Complement-independent mechanisms 

Prevention of complement activation alone permits prolonged sur
vival of discordant heart grafts for days; survival may be extended 
to weeks if additional immunosuppression is used"" '̂  -'. It is pos
sible, however, that complement-independent mechanisms, driven 
either by xenospecific antibody or by other effectors of the immune 
response, such as neutrophils and platelets, will render protection of 
the lung by complement-directed strategies alone incomplete. 

We have attempted to define the role of factors other than com
plement in discordant lung transplant dysfunction using a tradi
tional model, depletion of recipient complement with cobra 
venom factor (CVF)-'. CVF acts as a C3 convertase, consuming 
C3, and thus depleting the complement component common to 
both the classical and alternative pathways. Pig lungs were per
fused with human blood depleted of complement by pretreatment 
of plasma with CVF. Neither the elevation of pulmonary vascular 
resistance nor capillary leak was prevented. Even when antibody 
absorption was added to CVF treatment, hyperacute lung injury 
and vasoconstriction occurred. 

This result might be taken as evidence for complement-
independent mechanisms governing hyperacute lung rejection. 
However, while CVF depletes C3, in the process it generates high 
levels of the neutrophil attractant and anaphylatoxin C3a; in other 
models CVF causes neutrophil-mediated, P-selection-dependent 
pulmonary capillary leak-". We suspect that C3a is responsible 
for the vasoconstriction and pulmonary injury observed in these 
experiments, thus simulating complement-mediated hyperacute 
rejection, and obscuring the role of complement-independent 
mechanisms in discordant lung xenograft dysfunction. 

Two groups have recently achieved significant prolongation of 
pig heart survival in primates using hearts from pigs transgenic 
for human complement-regulatory proteins'''-". Parallel experi
ments used lungs from animals transgenic for human decay accel
erating factor (hDAF), testing for protection from hyperacute 
rejection by ex-vivo perfusion with fresh human blood-'. None of 
these transgenic lungs was protected from the development of 
high pulmonary vascular resistance. Only two of seven lungs ex
pressed significant levels of hDAF on the pulmonary endothe
lium; in one of these two cases the rise in vascular resistance 
resolved spontaneously, and graft function (as measured by 
oxygen transport function) persisted for 90 minutes (vs <20 
minutes for controls and other transgenics with low hDAF 
expression). 

This preliminary experience suggests that strategies directed at 
complement regulation may contribute importantly to prolonga
tion of discordant lung xenografts, but that other factors may also 
be crucial to eventual clinical success. Resolution of the relative 
importance of complement-dependent and complement-
independent mechanisms to dysfunction of discordant lung 
xenografts awaits results of experiments using either soluble com
plement receptor 1 or pigs with a higher pulmonary endothelial 
expression of human complement-regulatory proteins. 

COMMENT 

In general the lung appears to be more sensitive than the heart to a 
variety of systemic insults, as manifested by the pulmonary capil
lary leak and ARDS syndromes, which sporadically occur during 
sepsis or following cardiopulmonary bypass. These insults have 
in common not only complement activation but the activation and 
intrapulmonary sequestration of neutrophils, platelets and 
macrophages. Supporting this general concept of lung injury are 
experiments demonstrating salutary effects for neutrophil deple
tion, adhesion molecule blockade, and anti-TNF antibody-*'-. 
These observations suggest that complement-independent mecha
nisms, driven either by xenospecific antibody or by other effec
tors of the immune response such as neutrophils and platelets, 
may render protection of the lung incomplete, even with effective 
control of complement activation. 

Preliminary work identifies thromboxane as the central media
tor of pulmonary vasoconstriction, and a contributor to capillary 
leak, in pig lungs perfused with human blood (Pierson RN III, 
Parker RE, unpublished). We believe that platelet or tissue 
macrophage activation triggers thromboxane production; whether 
thromboxane production occurs consequentially to or indepen
dently of complement activation is an unresolved question of 
major importance to programs hoping to use transgenic lungs for 
clinical discordant lung xenotransplantation. Addition of antibody 
absorption to thromboxane blockade yields impressive protection 
of lung function, approaching 4 hours in some preliminary experi
ments. Thus, there is reason to suspect that, once the several inter
connected mechanisms governing hyperacute rejection of the lung 
are elucidated, clinically important function across the discordant 
species barrier may be achieved. 

In summary, concordant pulmonary xenografting is unlikely to 
be clinically important for a variety of ethical, infectious disease, 
and logistical reasons. Discordant lung xenotransplantation is cur-
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rently prevented by hyperacute rejection. Pig-to-human lung 
transplantation may prove more difficult than heart or kidney 
transplantation due to susceptibility of the lung to non-
xenospecific or complement-independent insults. Nonetheless, 
donor modifications to prevent complement injury, and significant 
advances in our understanding of hyperacute rejection of the lung, 
may facilitate clinical application in the foreseeable future. 
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Cardiomyoplasty - Skeletal Muscle Assist 
JA. MAGOVERN AND R.C. REDDY 

INTRODUCTION 

Congestive heart failure (CHF) is a physiologic situation in which 
the heart is unable to maintain a sufficient cardiac output to meet 
the metabolic requirements of the patient. Several diseases are re
sponsible for CHF, including coronary artery disease, hypertension, 
and idiopathic cardiomyopathy, but the mortality is high regardless 
of the etiology. The prevalence of this disease in the Unites States 
is approximately 2 million cases, and the incidence is 350 000 new 
cases per year'-. TTie Framingham study showed that the mean 
time to death after the onset of CHF symptoms was 4 years\ 
Patients with New York Heart Association (NYHA) class IV symp
toms have a much higher mortality than those with less severe 
symptoms. Survival with medical therapy has improved with the 
addition of angiotensin-converting enzyme inhibitors and vesnari-
none, but the magnitude of the change has been small and the prog
nosis for patients with advanced heart failure remains poor"*. 

Cardiac transplantation has become a standard therapy for ter
minal heart failure. The shortage of donor organ availability, the 
need for life-long immunosuppression, and cost issues have 
prompted the search for alternative surgical means of therapy. 
Ventricular assist devices provide a tremendous potential therapy, 
and this field is reviewed elsewhere in this volume. For now, im
plementation of these devices as routine therapy for CHF will be 
hampered by high cost and regulatory issues. Renewed interest 
has therefore focused on the use of skeletal muscle as an autolo
gous cardiac assist system. 

This chapter will trace the history and development of this 
procedure, review the physiology of chronic skeletal muscle stim
ulation, and summarize the techniques and recent results of car
diomyoplasty (CMP). Alternative approaches, such as skeletal 
muscle ventricles and diastolic aortic compression, will also be 
discussed briefly. 

HISTORY 

The concept of skeletal muscle replacement or augmentation of 
the heart dates back to 1931, when DeJesus used a muscle graft to 
repair a traumatic defect of the left ventricle^ In 1933 Leriche 

proposed the use of free muscle grafts to replace infarcted myo
cardium, and in 1939 Griffith and Bates repaired an iatrogenic 
right ventricular defect with skeletal muscle''^. Several authors 
were able to show vascular ingrowth from various muscle grafts 
to the myocardium" •*. 

The first dynamic utilization of skeletal muscle to perform cir
culatory work was in 1959, by Kantrowitz and McKinnon in a 
canine model'". They wrapped the descending aorta with pedicled 
diaphragm muscle and stimulated it via the phrenic nerve during 
diastole. Diastolic augmentation was demonstrated, but the effects 
were transient due to muscle fatigue. Nakamura and Glenn 
demonstrated atrial augmentation using pedicled diaphragm and 
stressed the importance of an intact neural pedicle". Petrovsky 
(1966) reported the use of diaphragm in the repair of ventricular 
aneurysms'-. Termet et al. in 1966 first reported the use of the 
pedicled latissimus dorsi (LD) for myocardial support''. Christ 
and Spira in 1982 used the latissimus to cover a partial thickness 
defect of the left ventricle''*. Chachques, Carpentier and co
workers reported experimental dynamic CMP with fatigue-
resistant LD, thereby paving the way for clinical CMP as performed 
by the same group in France and by Magovem in the USA'^'' ' . 

CHOICE OF THE LATISSIMUS DORSI 

Several muscles have been used for experimental circulatory 
support, but the LD has several important advantages which have 
made it the muscle of choice'"-'. It is a large muscle in close 
proximity to the heart and it has a single major neurovascular 
pedicle. These properties make it simple to move the LD into the 
thorax without compromising function of the arm or shoulder. 
Other skeletal muscles that have been used for circulatory support 
in experimental animals include the pectoralis major, serratus 
anterior, and rectus abdominus. 

SKELETAL MUSCLE TRANSFORMATION 

Skeletal muscle i.s an available, autogenous and viable myocardial 
substitute. The biggest hurdle to its use as a biomechanical assist 
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is its propensity for rapid fatigue. Muscles are composed primar
ily of two fiber types-'. Type I fibers are also called slow-twitch 
fibers: they contract and relax at a slow rate, are fatigue-resistant, 
and rely on oxidative metabolism. Type II fibers are faster but 
more fatigue-prone; they rely on glycolytic metabolism. Postural 
muscles consist predominantly of type I fibers, while muscles that 
contract intermittently contain a majority of type II fibers. 
Chronic electrical stimulation of skeletal muscle results in a 
gradual transformation of type II fibers to the type I fatigue-
resistant form-'-"". The change in muscle fiber type is accom
panied by several metabolic changes, including increases in 
aerobic metabolism, mitochondrial and capillary vessel density, 
and blood How-''-''. There is a reduction in myofibril size and in 
the activity of calcium-ATPase and calcium uptake by the 
sarcoplasmic reticulum'". Transformation of the LD muscle has 
been shown in dogs, sheep, and goats. 

Controversy exists over the ideal stimulation pattern needed to 
transform the LD. Muscle transformation is associated with a re
duction in power output, especially when the fibers are all trans
formed to type I fibers. It may be that transformation to a fiber 
type intermediate between type I and type II will produce the best 
combination of power and fatigue-resistance. There is also recent 
evidence that dynamic training, which allows the muscle to 
shorten during contraction, preserves muscle power during 
muscle transformation to a greater degree than isometric contrac
tion". Long-term studies have shown a disturbing fibrosis and 

loss of muscle function in both experimental and clinical applica
tions'- ' \ This is probably related to overstimulation of pedicled 
skeletal muscle grafts resulting in ischemia and subsequent 
fibrosis. It is our clinical impression that stimulation of the muscle 
with every other heart beat, and daily periods of non-stimulation 
(muscle rest), provide better long-term muscle performance. 

SURGICAL TECHNIQUE 

A longitudinal skin incision extending along the posterior axil
lary fold from the axilla to just above the iliac crest is used to mo
bilize the LD muscle. Multiple perforating vessels supplying the 
distal two-thirds of the muscle are divided, and the origins of the 
muscle from the iliac crest and spine are divided. The thoracodor
sal pedicle is identified and traced into the axilla. The serratus an
terior and circumflex scapular branches are divided to improve 
the mobility of the pedicle and to avoid stimulation of chest wall 
muscles. Two intramuscular stimulating leads are placed into the 
muscle, one near the proximal portion of the thoracodorsal nerve 
and one 6 cm more distally (Figure 1). A 5-cm portion of the an
terolateral portion of the second rib is removed and the muscle, 
with the attached stimulating leads, is placed into the thorax. The 
tendon of the LD is then transected from its humeral insertion and 
anchored to the bed of the resected second rib, taking care not to 
twist the vascular pedicle. The flank incision is then closed in 
layers over a subcutaneous drain. 

Scapula- — 

Insertion into 
upper humerus 

Left latissimus 
dorsi muscle 

Origin from 
vertebral column 

and pelvis 

Lead from heart 

Figure 1 Left latissimus dorsi from a posterior view. Inset stiows the position of tfie intramuscular stimulating leads and their connection to the 
cardiomyostimulalor 
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A median sternotomy incision is made to complete the opera
tion. The muscle can be applied to the heart in several ways, but 
the most frequently used orientation is a posterior-to-anterior 
wrap (Figure 2). Several principles are important. The peri
cardium should be opened just medial to the left phrenic nerve to 
create a broad-based pericardial flap. All anchoring sutures are 
placed into the pericardium, and not into the myocardium, in 
order to avoid bleeding. The heart should be lifted as little as pos
sible during the procedure, to avoid arrhythmias and acute cardiac 
deterioration. Instead, the muscle can be slid under and behind 
the heart. An epicardial sensing lead is then attached to the right 
ventricle. The stimulating and sensing leads are attached to the 
cardiomyostimulator, which is then implanted in a subcutaneous 
pocket in the anterior abdominal wall. After a delay of 2 weeks, 
stimulation of the muscle is begun. A gradually increasing 
program of muscle stimulation over 12 weeks results in the fol
lowing chronic stimulation parameters: amplitude of 3-4 V. heart 
rate to muscle stimulation ratio of 2:1, pulse train frequency of 
30 Hz, and a pulse train duration of 125 ms. 

Most of the world experience has been with the left LD muscle, 
but our institution has also described right LD CMP^^ ''\ The only 
major difference from left CMP is the orientation of the muscle 
with respect to the heart. The muscle is brought anteriorly across 
the right and left ventricles and secured to the posterior peri
cardium. This means that the heart is covered with skeletal 
muscle, but is not circumferentially wrapped. Contraction of the 
LD displaces the apex and lateral walls of the left ventricle 
towards the right shoulder, which is approximately the net vector 
of flow through the aortic valve. 

INDICATIONS FOR CARDIOMYOPLASTY 

The indications for CMP are still evolving. Initially, CMP was 
used as a myocardial substitute when ventricular mass was 

Figure 2 Left posterior cardiomyoplasty wrap. The latissimus dorsi is 
brought behind the left ventricle and sutured to itself anteriorly. Often the 
muscle is not long enough to achieve complete coverage of both ventricles. In 
this case a piece of pericardium is used to bridge the defect 

removed, such as in resection of a left ventricular aneurysm or 
tumor. Subsequently, the operation was used to reinforce diseased 
myocardium in patients with CHF. Currently, patients with 
NYHA class III and IV symptoms of CHF are considered candi
dates for this procedure if they do not qualify for, or they decline, 
cardiac transplantation. Approximately half of the patients under
going CMP have had ischemic cardiomyopathy and most of the 
others have had idiopathic cardiomyopathy'''". The procedure is 
not indicated for patients with hypertrophic cardiomyopathy or 
Chagas' disease. 

Clinical results froin the phase I and phase II trials of CMP 
show very high operative inortality and poor long-term survival in 
patients with persistent class IV symptoms or biventricular heart 
failure. This same situation occurs for patients with left ventricu
lar ejection fraction (LVFF) <20% and maxiinal oxygen con
sumption <I0 ml kg ' min '. The best results have been obtained 
in patients with NYHA class III symptoms, LVEF >2(.Wc and 
maximal oxygen consuinption >15 ml kg ' min '. Patients who 
meet these requirements are ideal candidates, but cardiologists are 
reluctant to refer such patients because many of them remain 
stable with medical therapy for years before deteriorating. From 
the surgeon's perspective the situation is analogous to that of 
surgery for mitral regurgitation. The best long-term results are ob
tained in patients who have surgery before left ventricular dys
function becomes severe, but this can take inany years to develop. 
Earlier surgical referral for patients with cardiomyopathy will 
improve the long-term results of CMP. just as it does for patients 
with mitral regurgitation. 

Current contraindications for CMP are irreversible renal and/or 
hepatic dysfunction, severe pulmonary dysfunction, depend
ence on intravenous inotropes. dependence on diastolic 
counterpulsation, and a history of symptomatic ventricular ar
rhythmias, including sudden death. Patients requiring concomi
tant procedures, such as coronary artery bypass or valve surgery. 
are not candidates. Relative contraindications are previous cardiac 
surgery, atrial fibrillation, class IV symptoms, and pulmonary 
hypertension. The indications and contraindications will continue 
to evolve as the procedure develops, and each case should be con
sidered individually before making a decision. 

MECHANISMS OF ACTION 

The original hypothesis was that CMP would augment systolic 
function of the left ventricle'". This has been confirmed in experi
mental studies using animals with normal heart function and in 
various models of heart failure, including rapid pacing, coronary 
ligation, and adriamycin toxicity"*"^'*. Patients in the phase II 
clinical trials have shown a modest but consistent increase in 
stroke volume, left ventricular stroke work index, and LVEF at 6 
and 12 months". Jegaden et al. were able to show improved exer
cise capacity, LVEF, and end-diastolic pressure al 2 years after 
surgery'^ Magovern et al. reported an increased ejection fraction 
and reduced left ventricular volume in early follow-up of patients 
undergoing the right latissimus CMP. but this effect decreases 
over time-̂ '̂ -̂ ''. Thus, there is evidence that CMP can improve left 
ventricular function. 

A second benefit of CMP is the reduction of left ventricular 
volume. Capouya and co-workers reported that CMP prevented 
left ventricular dilatation from rapid pacing, and Nakajima et al. 
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showed a similar result in a model of multiple coronary liga
tions"*-^ .̂ Kass et ill. showed striking reductions in left ventricular 
volume in several patients studied with pressure-volume analysis 
using a conductance catheter'''. Thus, the LD appears to function 
as a dynamic girdle that limits left ventricular dilatation. Some 
authors have raised the concern that the wrap interferes with the 
diastolic function of the ventricle^** "*''. This can occur if the ventri
cle is wrapped too tightly, but is not universal. In fact, some im
provement in diastolic function has been shown in animals with 
cardiomyopathy induced with adriamycin""'. Constrictive physiol
ogy has not occurred in patients after CMP, but impairment of 
diastolic relaxation can occur if the stimulator is not timed 
properly, especially when the heart rate is fast. 

Chiu and co-workers have recently stressed the concept of 
functional hypertrophy from CMP'*". The wall stress of the left 
ventricle is inversely proportional to its thickness. Therefore, 
CMP may reduce myocardial wall stress because of the effective 
increase in the thickness of the left ventricle produced by the LD. 
It is postulated that the reduction in wall stress of the left ventricle 
reduces oxygen consumption, which indirectly improves per
formance of the diseased heart. 

SUMMARY OF CLINICAL RESULTS 

Several hundred patients have undergone CMP in the past 5 years. 
Improved functional status has been a consistent finding in all 
centers doing the procedure. Operative mortality was 22% in the 
phase I clinical trial published in 1991, but was reduced to 12% in 
the phase II trial reported in 1994. Established centers with consid
erable experience in CMP have an operative mortality of 5-10%. 
Late mortality has been high for patients with NYHA class IV 
symptoms prior to surgery. Overall I-year survival in the phase II 
American trial of CMP was 68%. The major causes of death were 
sudden death (presumed arrhythmia) and progressive CHF. 

The improved functional status reported by patients has also 
been confirmed with formal patient interviews and questionnaires. 
Borghetti-Maio et al. found prospectively that there was an im
provement in the overall quality of life, including the capacity to 
undertake the activities of daily living'''. Improvements in activi
ties of daily living and social interactions were also documented 
in the phase II American trial of CMP. Enhanced cardiac function 
has been shown in studies from South America, Europe, and 
North America, but the changes have been small to moderate in 
magnitude. 

Despite improved functional status and cardiac function, late 
mortality has continued to be a problem. The majority of deaths 
have occurred suddenly in patients who were feeling well. 
Progressive heart failure has also occurred, but has been less 
common than sudden death. Arrhythmia is a common fatal event 
for patients with CHF, and has not been reduced by CMP. 
Simultaneous implantation of an automatic internal defibrillator 
and/or empiric therapy with amiodarone have been suggested as 
means to reduce sudden death after CMP. These approaches may 
be incorporated into future trials of CMP. 

OTHER FORMS OF SKELETAL MUSCLE ASSIST 

Diastolic counterpulsation of either the ascending or the descend
ing thoracic aorta has shown promising experimental results'-"^*. 

Lazzara and co-workers have shown experimentally that diastolic 
aortic compression using a strip of LD muscle produces similar 
elevations in aortic diastolic pressure, and reductions in left ven
tricular end-diastolic pressure, to counterpulsation with an intra-
aortic balloon pump''''''*; it has also been shown to improve 
regional left ventricular dysfunction caused by myocardial 
ischemia''. 

The skeletal muscle ventricle is another possible application of 
skeletal muscle assist"". The LD muscle is fashioned into a 
neoventricle using a plastic mandrel. After a training period the 
neoventricle is connected to the circulation, where it has been 
able to pump approximately 50% of the normal cardiac output. 
Another approach is to use a muscle energy convertor to translate 
linear muscle contraction into hydraulic energy, which can power 
a blood pump'''. Another interesting development has been the 
use of the LD mu.scle as a source of extracardiac collateral blood 
supply in myocardial ischemia''-. 

COMMENT 

It has been 10 years since the first clinical CMP procedure, and 
the field is still in a developmental stage. Clinical results have im
proved, but further refinements are necessary, especially in 
muscle stimulation protocols and patient selection criteria. It is 
estimated that 14 000 patients are added to the transplant list each 
year, but only 2000 will receive new hearts. If the eligible age is 
raised to 65 years, the number of candidate patients would 
quadruple. The long-term results of transplant are excellent if 
solely patients who receive transplants are analyzed. However, 
most patients who are referred for transplants are never listed, and 
many of those who are listed never receive a heart. A more realis
tic approach would include all patients referred for transplant, 
utilizing an intention-to-treat analysis. 

The long-term results with CMP are not as good as those for 
patients who receive transplant, but they are at least as good as 
transplant if the intention-to-treat analysis is employed. With im
proved patient selection, continued technical refinement, and re
duction of ventricular arrhythmia, it is feasible that CMP will 
become a realistic alternative to transplant for the management of 
patients with CHF. In the meantime, it remains a fertile area of 
surgical research and innovation. 
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Blood Pumps Constructed from Skeletal Muscle 
K.A. GREER, D.R. ANDERSON AND LW. STEPHENSON 

INTRODUCTION 

Skeletal muscle is capable of transforming chemical energy into 
mechanical energy with extraordinary efficiency. We and others 
have shown that skeletal muscle has the capacity to become 
fatigue-resistant and to adapt to new patterns of work. These 
changes occur when skeletal muscle is subjected to low-
frequency electrical stimulation for a period of several weeks. 

In laboratories worldwide, two approaches have been devel
oped in attempts to utilize skeletal muscle to augment cardiac 
function. Skeletal muscle grafts have been applied directly to the 
beating heart in hopes of aiding the function of the failing myo
cardium and, in some cases, to directly bolster cardiac contractile 
function' '-. The other avenue of investigation has been the for
mation of skeletal muscle pouches or ventricles which, when 
stimulated to contract, provide their own pumping function. 

These skeletal muscle pouches have been shown to provide ef
fective support of the right and left heart using a variety of 
configurations" '''. As surgical techniques have improved, the 
complications associated with their use in the circulation long-
term have steadily declined. Substantial improvement in cardiac 
parameters has been demonstrated in the normal and failing 
canine heart, the longest animal surviving for 836 days-". Current 
efforts are focusing on developing a laboratory model that would 
be clinically applicable. Earlier problems with thrombus forma
tion have largely been solved-' - \ 

SKELETAL MUSCLE PUMPING CHAMBERS -
HISTORICAL REVIEW 

Pumping chambers have been constructed from skeletal muscle 
by a number of investigators. The ultimate goal of these endeav
ors is to use these 'ventricles' to supply power for mechanical 
cardiac assist devices or to use them in the circulation directly as 
blood pumps. Skeletal muscle ventricles (SMV) have been con
structed from a variety of different muscles including the rectus 
abdominis, diaphragm, quadriceps femoris, pectoralis major, 
gluteus maximus, psoas, and latissimus dorsi. In our laboratory 
SMV have been constructed primarily from the latissimus dorsi 

muscle. We prefer the latissimus dorsi muscle because of its rela
tively large size, single motor nerve, single main blood supply, 
ease of harvesting, minimal donor disability, and close proximity 
to the heart. 

Kantrowitz, in 1959, wrapped the left leaf of the canine 
diaphragm around the descending thoracic aorta, creating a mus
cular tube-' '-\ The diaphragm was synchronously stimulated 
during diastole via the phrenic nerve. Diastolic augmentation of 
15 mmHg was achieved, as well as a 26 mmHg increase in mean 
arterial pressure. These effects were maintained for only a 
few cardiac cycles, however, apparently due to muscle fatigue. 

Kusserow, in 1964, was the first to use skeletal muscle as the 
power source for a mechanical assist device-''. He did not con
struct a ventricle for this purpose, but instead used the rectus 
femoris in a linear configuration to exert force on a lever mechan
ism which served as the actuator for a bellows-type blood pump. 
The blood pump was connected to a hydraulic circuit which 
allowed calculation of flow and determination of outflow resist
ance. These pumps functioned in four dogs for 2-8 hours, gener
ating flows of 600-720 ml/min against an afterload of 20 mmHg. 

Spotnitz et al.. in 1974, constructed skeletal muscle pouches 
from canine rectus muscle-'. They found that their physical char
acteristics were similar to those of the heart. This observation 
should not have been too suprising since Otto Frank, a Gemian 
physiologist, in 1895, had recognized that the response of isolated 
frog heart to alterations in tension just prior to contraction was 
similar to that of skeletal muscle-**. The transmural pressure, de
veloped during active tension, increased as the resting wall 
tension (preload) was increased. The rectus muscle appeared to be 
less compliant than cardiac muscle. However, in his experiments 
with filling pressures of 50-150 mmHg, systolic pressures of 
greater than 500 mmHg could be obtained. 

In 1975, Vachon er al. wrapped denervated pedicle grafts of 
diaphragm around a fluid-filled balloon pressure transducer, and 
allowed this ventricle to pump against a specified outflow resist
ance, allowing measurements of flow, power output, and isovolu-
mic pressure-volume relations-'. The pouches were stimulated 
via stainless-steel electrodes sewn into the muscle. With stimula
tion voltages of 30 volts the muscle pouch generated up to 
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176 mniHg, the pressure decreasing proportionately with decreas
ing voltage. Peak pressure increased with increasing filling pres
sure. During these experiments the pouches were able to generate 
a power output of 0.05 watts. Vachon et al. calculated the 
power output of the left and right ventricles as 0.335 watts and 
0.0335 watts, respectively. Stimulation of these pouches was 
sustained for up to 3.5 hours. 

Von Recum, Kantrowitz, and co-workers in 1977 also con
structed skeletal muscle pouches from diaphragm and stimulated 
the muscle directly'". In an attempt to minimize fatigue, stimula
tion voltages of 3-7 volts were employed. These ventricles were 
stimulated to contract isovolumetrically with a filling pressure of 
18 mmHg. Peak pressures of approximately 60 mmHg were ob
tained in most experiments, and the pouches contracted continu
ously for up to 20 hours, although they fatigued rapidly during the 
initial 1-2 hours. Since the decline in pressure generation 
was progressive, these authors concluded that construction of an 
auxiliary ventricle from diaphragm was not feasible. 

Juffe et al., in 1977, constructed pouch-like skeletal muscle 
pumping chambers from gluteus maximus muscle dissected free 
from its insertions". A balloon transducer was introduced into the 
pouch and the muscle was stimulated via the gluteal nerve by a 
pacemaker. Pressures as high as 170 mmHg were recorded ini
tially. Animals were sacrificed at regular intervals up to 26 days 
for histological studies. After 26 days of continuous stimulation, 
muscular atrophy occurred, probably as a result of nerve damage. 

CONSTRUCTION OF SKELETAL MUSCLE VENTRICLES 

The surgical technique for constructing a skeletal muscle ventri
cle is fairly straightforward"'''. The latissimus dorsi muscle is a 
large flat muscle overlying the back and flank; its principal func
tion is adduction of the forelimb. The muscle has attachments to 
the thoracic spine, the eleventh rib, the platysma, the trapezius, 
the teres major, the triceps, and inserts into the humerus. The 
blood supply comes from the thoracodorsal artery as well as nu
merous small arterial branches from the intercostal arteries. The 
thoracodorsal nerve supplies motor innervation. 

The animal is anesthetized and the latissimus dorsi is mobilized 
through a flank incision extending from the axilla to the tip of the 
eleventh rib. The lesser blood supply from the overlying skin and 
the chest wall is divided. The attachments (as mentioned above) 
are also divided, leaving only the thoracodorsal neurovascular 
pedicle intact. A specially modified Medtronic (Minneapolis, 
MN) pacing lead is placed around the proximal aspect of the tho
racodorsal nerve. This lead is connected to a permanent im
plantable nerve stimulator. 

The muscle is then wrapped or rolled around a previously ma
chined Teflon mandrel of a given size and shape. The mandrel is 
either conically shaped when forming pouch-like ventricles, or 
cylindrically shaped to produce tube-type or flow-through ventri
cles. The mandrel also has a Teflon felt collar on one or both 
ends, which ultimately acts as a sewing annulus. The wrapped 
muscle layers are sutured to each other as well as to the felt 
collar. The direction of the wrap is always such that the neurovas
cular pedicle is on the outside. Generally if-2j- muscle wraps are 
obtained. The skeletal muscle ventricle can be placed inside the 
thoracic cavity or left on the chest wall under the skin and subcu
taneous tissue. The skeletal muscle ventricle is sutured to the 

surrounding tissues to prevent migration or kinking of the pedicle. 
The subcutaneous tissue and skin are then closed over the skeletal 
muscle ventricle. 

The skeletal muscle ventricle is allowed to rest for a 3-week 
vascular delay period. Although the neurovascular pedicle sup
plies an adequate blood supply to prevent immediate muscle 
necrosis at the time of mobilization, division of the blood supply 
from the intercostal arteries during construction renders the 
muscle relatively ischemic. Immediately following skeletal 
muscle ventricle construction, the distal half of the muscle is 
unable to increase its blood flow in response to the increased 
demands of exercise. A 3-week vascular delay period, however, 
allows for recovery of resting and exercise-induced increases in 
blood flow'-. Using radiolabeled microspheres, Mannion et at. 
demonstrated that all layers of the skeletal muscle ventricle 
receive substantial blood flow following the vascular delay period 
while the ventricles are pumping in the circulation'^. 

SKELETAL MUSCLE VENTRICLE PRECONDITIONING 

Skeletal muscle can be divided into two basic types, one of which 
has relatively fatigue-resistant properties. Slow-twitch (type I) 
fibers are characterized by prolonged contraction time, a large mi
tochondrial volume, aerobic metabolism even under prolonged 
periods of stimulation, and a specific complement of 'slow' con
tractile proteins. Muscles composed of predominantly slow-twitch 
fibers are usually postural in function and fatigue slowly. Fast-
twitch (type II) fibers are characterized by bri.sk contraction time, 
a relatively small mitochondrial volume, anaerobic metabolism 
during stimulation, and a fast set of contractile proteins. Typical 
fast muscle, such as an eye muscle, is used for quick, intense 
episodic activity and fatigues rapidly with prolonged stimulation. 

During the past 20 years a considerable amount of biochemical 
research on the adaptive capabilities of skeletal muscle has been 
performed. Skeletal muscle changes its physiologic, biochemical, 
and structural characteristics in response to intense exercise and 
electrical stimulation. The basic experiments of Butler et al. 
showed that the nerve was able to modulate the properties of the 
muscle''-'''. In those experiments the motor nerve of a fast-twitch 
muscle was switched with the motor nerve of a slow-twitch 
muscle. When the nerves regenerated, the fast muscle became 
slow and the slow muscle became fast. In 1969 Salmons and 
Vrbova determined that it was the pattern of stimulation of the 
motor nerve which governed the muscle fiber type". When a fast-
twitch muscle was stimulated for several weeks at 10 Hz the 
fibers were converted to a population of slow-twitch, fatigue-
resistant type I fibers. These transformed, fatigue-resistant 
fibers more closely resemble cardiac muscle than ordinary type 1 
fibers, being high in terms of mitochondrial content and 
oxidative enzyme complements'^ '^. 

To understand fatigue resistance induced by chronic stimula
tion we used phosphorus nuclear magnetic resonance spec
troscopy to study the bioenergetics of electrically conditioned 
canine latissimus muscle in vivo. We found that increa.sed resist
ance to fatigue is related to an increased capacity of oxidative 
phosphorylation, which is most likely due to increased mitochon
drial volume""''. Since the capacity of oxidative phosphorylation 
is increased, adenosine triphosphate (ATP) production by the 
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muscle can match a sustained increase in ATP utilization. The 
decline in phosphocreatine and accumulation of adenosine 
diphosphate (ADP) and inorganic phosphate, which usually 
accompany muscle fatigue, are absent. 

As in the heart, resistance to fatigue of the conditioned muscle 
appears to derive from a highly developed aerobic capacity that 
supports efficient recycling of ADP to ATP and prevents the ac
cumulation of inorganic phosphate. The increased ability to 
utilize oxygen during isometric exercise also contributes to the 
fatigue resistance of electrically conditioned skeletal muscle^". 
Conditioned muscle is homogeneously slow, and cross-bridge 
cycling, and therefore ATP consumption, of slow-twitch fibers is 
significantly slower than that of fast-twitch fibers. The rate of 
cycling of cross-bridges determines the energy cost for the main
tenance of tension, and a given isometric tension is therefore 
maintained with less hydrolysis of ATP, and less oxygen is con
sumed with electrically conditioned canine muscle than with 
control muscle for identical isometric tension**". 

Mannion et al. showed that the combination of a vascular delay 
period and electrical preconditioning allowed construction of 
fatigue-resistant skeletal muscle ventricles"'. Fatigue resistance 
can be achieved using 2-10 Hz continuous stimulation, or using a 
25 Hz burst stimulation pattern, more suited to cardiac-type 
work" '"•*'^''. In addition, we have shown that SMV fashioned 
from the latissimus dorsi muscle can be rendered fatigue-resistant 
while performing u.seful work in v/v;?'*'^. Thus a preconditioning 
period may not be absolutely necessary before these ventricles 
can be put to work in the circulation. 

SKELETAL MUSCLE VENTRICLES IN VIVO 

Contractility reflects the intensity of the active state of the muscle. 
Unlike the heart, which is an electrical and mechanical syn
cytium, skeletal muscle is modulated by the number and rate at 
which the fibers are activated"**. It has been shown by Dewar and 
associates'*'', as well as by our laboratory'*, that a single electrical 
stimulus, resulting in a single muscle twitch, does not normally 
generate sufficient force to augment cardiac function. However, 
rapid repetitive stimuli, delivered before the muscle fiber com
pletes its relaxation, result in mechanical summation (until fusion 
occurs), which thereby causes the muscles to generate substantial 
forcê **. The burst stimulation frequency of the SMV governs the 
cumulative duration of the active state of the skeletal muscle and 
produces an effect similar to the contractility of the heart. 
Increasing the burst frequency of the SMV produces more work. 

SKELETAL MUSCLE VENTRICLES IN MOCK 
CIRCULATION 

In earlier studies SMV were constructed as described above using 
a 17 ml cone-shaped mandrel. These SMV underwent a 3-week 
vascular delay period followed by 6 weeks of electrical precondi
tioning. The SMV were then connected to a totally implantable 
mock circulation device'^ This device allowed control of both 
preload and afterload, and measurement of SMV output. No wires 
or tubes crossed the animal's skin barrier. The animals were able 
to move about freely with no apparent discomfort or physical im
pairment. The muscles were stimulated via the thoracodorsal 

nerve with a 25 Hz burst frequency (312 ms on, 812 ms ofO. 
resulting in 54 contractions per minute. These SMV pumped con
tinuously against an afterload of 80 mmHg with a preload of 
40-50 mmHg. At the initiation of pumping, mean systolic pres
sure was 134 mmHg and flow was 464 ml/min. After 2 weeks of 
continuous pumping, .systolic flow was 206 ml/min. Two SMV 
pumped for 5 and 9 weeks, respectively. 

In a subsequent study'", SMV were constructed with a vascular 
delay period but without preconditioning. These SMV were con
nected to the mock circulation system and stimulated via the 
thoracodorsal nerve at a 25 Hz burst frequency, as in the pre
vious study. Preload and afterload were again set at 40 mmHg 
and 80 mmHg, respectively. After 2 weeks of continuous pumpmg 
the mean stroke work of the SMV was 0.4 X 10* erg. The stroke 
work of these SMV was intermediate between that of the canine 
left and right ventricles. Two dogs continued to produce 
significant stroke work after 2 months. Using SMV constructed 
from canine rectus abdominus muscle, Stevens and Brown 
measured similar heart and SMV outputs during acute studies"*''. 

Later, the mock circulation model was used in several experi
ments in our laboratory'"". Acute studies were performed on a 
series of SMV constructed as described above. Six of these were 
rested for 4 weeks and conditioned for 6 weeks, and five were 
rested for 18 weeks without conditioning. In these studies, using 
the mock circulation set-up, the group which had rested for 18 
weeks was able to generate a maximum of 194% of left ventricu
lar stroke work with a preload of 25 mmHg and an afterload of 
80 mmHg. For the first time this study demonstrated the ability of 
skeletal muscle to surpass the work of the heart. In 1993, Niinami 
et al. used the same design to demonstrate a better compliance, as 
well as better systolic and diastolic function of intrathoracic SMV 
compared to those in the (at that time) traditional subcutaneous 
position". 

SKELETAL MUSCLE VENTRICLES AS ARTERIAL 
DIASTOLIC COUNTERPULSATORS 

Working in our laboratory, Mannion et al. showed that properly 
conditioned SMV with a vascular delay were able to function in 
the circulation for up to 14 hours as diastolic counterpulsators in 
the descending aorta'*". SMV function eventually deteriorated, 
however, due to anemia, hypoxia, hypotension, and other compli
cations inherent in prolonged acute experiments of this type. The 
stroke work of these SMV was 0.68 x 10* erg after 4 hours, 
roughly 3 times the stroke work of the right ventricle and nearly 
half the left ventricular stroke work. Neilson, Chiu and associates 
had shown an improvement in subendocardial viability ratio when 
SMV were used in the circulation as aortic counterpulsators'^-. 

Acker et al.'^ subsequently constructed SMV in five mongrel 
dogs, which differed from the design of previous chambers in that 
these had a cylindrical geometry with inflow and outflow on op
posite ends of the chamber, as depicted in Figure 1. These ventri
cles functioned chronically in the circulation as aortic diastolic 
counterpulsators for up to 11 weeks. All animals had functional 
SMV at the time of death, and it was shown that these were 
capable of providing a substantial augmentation of forward blood 
flow with an increase of 29%, 40% and 63% al 25, 43, and 85 Hz 
of thoracodorsal nerve stimulation, respectively. Two-
dimensional short-axis echocardiograms of the SMV obtained 
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Skeletal Muscle 
Ventricle 

Figure 1 SMV wiih cvlindricui grtmietfy interpDseci iuui ihe lk^»:t;i!dillg 
accfa ffr use as ;! cci!in!erpul>.amr. Kote the pacemaker sfiiiiiiiaung eiecirode 
U)iin:-cte(! td Ihe ihoraciido.'sal nerve an:! liie scnsisig c!cctrode on the let! 

liuiu <in^ dog .ittet 12 d.iy^ ot cimnnuous L'>iinfLipiilsjtitiii are 
ahewn in 1 igure 2 Diiiine tliese mra^iiieiiieii!»ilir biii-.! hequciuv 
WUJ allcicd Iroiii the LIIIODIL ^ctiinn of 25 H? to 43 Hz and then to 
H'^m Thfseei-ho.ii.iniMJemoiiMidtc . i ' ? " / . <«)'• aiidU)")-- de-
erej'-t iii tn -s i - icc t io iu l ii-.-a .t the mi.Jpdiiif .if thr . M \ I \ ' n i"^ 
4* .ifid '̂ S Ff/ rp^fieUi.i i } . (hinni- SMV ..)jitt;ii ii >ii *,,»iiidi 
pics%iiie tiacings ohi.iiiicJ t iuni Ihe bdine d "y alter 14 d i j s i4 
^r.ntiijiious pu'iipirii' at liiese th ie j b-ii t frequ^nciL«; ate sl invn in 
I'igiire ^ Ho\«ie\n lhi». jii id\ jKi> derm.n^ii.iied the t'rior.il.otic 
comiihcaticn*. a-«i). u tcd w idi these pumpir-i chamberi I he two 
ii>iigeM-sur\i'iti^- uuL'-.. 3 .inil I I •• ccks, d€ni'jjis*i,<ln! hiuiupi'-
icnal and splenic mtaicrioi.i Neirhei nl ihe^e .i.iiui.d-. h(>\ve\er 
4i"j«cdc\ i i le iai-III tv-iebi'j .i-i.d. n n ^ tidiac fiiilrtih, jtii»ii 

r-utli.-i '•tiidies h.f-e a-.",! rhe cunicali) ^n.jpeJ 5MV Lunnc-.i.d ii» 
111-: dticeiiding lli.i-.icii, auil.i bj v\o Gort-ti'* t ta t ts iW H Core i 
\"»MK"iitcs, Pla^>laH A / J , .i^ sliov ti i<i Fi'^iiie 4 i iii.itirii oi Ui • 
cioita l)_. ujiiliiHidi t.'i'c •ihii^-.iii'd t!i- flo'-\ lit blr.e.d tbtmuili die 
S \ ! \ ' fhi' Lilii Irui,' ilie e e^pentiif-tit- si inved Hiai bM^' '.'.LIL 
.arai>li' cl pitniding Ling-rciin \r;iiirif ui.d Mipput wiiti the ihilin 
u. .•iigiiietil di4Nt-'iiL p'e,>ui.-- ii>i lip III ;-111 Jdy- ' Suh'i qu-Til 
Nit. Ji^s Vrt\f ficiti'ii.ied iisiiii p,opiaiiulii^!itiiiii.cd iici.t iddiiir The 
iii.LSligju I -"eie jMe 'O «iii>w .i ^i^aler .ricrt..":^ iti «t\cirJ liei.i'^-
hn.tmi^' p..! IDT le'\ let ihe Lidii i ' 'ne,.ri •,! fii . oitii ' ited ••• th»̂  
r-ii.ii.illie.iit \UMII J i j ' t . h. rj.essme iii^'c .'H'-ii-^7 (.', \ . i ^ 9-
j.i'J die .^ii'Uvjidi d \ , iii)i,l', ijii.> iicie.istd ^ ' • • \^ I, !''•"" 

Adil.ii..>ijl tiidie- . . - . c " . • . p-'t«>!iTi^<J in Jii eiL'it lOdevK l.L• 
d ^ in. uV" It r- I • ' , i \ i!,,. ,.!t', '),i^ S I U ' K ' Miiip'11..; ' di • !I j d ; 

Figure 2 Two-dimer.sionai cciiocanJiogram, short axis view, of riiidpoini of SM\' oblyioed frian one Jug 'jn posioperaljv" da) 12. T'op ri)w ilJusualcs rhc cicjsi-
seclional area during rciaxation. Boiloir. low iliii^traies [he cross-seciional area during coa'.racdiia. lacreasing die bursi frtqiieney (25 H?. 
43 IIz, 85 IIz) leads to increasnig 'ijecdon fraeli.-.in 
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Figure 4 SMV connected in circulation as aortic counterpulsator in standard 
configuration 
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tional SMV to autologously lined SMV (with pleura or peri
cardium) have shown decreased thrombosis with Ihe autologous 
lining'*. Figure 5 demonstrates a typical tracing from an autolo
gously lined SMV after over 16 months in the circulation. Most 
recently, a method has been developed in our laboratory for per-
cutaneously seeding the lumen of the SMV with autologous 
endothelium. Preliminary stu.dies have recently been published 
by Thomas et al, who demonstrated that it is possible for SMV 
to retain the endothelium after 3 hours in the circulation''. 
However, it remains to be demonstrated if this will decrease the 
rate of thrombosis long-term. 

Figure 5 Diastolic augmentation over time at greater than 16 montlis, In this 
tracing sjhown, diastolic augmentation averaged about 32%. Dots indicate 
diastolic augmentation while asterisks indicate presystolic unloading 
(Ao presystole) 

RIGHT HEART BYPASS 

Studies have also been done which show it is possible to totally 
replace the right heart*. SMV were constructed in mongrel dogs, 
and, after a 3-week vascular delay period, these SMV were elec
trically conditioned at 2 Hz for 4-6 weeks. These ventricles were 
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constructed using large fSS m!) Teflon inaiidreis, resulting in 
higher compliance SMV - id€al!y siiiTed for low-prcssisrc work. 
During the second opersiioo, after electrics! preconriiHoming, tovii 
systemic venoiis return was routed to tlicse Itigb-cornphaiice 
SMV, and SM\' omfiow was deiivered iiiio the pubnounry urierv. 
These SMV were i,dmuiate.J using a synctironous burst psttem as 
desciibed above, and generally contracted ai a rata of l;2 vviii: 
cardi&c syslolc. An uiintsornc flow probe in the SMV uuttlow 
circuit was sised U"> m.jnitci cardiac (and S.MV) output. Coiiiplcie 
right heart bypass was docujiietHed by the absence of finw and 
extreme hypoteusioii with the SMV circuit occluded. Openin.g dse 
SMV circuit adowcd passive flow frorn the venous system 
through tlie puirnonary Ix'd, wiiicii is sofnewhai analojious to the 
physioiogy with the t'oniau procedure. Vvith passive Hc.iv., 
however., systemic blood pressures were oniy 50-60 riiinllg 

With stirriulaiioo of rhe SMV, sy,stoiic biood pressure iocretjsed 
ic iOCh-ilO rnmJ-ig arid CVI- decreased. Aflcr 2 hoiirs f>f eorititti!-
oiis pumping. SMV .stroke w-c-rk was !697t' of norniai canine righi 
ventricular stroke woric and, after 4 lioiirs, bSroke wtsrk was r7.;i''f 
of canine nglit veotricadar stroke v.'ork. Total right iicirt bypass 
was acco.fripfis.hed in some dtigs for peririas of up to U hoiu'c. at 
which time the experiment wa.s rermmated. 

Aliiiough these itiirial sluuies showed promise, il has been 
demonstrated that .S.MV iunction is sLibsiantiaiiy ini|)roved if trie 
preload is tiigiier than that which can be scliieved by the venous 
system alone. In an effojt to exploit the higher pressure generated 
by the right ventricle, a. iuotle! e.-as developed where an SiMV is 
connected ni series with the right ventricle using valved conduits. 
I t e pulmonary artery is subsequently ligated proxtnialiy to t-blig-
ale xQow through the .SMV---. This uses the right ventricular pres-
stire as preload .for the ,SMV. Acute stiulies pa formed at i and 4-
hours dcmonsirated an increase in earchac ouipui of 2ii% at i hour 
and 'MJ"C at 4 hours. Systemic arterial pirssurc showed an in
crease ai i hour tif 12% and at 4 riours of 13%. Peak pulmonary 
pressure was increased at I ricrn̂  by 35% a.ti.d at 4 hoars by 37%. 
Further studies have sliown that effective assistance may be ob-
tabled for periods of up to 16 'weeks'"*, 

LEFT HEART BYPASS 

Two additiooal coofignrations ol̂  SMV have been eorr^tnjcfed and 
evaluated in our laboratory. These have l"oeused on using the pres
sure generated by the left atiium and tfie left veniric'c to ser\'e as 
preload for the SfvfV. I'he fir'Si system nivoives u.sing two valved 
cotiduils, the first between liie left alrium and the SMV, and ih.e 
second between the SMV and the aorta'^'l The SMV in itiis configu
ration then contracts duiing cardiac diastole. If il eontracted during 
cardiac systole it would be pumping against left ventricular eiec-
tion. In acute 3-hour experiments il was shown that left atrial pres
sures remained in the range l+-d6 mm'Hg and that the SMV were 
able to pump between 21% and 27% of the cardiac output. We 
have not tested this model, however, m the cireulalion long-term 
because we feel this model needs higher filling pressures to func
tion optimally, k is possible that, with a stable left ventricular 
failure model, in whicli pressures would presimiably be higher, this 
configuration would function effectively for longer periods. 

In an effort ro exploii the higlicr pi-cssures of the left ventricle for 
SMV preload, a coufiguraiion i.>f left ventricular apex to aorta has 
been developed as shown in Figure 6*. In addition to the improved 

Figure !» t̂ efi. \enifici.ilar ;ipe,\-Ui-;ioita configuraiiutL deraoti.^traing uie use 
of two v«i\e(l cciiduits. '\(i;e Itn- etiralhoriicic posilioiiins: of ;hc SMV 

preload there is likel)" to be improved biood flos'r in the iuisscle 
i^yers of tfic SMV when compared to that of the aortic diii.stolic 
counteipulsator, because the SMV cavity pressure is equal to 1.2V 
eud-diastoiic pressuix; durnig a portioii of the cardiac eycle"''"-^. 
Acme 3-hour experiinents have demonstrated a sigaificantiy lower 
systohc tcnsion-time iiidex with the SMV on (versus oil). The en
docardial viabdity ratio vvus also signilicanlly mcreascd, showing 
an iinprovement of 68%. 66%v 62%, and 63% ac initial measure-
fiteiit and at i iiour, 2 liours, and 3 isours, respeeliveiy. 

There was little miprovem.eni in cardiac ouiput noted in tliis 
experiineoi, Howcx'cr, it was derncostrated that the SMV pumped 
47% of the systemic blood flovv, subsTauiially reducing 
the oxygen requirement of the left vcntncle. .Although function 
gradimlly deteriorated over the ii hours, there was a siaglc 
animal i'ollowod for 10 hours that showed the detcnoralion 
appeared to stabilize at 3-4 hours. This study was limited by its 
short period of evaluation, and by the fact that the animals all had 
noriiialiy functioiiiog hearts. Siemens and colleagues, however., 
have shown a substantial increase m systettiic blood Dow of 31% 
using a similar configuration in aniituils thai were in heart failure, 
as compared io the increase .tn 6'v- seen in our study'"'-. Current 
work in our laboratory is focusing on developing tins system into 
a chronic model, with one dog at present fi.aving survived over 2 
months v.itli a funelionai SMV (unpublished!. 

COMMENT 

The e.xlratirdmary capacity of skeletal muscle to î espond adapt-
ively to an increased level of use allows construction of pumping 
cliambers capable of performing cardiac work. The potential ap
plications of diis phenomenon are cnoniious. Studies have already 
shown the improvement in cardiac function and decrease in myo
cardial oxygen requirements proviried by ihe SMV, which has 
been shown to be effective in a variety ol conllguraiions. 
Recently developed .models have shown the effectiveness of tlie 
SMV in the right and leiT heart assist eonhguratioiis, and long-
term studies have shown the effectiveness of the SIVIV as an 
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aortic diastolic counterpulsator. Clinical application may improve 
the outlook for infants with complex congenital heart defects as 
well as for patients with end-stage heart failure. 

Current work in our laboratory is focusing on developing a 
clinically relevant left heart assist model. This will bring the clini
cal application of the SMV for cardiac assistance one step closer 
to reality. 
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INTRODUCTION 

Patients with chronic heart failure suffer from variable degrees 
of abnormal cardiac performance reflected in their exercise 
intolerance, fatigue, and dyspnea. It is estimated that approxi
mately 400 000 people develop heart failure each year in 
the United States, adding to the nearly 3 million patients 
already suffering from this syndrome'. Patients with mild to 
moderate severity of disease can usually be managed medically 
with today's arsenal of drugs, including angiotensin-
converting enzyme (ACE) inhibitors, diuretics, and inotropes. 
Furthermore, patients with correctable valvular or coronary 
lesions increasingly can be managed by standard cardiac 
surgery. Despite this, mortality in this population remains 
extremely high. The overall 1-year and 5-year survival rates are 
57% and 25% for men, respectively, with slightly better rates 
seen in women-. 

Many patients progress to severe heart failure, and it is in this 
group that cardiac transplantation has played such a major role, 
often rescuing them from terminal heart failure'. Unfortunately, 
due to the limited availability of donors and strict selection crite
ria employed, this therapeutic option is available to only a minor
ity of patients. Successfully transplanted patients face the risks of 
rejection, infection, graft coronary artery disease, and the side-
effects of immunosuppressive drug usage. With these limitations 
in mind, alternatives to traditional cardiac transplant, such as 
xenotransplantation and mechanical artificial hearts, have been 
aggressively investigated, but are still unsuccessful in any long-
term application. 

Dynamic cardiomyoplasty (DCMP) has been proposed as both 
an alternative and a bridge to cardiac transplantation. The advan
tages are that there is no need for immunosuppressive drugs, and 
no risk of thromboembolic complications as seen with artificial 
prostheses. The patient's own skeletal muscle is used to create the 
cardiomyoplasty wrap with little, if any, loss in shoulder func
tion. Finally, DCMP is likely to cost significantly less than any of 
the above-mentioned procedures. 

DEVELOPMENT OF 'SKELETAL MUSCLE POWERED 
CARDIAC ASSIST' 

Concept 

The idea of using skeletal muscle to replace or repair a damaged 
myocardium dates back to the 1930s^. The initial application of 
skeletal muscle flaps was to act as patches to cover defects in the 
ventricular wall after the excision of aneurysms or tumors'". Soon 
thereafter, investigators tried to stimulate skeletal muscle 
wrapped around the heart with electrical current'', but two major 
biological constraints impeded progress: firstly, skeletal muscle 
fatigues easily upon repeated stimulation: and secondly, the use 
of a single electrical impulse was inadequate to recruit all the 
motor units of the skeletal muscle flap to produce adequate con
tractile force. 

The fatiguability issue was overcome by the discovery that 
skeletal muscle can be transformed by chronic low-frequency 
electrical stimulation, delivered over a period of weeks, from a 
fatigue-prone type II muscle fiber to a fatigue-resistant type I 
muscle fiber-". The mechanisms behind this process involve 
genetic phenotype alterations which result in an increase in the 
energy production of the muscle, a switch to aerobic metabolic 
pathways, and a change in the type of myosin protein found'*. 
Secondly, skeletal muscle does not contract in an 'all-or-none' 
fashion in response to a single electrical impulse the way heart 
muscle does in response to a cardiac pacemaker stimulus. Skeletal 
muscle is composed of distinct individual motor units whose 
contractile force and duration depend on how many units are re
cruited by a given electrical stimulus. In order to generate pro
longed contraction and power output comparable to the 
myocardium, it was necessary to deliver a pulse train, or burst 
stimulus, to the nerve supplying the skeletal muscle to 
recruit more motor units and summate the contractile forces 
produced''. 

Once these two problems had been solved, cardiomyoplasty 
was launched into the clinical phase of development. 
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TECHNIQUES FOR DYNAMIC CARDIOMYOPLASTY 

In 1985, Carpentier performed the first clinical cardiomyoplasty 
after removing a 1.4 kg fibroma from the ventricles of a female 
patient'". Since then, more than 600 patients have undergone this 
procedure at over 50 centers around the world. The surgical tech
nique has been described extensively elsewhere""". Briefly, the 
most common approach is to raise the left latissimus dorsi muscle 
(LDM) as a rotational flap, and then, through a sternotomy inci
sion, wrap the ventricular surfaces of the heart with the flap in a 
posterior clockwise direction. If the muscle length is inadequate 
to cover both ventricles, a patch of pericardium is sewn to both 
ends to provide continuity around the heart. Sensing and pacing 
epicardial leads are placed on the heart and stimulating electrodes 
are sewn near the thoracodorsal nerve prior to the muscle wrap to 
deliver the burst stimulus to the skeletal muscle. These electrodes 
are then attached to a cardiomyostimulator. 

Postoperatively, the skeletal muscle is allotted a period of ap
proximately 2 weeks to undergo conformational change, adhesion 
to the epicardium, and revascularization. Conformational change 
is a process whereby the LDM adapts to its new resting tension 
and new geometrical orientation around the heart in order to opti
mize its force-producing capabilities'-"\ The muscle flap 'con
forms' to the myocardium and acts as another layer of the 
myocardium. The LDM accomplishes this by adding or deleting 
sarcomeres in order to maintain optimal sarcomere length and 
resting tension, so that it can deliver maximum power output. In 
summary, the repositioned LDM adapts to its new working 
configuration around the heart. 

Revascularization is needed because the collateral vessels to 
the distal portion of the LDM flap are ligated during LDM dissec
tion. In addition, the LDM must undergo transformation to induce 
fatigue resistance in the muscle. The LDM is progressively stimu
lated to transform according to a protocol"'. Once the patient's 
muscle is transformed, the cardiomyoplasty wrap is usually 
stimulated to contract with every second heart beat. 

PHASE I CLINICAL FEASIBILITY STUDY 

Medtronic, Inc. has coordinated clinical research in DCMP since 
1985, with Medtronic cardiomyostimulators and intramuscular 
leads implanted in over 480 patients by mid-1995. A phase I 
study was started in July of 1985 and continued to April of 1991 
to explore the feasibility of the procedure, define case selection 
criteria, observe patient outcome, and determine the safety of the 
first-generation Model SP1005 cardiomyoplasty stimulating 
system. A published report on the first 78 patients" was followed 
by a presentation of results on all 118 phase I patients from 14 
centers'". 

Over 80% of the patients surviving pa.st 3 months showed im
provement in their New York Heart Association Functional Class 
(NYHA) regardless of their preoperative NYHA class (average 
improvement for those improved was 1.6 classes). However, he
modynamic augmentation was inconsistent in this group. Patients 
who were in NYHA class IV preoperatively had a significantly 
greater mortality rate during initial cardiomyoplasty hospitaliza
tion than those in NYHA class III preoperatively (38% vs 12%, 
respectively). Survival at 12 months was 78% for NYHA III and 
34% for NYHA IV patients. 

The conclusions drawn from the phase I study were that the 
procedure is feasible and reproducible, and the cardiomyostimula
tor system is safe. Additionally, it appeared that functional status 
could be improved with DCMP, but that the patient's preopera
tive condition affected survival. The phase I study had several 
limitations, including evolving inclusion criteria and surgical 
techniques, varying follow-up, and a high number of patients un
dergoing concomitant cardiac procedures. This introduced con
founding factors and made it difficult to interpret the results. 

PHASE II CLINICAL TRIAL 

Even with the above limitations there was still convincing subjec
tive evidence that DCMP made significant improvements in clini
cal outcome (i.e. NYHA class) to warrant further, more rigorous, 
clinical trials. This led to the approval by the US Food and Drug 
Administration (FDA) to allow Medtronic, Inc. to begin a phase 
II clinical trial'^. The lessons learned from the phase I feasibility 
study were used to improve patient selection criteria and stand
ardize patient follow-up. Patients enrolled in the trial were evalu
ated preoperatively and then every 6 months with subjective and 
objective tests (Table 1). Data were prospectively collected and 
compared to pre-DCMP values using paired f-tests, Fisher's exact 
tests, and actuarial survival analyzes. Results from the first year 
of follow-up, initially presented in November 1994''*, are reported 
here («=49 at 6 months and n=32 at 12 months). Ongoing analysis 
of an additional year's follow-up data is showing similar results. 

A total of 68 cardiomyoplasty patients from five centers in the 
US, two in Canada, and one in Brazil (the American 
Cardiomyoplasty Group) were enrolled in this phase II clinical 
trial. The trial began in May 1991, and enrollment was concluded 
in September 1993. Major inclusion and exclusion criteria are 
listed in Table 2. The treatment group was also compared to a 

Table 1 Subjective and objective tests for the phase II clinical trial 

MUGA scan 
Metabolic exercise test 
Left and right heart 
Catheterization 
Echocardiography 
Pulmonary function test 
24-hour Hoher monitor 
Chest X-ray 
Electrocardiogram 
Quality-of-life questionnaire 

Table 2 Inclusion and exclusion criteria for the phase II clinical trial 

Inclusion 
NYHA class 111, refractory to medication 
LVEF < 40% 
LVEDP or PCWP > 15 mmHg 
Age 18-80 years 

Excluiion 
Arrhythmias needing implantable device 
Preoperative dependence on intravenous ionotropes 
Vital capacity < .55% 
Non-cardiac life-threatening disease 
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prospective, non-randomized, concurrently enrolled reference 
group of 58 medically treated patients-**. There were no statistical 
differences between the two cohorts when comparing age, sex, 
etiology, duration of symptoms, NYHA class, left ventricular 
ejection fraction (LVEF), or quality-of-life evaluation. 

Patients in the DCMP group had a mean age of 57 years, most 
were males (78%), and almost all were NYHA III (94%). They 
had been symptomatic for a mean of 3.6 years. More than one-
half had a history of ventricular arrhythmia and about one-fifth 
had a history of atrial fibrillation. The primary etiology was idio
pathic dilated cardiomyopathy (69%), while ischemic cardiomyo
pathy accounted for the rest (31%). All patients were on digoxin 
and diuretics, 90% were taking ACE inhibitors, 31% vasodilators, 
and 21% antiarrhythmics prior to their surgery. Hemodynamic 
data measured preoperatively revealed depressed cardiac function 
in most, with a mean LVEF of 22%, cardiac index (CI) of 
2.3 1/min/per square meter, pulmonary capillary wedge pres
sure (PCWP) of 20 mmHg, and peak oxygen consumption (VOj) 
of 15 ml/kg per minute. Patients also had rather large hearts with 
an average left ventricular end diastolic diameter of 74 mm mea
sured by echocardiography. 

Intraoperative analysis revealed an anesthesia time averaging 
7.0 hours. Only three patients (4%) had concomitant procedures 
(two with coronary bypass and one with valve repair). In 55 pa
tients the left LDM was used, and in the remaining 13 patients 
from one center, the right LDM was used. Since preoperative 
characteristics and long-term outcomes for the right LDM and left 
LDM cohorts were found to be statistically similar, data were 
subsequently pooled. 

The mortality rate of 12% during initial cardiomyoplasty hospi
talization remained the same as that for NYHA III patients in the 
phase I study. Three-fourths of these deaths were from cardiac 
failure. In order to determine what variables, if any, were predic
tive of hospital mortality, data from this trial were pooled with 
data from 98 other cardiomyoplasty patients worldwide who fol
lowed a similar phase II protocol-'. Univariate and multiple logis
tic regression analyzes of these 166 patients' data showed that 
patients with low peak VOn and low LVEF were found to have a 
significantly higher in-hospital mortality. Supporting the multi-
center analysis, one single center publication identifies low peak 
Vo, as a risk factor for early death'-, and several identify LVEF 
as a risk factor for early^ -̂̂ ^ and/or late death^^^'. Patients with 
very high pulmonary vascular resistance (PVR) were also found 
to be at higher risk in the multicenter analysis; further implication 
of PVR as a notable risk factor has been published by Moreira 
el fl/.'^''", who concluded that patients with elevated PVR have 
poorer long-term survival after cardiomyoplasty. Pulmonary hy
pertension has been identified as a risk factor for early '̂*'̂ ' and/or 
late death-'-^"^' in several other publications. 

Overall mortality data to date, for the treatment and reference 
groups, show nearly equivalent survival (Figure 1). However, 
there was a difference in causes of death between reference pa
tients and cardiomyoplasty patients. Only about one-quarter of the 
reference patients who died had sudden cardiac death, whereas 
approximately two-thirds of the cardiomyoplasty patients who 
died following initial hospitalization had sudden cardiac death. 
Thus, the proportion of deaths from cardiac pump failure was 
lower in the DCMP patients. In this relatively small series, 
cardiomyoplasty appeared to have little effect on the tachy-
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Figure I Survival of phase II patients. The reference patient survival curve 
incorporates three reference patients who crossed over to the DCMP group. 
These patients are censored in the reference curve and counted in the DCMP 
curve beginning on the date of surgery. There was no significant difference 
between the two curves 

arrhythmias common in heart failure patients that usually account 
for their sudden deaths. It has been suggested that the develop
ment of automatic implantable cardioverter defibrillator capabili
ties in future cardiomyostimulators may help lower the incidence 
of sudden death in this group of patients, and improve their sur
vival'-. 

Cardiomyoplasty patient evaluation at 6 and 12 months showed 
modest but statistically significant improvements in some object
ive test results (Figure 2). LVEF increased from 23% to 26% at 6 
months, representing a 15% increase. At 12 months, stroke 
volume increased from 48 to 57 ml/beat, an 18% increase, and 
left ventricular stroke work index increased from 25 to 32 g/m-
per beat, which is a 27% increase. There was no statistically 
significant change in heart rate, PCWP, CI, or PVR. Maximal ex
ercise performance neither deteriorated nor improved 
significantly at 6 and 12 months. However, evidence of submaxi-
mal exercise improvement may be inferred from the statistically 
significant increase in the 'daily activities' score noted in the 
quality-of-life questionnaire (Figure 3). 

While objective measures showed modest improvement, sub
jective measures continued to show the significant improveinent 
evident in the earlier phase I study. Of the 32 patients with 12-
month follow-up data, 94% were in NYHA class III or IV preop
eratively, but only 12% remained in NYHA III at 12 months, with 
the rest of the patients in NYHA class 1 or II. This change was 
highly significant (p = 0.0001), and resulted in a mean improve
ment from 3.0 preoperatively to 1.7 at 12 months (Figure 4). The 
reference patients also improved their NYHA at 6 and 12 months, 
but the cardiomyoplasty patients' improvement was greater. The 
mean change in NYHA for all treatment patients was 1.2 classes 
at both 6 and 12 months, while for all reference patients it was 
only 0.5 classes at 6 months and 0.6 classes at 12 months. The 
proportion of DCMP patients improving was also greater (Figure 
5). At the 6-month follow-up, 79% of DCMP patients had shown 
improvement, while only 49% of reference patients had improved 
(p = 0.003). Similarly, at 1 year, 84% of DCMP patients had 
shown improvement compared to only 52% of reference patients 
(j} = 0.009). 

These NYHA class changes were reflected in scores for quality 
of life. A quantifiable survey^' was used to provide objective data 
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Figure 3 Quality-oLlife changes in DCMP patients. Daily activities, social 
activilies, quality of interactions, and mental health were significantly in
creased at 6 months in the DCMP patients Cp <0.05). These iinproveinenls 
were greater than most changes seen in the reference patients at both 6 and 12 
months, particularly for daily activities, wliich achieved statistical significance 
at 6 months 
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Hgure 4 Changes in h'YH A cla\s in DCMP patients- The percentage of sur
vivors ill the various NYHA classes is shown as each follow-up point. 
Pseopefativdv, 94% of patients with ii-nionth foliovv-up had been in NYHA 
chiss Hi or IV; at i 2 months hH'ft wei-e m N YItA class I or II, wiiii tiie rnean 
NYHA class improving from 3,0 to ! .7 ip = 0.0001) 

Months In Study 

Figure S Percent,age of patients showing iinprovemenl in NYHA class. Data 
shown represent percentages of surviving patients in DCMP and reference 
groups showing increased NYl-tt dass. Significantly more DCMP patients 
improved their NYHA ciass at 6 and 12 months when compared to reference 
patients ('79 vs 4<», p = 0,003, and 84 vs 52%, p = 0,009, respectively) 

that would support the NYHA assessmenL Patienis responded to 
questions on daily activities, social activities, quality of interac
tion, and mental liealih. Scores range from 0 to 100; lower scores 
are as.sociated with more cooipromised quality of life. Upon en
tering the study, both groups were quite coinproni.isecl in their 
daily activities and social tictivities, but were normal or near-
normal in their quality of interactions and mental health. At 6 
months postoperatively the DCMP patients showed .statistically 
significant improvements in all four areas, and iheir average 
scores moved into the test-defined normal zones for daily activi
ties and social activities (Figure 3). Results were similar at 12 
months but, with fewer patients, only the change in daily activi
ties was statistically significant. While not statistically signiicant, 
in.ost of the reference group's mean scores showed modest in
creases at 6 and 12 months. However, the treatment group's im
provements were greater in imost areas, particularly for daily 
activities, which sichieved statistical significance at 6 months. 

Morbidity as reflected in hospitalizations for cardiac therapy 
was also evaluated. Both groups had approximately the same per
centage of patients hospitahzed for cardiac therapy (excluding 
initial cardiomyoplasty hospitalization) during the first year of 
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follow-up. The frequency of hospitalizations was also similar. 
While the mean number of hospital-days per visit was less for 
treatment patients, this did not reach statistical significance. 
However, the treatment patients entered the ICU significantly less 
frequently, and if admitted, stayed in the ICU for a significantly 
shorter time. Therefore, patients in both groups made the same 
number of trips to the hospital, but it appears that the treatment 
patients' visits were less serious. If confirmed with a larger 
sample size this may not only translate into a better quality of life 
for patients, but possibly less cost to society. 

MECHANISMS OF DYNAMIC CARDIOMYOPLASTY 

The results of the phase II trial appear promising. DCMP allevi
ates the symptoms of moderate to severe heart failure and im
proves the quality of life in most treated patients. Patient selection 
criteria were also further advanced in order to make the proce
dure safer and outcome more consistent. However, evidence that 
DCMP augments systolic cardiac function is modest. This is not 
entirely a new finding. There has always been a lack of consistent 
measurable objective data confirming that DCMP could increase 
the failed contractile force of the diseased myocardium and 
deliver systolic augmentation. In spite of this, almost all series 
report significant symptomatic improvement in their pa-
tients'̂ -''''222'>.26.27.29,3o,34-(o xhesc seemingly paradoxical findings 
have led investigators to wonder if there are other possible 
mechanisms that may help explain why these patients respond so 
well clinically. 

One possible mechanism is that DCMP reduces the myocardial 
wall stress, which is a major determinant of myocardial oxygen 
consumption. Experimentally it was shown that, in an acute heart 
failure mode, DCMP decreased the myocardial wall stress while 
at the same time increasing peak LV systolic pressure*". A reduc
tion in myocardial wall stress was thought to occur through en
hanced systolic contractility, decreased end-systolic dimensions, 
and increased ventricular wall thickness. An increase in wall 
thickness, according to LaPlace's law, would cause a reduction in 
the stress per unit of muscle mass. Long-term reduction in wall 
stress, therefore, may act to improve patient outcome and perhaps 
survival. This reduction in the myocardial stress by DCMP has 
been called 'myocardial sparing effect'. 

Clinical evidence to support this concept has been reported by 
Moreira et alP. Pressure-volume loops obtained by simultaneous 
echocardiographic-hemodynamic studies with the cardiomyos-
timulator turned on compared to off showed a significant reduc
tion of left ventricular end-systolic and end-diastolic stress with 
the device on. This was associated with a significant decrease in 
left ventricular chamber stiffness and an increase in left ventricu
lar maximal elastance. 

DCMP may also provide a more passive benefit to the failing 
hearts in the treated patients. Having skeletal muscle wrapped 
around the heart may prevent the progressive ventricular dilata
tion and deterioration of ventricular function seen with worsening 
heart failure. This in turn may delay or slow down the further 
advance of the underlying disease process. Support for the 
concept of preventing progressive ventricular dilatation in heart 
failure patients can be found in Cohn's publication entitled 
'Structural basis for heart failure"*^. Here Cohn discusses a recent 
hypothesis that systolic dysfunction, which has been thought to be 

related to contractile failure, could be a consequence rather than a 
cause of a structural increase in ventricular chamber volume. If 
this is so, perhaps remodeling, rather than contractile dysfunction, 
is the key to understanding heart failure, and the regression of re
modeling or prevention of progression of remodeling is a thera
peutic goal in heart failure management. 

Experimental animal and clinical DCMP data from several 
sources are relevant here. Experimental studies of this 'girdling 
effect' have shown that even a non-stimulated wrap can 
significantly reduce the progression of LV dilatation and decrease 
in ejection fraction seen with worsening heart failure''^ ''•'. In phase 
II clinical trial data from the American Cardiomyoplasty Group 
the mean left ventricular end-diastolic diameter via echocardio
graphy lessened over time, but did not reach statistical 
significance'"*. Carpenfier et al?'' reported a stable cardiothoracic 
ratio to 3 years following cardiomyoplasty in the largest single-
center series to date. Most compelling, however, are the results of 
pressure-volume studies reported by Kass et al.*''. These studies 
demonstrated that substantial benefit was derived from reverse 
chamber remodeling, most probably from the cardiomyoplasty 
acting 'like an elastic girdle around the heart'. If DCMP can 
affect the remodeling process of failing hearts, then this may also 
contribute to the improved clinical outcome seen in the DCMP 
patients. 

Whatever the mechanism of action, ongoing research in two 
other areas should lead to improved results in future patients. 
First, several reports have recently been published on the ability 
of optimal stimulation timing to significantly improve outcome in 
cardiomyoplasty patients-"''*''"". Also, compelling research is 
being conducted to improve LD muscle viability long-term'^-". 

TRANSPLANTATION VERSUS CARDIOMYOPLASTY: A 
FUTURE PERSPECTIVE 

Dynamic cardiomyoplasty has been in clinical use since 1985 in 
many parts of the world, but is not yet currently approved by the 
FDA in the USA. Many cardiologists are convinced that patients 
in NYHA class III and less can be well managed medically. 
Those patients who have progressed to end-stage heart failure 
have a high perioperative mortality and are therefore not selected. 
Thus patients who might benefit from DCMP are often not re
ferred. This question of patient selection continues to be one of 
the most controversial issues facing DCMP today. 

Currently, it is generally accepted that heart transplant is the 
treatment of choice for end-stage heart failure patients'", since 
5-year survival in most centers is over 60%. However, this proce
dure is not without its disadvantages, as mentioned earlier. An 
estimated 40 000 Americans below age 65 are transplant 
candidates, but only about 2000 heart transplants are done each 
year, due to the limited supply of donors''. With the aging popu
lation, more patients are going to be rejected for transplant and 
more patients will be waiting longer for their hearts, suffering and 
even dying as the lists get longer. The population of patients who 
will most likely be considered for DCMP will probably prove to 
comprise those patients clinically deteriorating despite being on 
maximum medical therapy, and who either are rejected for heart 
transplant or appear to have little chance of finding a timely 
donor. 
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COMMENT 

A randomized prospective phase III DCMP clinical trial organ
ized by Medtronic. Inc. is currently under way in North America 
using Medtronic"s second-generation Transform^" cardiomyo-
stimulator system. Patients who meet the selection criteria will be 
randomized to either DCMP or medical therapy. In order to 
achieve statistical power, 200 patients will be assigned to each 
arm of the study. Although such a study is the gold standard in 
clinical trials, a prospective randomized trial for DCMP will face 
a number of methodological, ethical and logistic challenges which 
need to be overcome for its successful completion*^'. Conclusive 
confirmation of its clinical efficacy will establish DCMP as a 
useful modality of therapy for selected patients with chronic heart 
failure. 
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87 
Cultured Cardiomyocytes 
F.yy. SMART, W. CLAYCOMB, J. DELCARPIO AND C. VAN METER 

INTRODUCTION 

The shortage of donor organs for cardiac transplantation con
tinues to fuel the search for alternatives to the transplantation of 
human heart allografts' -. To alleviate this profound cardiac donor 
shortage, attention has recently focused on the use of biological 
and mechanical assist devices for permanent implantation'"' and 
xenogeneic whole organ transplants. Therapies to repair damaged 
hearts are also gaining acceptance, such as high-risk coronary 
bypass grafting and transmyocardial laser revascularization'''^. 
Cell transplantation is one method of augmenting these repair 
processes. 

Adult heart muscle has no reserve capacity to regenerate fol
lowing injury to the myocardium*''. As a result, myocardial in
farction or progressive heart disease, such as cardiomyopathy, 
leads to the loss of myocytes and impairment of ventricular func
tion. Once a significant amount of cardiac mass is damaged the 
patient develops intractable heart failure and is responsive only to 
cardiac transplantation. 

The use of biologic agents to repair heart muscle has gained 
considerable attention in recent years. Cardiomyoplasty is a pro
cedure in which the latissimus dorsi muscle is mobilized, still at
tached to its neurovascular pedicle, and is wrapped around the 
failing heart'" " (Chapter 4). When paced in conjunction with the 
recipient heart beat, this muscle wrap may augment the ventricu
lar function. Similar skeletal muscle wraps have also been used 
around the aorta to form a counterpulsation device or, in other 
efforts, to create a skeletal muscle ventricle that would work in 
series with the patient's heart'-. Another type of biologic augmen
tation is the use of skeletal muscle myoblasts. Experiments have 
been conducted into the ability of skeletal muscle to regenerate 
following injury. The presence of satellite cells capable of divid
ing and growing allows this muscle to repair itself. These satellite 
cells are harvested and injected into a recipient whose muscle 
may have been damaged by muscular dystrophy'^. Cell trans
plants have been shown to improve function in the skeletal 
muscle of recipients with muscular dystrophy. Satellite cells have 
also been injected into the hearts of both mice and swine'**. The 
cells grow in this living matrix, but studies thus far do not show 

appropriately formed gap junctions. This raises the question as to 
whether these cells will ever electrically couple to the cardiac 
muscle cell. 

A potentially more promising area of investigation now focuses 
on the use of fetal muscle cells that still have the ability to divide. 
Such cells are harvested and placed into the recipient adult myo
cardium. Early experiments in this area have focused on the use 
of syngeneic mouse cardiomyocytes, placed by direct injection 
into the free wall of the left ventricle of an adult mouse'' '"'. 
Subsequent genetic modification of cells so that they are more apt 
to grow after injection has also been reported'" '•*. The following 
will explain the use of such a genetically modified cell line. The 
results of experiments thus far undertaken in in-vitro culture and 
research ongoing in the adult swine will be reviewed. 

IN-VITRO AND RODENT STUDIES 

Co-culture experiments 

Experiments utilizing I-day-old or neonatal rat ventricular car
diomyocytes were conducted. Heart muscle cells were isolated by 
the protocols of Claycomb and Palazzo'^", and modified after 
Claycomb and Lanson-'. Rats were anesthetized and their hearts 
were removed and placed into cold Joklik's medium. The hearts 
were then attached to a short Frederick's condenser by the use of 
a three-way stop-cock and retrogradely perfused through the aorta 
with enzyme-free Joklik's medium. This was followed immedi
ately by retrograde perfusion with Joklik's medium containing 
1 mg/ml of type II collagenase. All solutions were maintained 
at37°C, and gassed with a 0.8 ml filtered mixture of 95% O, 
and 5% CO^. Once softened, the hearts were removed, minced 
and subjected to gentle digestion in fresh collagenase by stirring 
in a heated rotating shaker bath. The cells were collected and 
washed in serum-free Joklik's medium and then pooled. Cells 
were then plated and grown to confluence. 

A lineage of AT-1 tumor cells was obtained from transgenic 
mice produced by targeting the expression of SV40 large T 
antigen to the cardiac atria. These mice exhibited unilateral right 
atrial tumor genesis. Transgenic atrial cells were isolated from 
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Figui • .• , . • • • - • ' „ - , • Si":' --̂ T" '• luinour cell and (V) is ihe adiij! ra. veiitrieiilar snyocyte. Panel 
(b) shows a gap junction belween these nvo cells (aiTow). Panel (c) is a higlici siiagnificaticin of" tliis jame gap jiinciion 

these atria, and injected subcutaneously into syngeneic host mice. 
Cardioniyocytes derived from this transplanted luinor lineage re^ 
tained tlie capacity to proliferate in culture and express cardiac 
specific geoes. These cardioniyocytes exhibit all the morphologic 
characteristics typically associated with adult atrial cardiac myo
cytes. This isolate of cells in in-vitro culture with adult rat ven
tricular cardioniyocytes was noted to form gap junctions (Figure 
I). This was confirmed by immunohistochemical staining for the 
connexin protein pari-cadherin (Figure 2). Under real-time mi
croscopy they were also observed to beat in synchrony with the 
rat ventricular myocyte. This in-vitro work confirmed Ihe assump-
lion that, by using either genetically altered or undifferentiated 
cells, xenogeneic cell transplantation was feasible. 

Syngeneic and xenoieneic injections in rodents 

Subsequent experiments focused on the AT-1 cell being trans
planted by direct injection inio the adult rat ventricle. AT-1 cells 
were prepared by the method previously outlined. The cells were 
injected into syngeneic mice and immunosuppressed rats. Rats 
were immunosuppressed with cyclosporin A (given through 
gavage feeding) as the sole immunosuppressant agent. Again, the 
cells were transplanted by direct injection into the left ventricular 
wall and allowed to grow for several weelts. Histological analysis 

at the time of harvesting indicated that, in both the syngeneic 
mouse and the immunosuppressed rat, AT-1 cells formed nascent 
intercalated disks with each other, and morphologically rudimen
tary junctions with host myocytes. Contractile proteins and atrial 
granules were also present (Figure 3). Having demonstrated that 
these genetically altered AT-1 lumor cells would grow and form 
what appeared to be gap junctions with host myocytes, the stage 
was set for using myocytes with a potential to differentiate into an 
adult myocyte. 

Fetal and neonatal m f o c f t e injections 

Isolation of fetal mouse and neonatal rat cardiomyocytes followed 
previously published protocols-'. Briefly, the hearts of 2-day-old 
neonatal rats were dissected out, minced and rinsed in sterile 
phosphate-buffered saline (PBS). Tissue pieces were shaken 
overnight in 0.125% trypsin in PBS at 4°C. After 16 hours they 
were rinsed in PBS and subjected to four or ive sequential diges
tions in 0.1% collagenase in PBS at 37°C. Isolated cells from 
each digestion were rinsed in PBS and pooled. These cells were 
then injected into the adult rat, and again were found to grow 
within the host myocardium and to form rudimentary intercalated 
disks. Interestingly, there was also an increase in angiogenesis. 
The microscopy of these cells indicated that the morphology is 
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Still in a more neonatal form (Figure 4). However, these experi
ments suggested that it would be possible to use a neonatal allo
geneic or even xenogeneic cell to potentially repair a damaged 
host myocardium. Additionally, the presence of oeovasculature in 
the area of the cell transplant indicated that this repair process 
would potentially augment the vascular supply not only lo the 
transplanted cell lineage, but also to other areas of potentially 
ischemic host myocytes following myocardial infarction. 

Figure 2 irnmunohi-ir-ischernicai siaiii iisins iv/o antibodies- The first ir. an 
antibody direcceci against the large T antigen of the AT-! ceil Tihs Ntains i!:C 
nncicus of the AT-i cell bright s-range. The ssecood, an amibody directed 
against. I^an-Cadhcrin t.a con.nexio proleiii). slaitis wiili iight y.rc.ei: '.o wh.it;' 
and can be seen Jirer to the rigiit of liie A T • I ce1i nucleus. Ttiis i.> tlic site of ih.e 
gap juncajem between tbi .AT-• ceii tifid ihe tat venlricular myocj'tf. 

LARGE-ANIMAL S i y O I E S 

Xenogeneic transplants 

This protocol was then taken to the large animal for Icsting, lo 
determine if the aduli swine would accept these cells as readily as 
rodents. The swine model was chosen because the coronary 
anatomy is .similar io die htunan, and creating a percutaneous 
infarction in these animais is possible. 

•Seven adult Yorkshire swine were anesthetized with keiamine 
and pemobarbilaL intubated and ventilated wilh isofluorane hy a 
pressure-controlled respirator. Venous access was acconipiished 
by fdacement of a subcutaneous infusicm catheter, and subse-
queriiiy beryliiiiro. (5 mg/kg,i and diltiazern (2.5 mg/kg) were 
given iiitraveiiously b> cotistant infusion to prevent ventricular 
dysrhythmias. Using aseptic technique a median siemolomy was 
pcrfotTiied and a pericardia! well was created. Isolated cardiomyo-
cytcs in Joklik's medium were directly injected into die myo
cardium dirougb a 26-ga.uge needle iisnig a lubercuiiii syringe. 

.»!' % 

Figure 3 A: The arrow indicates an atrial granule prehcnt iii ihe .^T-l iraniiplanl itself. B: The doa-
in the AT-] cell after liaving been transplanled inlo an immundsuppreased ral 

die protein present 
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F i g y r c 4 Four iveeks poit-lranspiaiitafion of freshly isolated I •.:...•.•. : •• •• .i ••..::...•• liorayocytes. A: Medium magnification of traDsplanted ventricular car-

diiimyocytes from a 16-day mouse fetus. While tlie transplant rc;-" ••:• ••••• •••• ; •;• .:•••• •>.•;• • •-:-i.uitm (arrowheads), there is neverthelebs close contact between host car-

diomyocyles and the darkly stained transplanled cells (arrow) ( - •'.;";• ••"• •••;.•••£. •. ' .f the region sutTOundiiig the arrow in A, indicating the close contact of 

host and transplant cehs (arrowheads); the asterisk indicates lumen of blood vessels in the transplant region ( x 320, H&E) 

Approximately 1 X 1 0 ' ' cardiomyoblasts were transplanted with 
each injection in a volume of approximately 100 /i-1. Control in
jections were performed utilizing 100 (il of Joklik's medium 
alone. The injection sites were identified by placing a 7/0 proline 
suture into the myocardium in the area of the injection (Figure 5), 
The midline sternotomy was closed, atid the pericardial and tho
racic spaces were evacuated of residual air. 

Animals were then started on an innmunosuppressant regimen 
consisting of oral cyclosporin (15 nig/kg per day) to maintain 
whole blood cyclosporin levels of 150-300 ng/dl by TDX (Abbot 
Labs) assay. Additionally, animals were given prednisone (0.3 
mg/kg per day) and were allowed to recover for 1 month follow
ing the transplant of these cardiomyocytes. All animals trans
planted tolerated the procedure very well, and in no instance did 
an animal die prior to the scheduled harvesting time, CK (creati-
tiine kinase) and CKMB isoenzyme fractions were obtained 
within 24 hours of injection of the cells. There was no significant 
increase in MB fraction, indicating no myocardial death from the 
cellular implantation. No animals developed any significant 
illness. Two animals had a postoperative fever that was attribut

able to local inflammation of the skin incision in the area of the 
Porta Cath. They were treated with amoxicillin, and quiclcly 
improved. 

At the end of 1 month the animals were again sedated with ket-
amine and pentobarbital, and placed on a pressure-cycle ventilator 
with isoflurane. The chest was again opened through a median 
sternotomy aod the heart freed of any adhesions. The animals 
were then hcparinized to prevent clotting in the microva.sculature 
and the organ explanted with subsequent exsanguination of the 
animal. The hearts were then perfusion-fixed by selectively can-
nuladng the left and right coronary arteries, flushing with saline, 
and then continually iushing under 100 mmHg pressure with 
phosphate-buffered 4% paraformaldehyde/1% glutaraldchyde 
fixative for 40 minutes. The excised whole hearts were then fixed 
an additional 7 days in 4% glutaraldehyde/O.l molar sodium ea-
codylate. Following adequate fixation, injection sites were 
identified by locating the proline sutures, and the 1 cm^ areas 
around these injection sites were excised and rinsed for an addi
tional week in 0.1 molar sodium cacodylate buffer, with freqoent 
changes of buffer. The blocks were further sectioned for both 
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A B 

Figure S A: A whuie hearl specimen in which une can see three prolene sutures in Ihe epicardial surface, markiiig ilie area of ihe iransplanied cells. B: Luw-
powcr Hiicrograpli (heiiuuoxyliu-eo.siri Nlain) i>l' myix-ardium. Towards itie lower purticm i.if the micrograph a prolejic suture can be isJenhfied. Atiove il is a nest of 
injected cells in tlic cpicardial surface 

light and electron microscopy. For the purposes of electron 
microscopy, tissue samples were post-fixed in 1.0 osmium 
tetroxidc/0,1 inol/l sodium cacodylatc, in block. Staining used 
0.5% aqueous uranyl acetate, dehydrated io acetone and 
infiltrated and embedded in Polybed 812 (Polysciences). Thin 
sections were examined in a JEOL 12/10 transmission electron 
microscope. Images were obtained on a Kodak 4489 EM film. 
Tissue blocks were prepared for light histology by embedding in 
paraffin, sectioning, and staining with liematoxolyn and eosin. 

Neonatal rat myocytes, AT-1 mouse cells, mouse ventricular 
cells, and neonatal porcine myocytes were implanted into the 
adult pig ventricle. The preparation of the porcine cells was 
similar to the technique used for rat myocytes previously de-
.scribed. Figures 6-11 illustrate the results of these e.xperiments. 
In all of these experiments, cells were identified in the trans
planted region. There seemed to be no gross encapsulation or 
significant T cell or other inflammatory cell response, indicating 
no significant rejection of the allogeneic or xenogeneic tran.s-
planted cells. In addition, all injection sites demonstrated a 
marked increase in the neovascularization, which was felt to be a 
result of these transplanted cells. The sham injections of Joklik's 

Figure fi This lieinonstrates injection of mouse ventricular cells into the 
adult pig myocardium. Note that ihe mouse vemricular transplanted cells arc 
easily identifiable as small basophilic cells. They can be seen .moving in 
lietween Ihe myocardial fibres of ihe host myocardium. Of note is ihe striking 
amount of neovascularization, as represented by multiple capillaries dnipersed 
among the transplanted cell line and the host myocardiuin 
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Figure 7 Fc?3i fjig ce!! Unc irijtcted inio in 3du!i pig vcr.tncic scci! ;:t i 
power (X 90) arid siaiiicd with iictnstoxvliri-cosiri. 'I'hc Iransnlaiitcd ceii line 
is rcprcscritsd by tiic smM biisophiljc ce!K in the center of the panel. Hiii-. cx-
perimeni does shuw eUuSui) inure fibiosis asuund ihe lran>piaiile.d ,:<•','• iitie 
dian had previnu^iv bt'en seen. -He>wc\'s:r, liic iiicrciLSC in iicovasciiiarizaiion is 
slrikic.g, vvidi tile entire fieiti being taken up l̂ y the presenee of iiew eapillaries 
flironahout tiie >n)'Ocar'dium 

Figure 9 Eiectrcii micrugrapb of .-Vl'-i cells Ifa . pig 
iic-art. AT-I labelling ueiiote;. tiie transplanted €•-- , ....-.- the 
adult pig liost cell, '.rhe arrow depicts a gap junction between the AT-1 cell 
;md lai adtdf ]vo myocyte 

medium containing no cells did not show this degree of 
neovascularization. 

Using electron microscopy we have been able to identify 
nascent junctional contacts between host ventricular eardiomyo-
cytes and transplanted AT-1 cells, again suggesting that these 
transplanted cells may, in the large animal, significantly add to 
the overall contractile mass of a damaged host myocardium. 

Armed with the anatomic information described, physiologic 
studies have now been undertaken. Similar transplant experiments 
utilizing strictly mouse ventricular cells and fetal pig cells have 
been undertaken in a myocardial infarct model. 

Figure 8 Higher magnification (X 330) li&E stain of fetal pig cells trans
planted into the ventricle of an adult pig. The fibroid encapsnlation that was 
rioied in Figure 7 is preseiU surrounding the transplanted cell line. Multiple 
small capillaries, lined with what histologically appear to be endothelial cells, 
arc present at the border zone of the transplanted cell line 

Myocardial infarct preparation 

Adult Yorkshire swine are anesthetized with ketamine and phcno-
barbital and placed under isofluorane anesthesia delivered by 
pressure ventilation. Through a 2 cm incision in the right groin, 
the femoral artery is isolated and cannulated with a sterile 8 
French introducer sheath (Cordis Co.). Through this, a 100 cm 
Cordis multipurpose catheter is placed into the aortic root, using 
direct fluoroscopic guidance. Intracoronary angiograms are per-
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These 
.• iiled into an adult pig tiearl, Bolii panels depict adherence junctions between transplanted AT-1 cells. 
i;ap junctions wiih themselves and, as previously ntiied, with the adult pig myocyte 
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Figure II Electron micrograph depicting a transplanted fetal pig atrial cell 
iB an adult pig heart. The host adult pig cell (AP) is noted at the bottom of the 
panel. The airow depicts an adherence junction between two transplanted fetai 
atrial cells. The asterisk indicates a capillary that was induced in the area. The 
box in the lower right of the panel depicts at higher power the adherence junc
tion noted above 

branches of the circumflex coronan' artery, depending on the in
dividual coronary aoatomy. Again, cine angiography is used to 
conirm the piacenient of this catheter. Throtigh tlie catheter, a 
Cooper emboiizalioe coil (Cook Co.) is then placed using a 0,03.*! 
giiidewire for deployment. The embolization coil is deployed in 
the mid portion of the left anterior descending coronary artery or 
at one of the proximal sites of one of the larger obtuse marginal 
branches of ihe circumflex coronary artery. 

Electrocardiographic confirmation of myocardial infarction is 
seen by the presence of marlted ST segment elevation, and occlu
sion is confirmed by a repeat coronary angiogram. The animals 
are given high doses of bretylium and diltiazem to prevent ven
tricular fibrillation, and standliy DC cardioversion is present if 
ventricular tachycardia/fibrillation were to occur. Tlie catiieter ap
paratus is then removed from the animal. The swine is allowed to 
recover for 4 hours under anesthesia with the arterial line in place. 
During this lime, Ijrctyliurn and diltiazem are titrated to relative 
bradycardia and the pixsence of significant ventricular dysrhyth
mias. With this model approximately 60-70% of the animals 
survive the myocardial infarction and go on to recover for ap
proximately 1 month. 

fornied with the injection of Renograin (E.R. Squibb Inc.) con
trast material, and the coronary anatomy is diagrammed. 

Through this 8 French guide catheter, a 5 French HI emboliza
tion catheter is placed. This is maneuvered down into the left an
terior descending coronary artery or one of the obtuse marginal 

Cell transplant into an infarct zone 

At the end of 1 month the animals are opened by median ster
notomy, and the zone of myocardial infarction is identified by 
direct visualization. The infarct zone is then confirmed through 
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Figure 12 A representative Doppler thickening probe tracing. The upper panel shows an upward deflection from baseline following electrical systole (QRS) on 
the ECG. In the lower panel a negative deflection from baseline is seen following the QRS complex on the ECG. representing thiEning m the infarct region 

tise of a Doppler thickening probe placed on the surface of the 
myocardium, wliich measures myocardial thickening in the region 
of interest (Figure 12). This probe generates the curve shown in 
normal myocardium, and shows myocardial thinning in the region 
of infarction. These probes are then left in place, sutured to the 

cardiac surface with 7/0 proline sutures, mouse ventricular cells 
or neonatal pig myocytes are then implanted in the area of infarc
tion and also at the border zone between infarcted tissue and 
normal myocardium. Again, the median sternotomy is closed, and 
the animals arc allowed to recover for ,ati additional month 
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while being immunosuppressed with cyclosporin (15 mg/kg per 
day) and prednisone (0.3 mg/kg per day). 

At tiie end of a montli the animals are again anesthetized and 
sacrificed with perfusion fixation of the hearts as previously de
scribed. This lime, however, prior to sacrifice, repeat readings are 
talcen using a Doppler thickening probe in the area of iDtcrest, to 
detcnnine if there is a physiologic improvement in myocardial 
function. Ver}' preliminary data indicate tfiat there may be some 
improvement in the function of the myocardium in the area of in
terest, and studies are cuiTently ongoing to delineate the overall 
thickening and the electrical activity of the cells in the region of 
interest by the measurement of monophasic action potentials. 

Figure 13 depicts the mouse ventricular cells transplanted into 
the infarct zone. The section shows the transplanted cell line 
growing in the center of a zone of infarction with no normal my
ocardium adjacent. One can see that, even in an area of infarction, 
these cells are able to grow and induce neovascularization, a 
process that would be necessary for the overall improvement in 
function required in a patient with ischemic cardiomyopathy. 

FUTURE STUDIES AND CLINICAL APPLICATIONS 

While cardiomyocyte transplantation is still in the early stages, 
advances have been made that are certainly promising for the de
velopment of a procedure by which certain hearts can be repaired 
using either allogeoeic or xenogeneic transplanted cells. 
Additionally, an understanding of the mechanisms that control the 
myocyte cell cycle may allow investigators to design manipula
tions which could initiate repair or regeneration of the adult 
myocardium. 

Direct transplantation of genetically altered cardiomyocytes 
will likely result in three important consideratioos for the ultimate 
repair of a failing heart. First, an actual increase in viable my
ocytes can be accomplished. It remains to be seen whether these 
myocytes will differentiate and manifest adult contractile pro-

Figurp J4 l\-iitei <>t '> ipaturc rayocirdiil mfjn tinn The s»\iiie li.td Ihr 
iiiliiLi iiid.iietl J .iiiiiitn puiii tt. tell .inpL.nt by .KLIUMUII <>< the iihtiise inai 
giii.ll ,'iri.iur} diiCfi. !i! fh.it mne iTiuu'.e ĵfiiiniuLir lells. Hfif iiaiKfjIanttnl 
lUtc tin 111141' I and ,)llii«eJ Ki {JIDW lor 1 uu'iili This pdnel vi hema-
t>.a\hti pi)«in stjincd inlarc! show^ the acell liai ŝ ai nresenl wiih ,\ laigi 
.mraint -il n^T-a-culanzation this »ecurn wjs uiken dl a Mte dii-taiii noni IIK 
HL-1 trdiî pia.ited cell liuc, so itial IKJ irari>p1.miKi ecHs .ue ,„"-.'ii in thi. p.mel 

terns Howe\ er, smce no other iiripednnrnt,s to cell diffeieutiation 
h,nf been induced, and the Mgnal for termm.tl diiferentialinn cer-
larnl) exists m the adult animal, it is picsumed that 'Mih linit 
these cardii,.m>oc)it'N .vill produce adequate amnmits of ,<dult 
ciiniractile prnfem 

ScLOudly. these transplanted cells cm be used to induce repair 
ot the damaged myocardiuni The profound aogiogenesis nored at 
the area,-, of tran^pkntauon 'Oggests that these celk ha\e the 
abih1} !ti induce neovasculari/ation This oct ur\ c\en m a zone nf 
Hiiarciiun 'Figure 141, With this technique a nuniber i.f cell lio-
eages can be made and used to induce changes m the native myo
cardium. Angmgenic lactnr.s, such as VHGF, could puleiitialh 
incredse the \ascular flvW tu an uchemic area of mvocardram 

Fmall}, this area of study also provides \aluahle iii«ight inni the 
tield of \eiiogeneic transplant.ilion, since the anioiint ol rejection 
picseni m lliese tianspl.Mted xenogeneic cell* is kubbtantially kss 
ih:in seen m whole organ Acnogratts. This is possibly because ot a 
lack OT cell surface markers m these isolated neonal.al ventricular 
myocytes Addnion.dlj. .dmosi puie mytscjtes and no endothelial 
veils 'ire bemg transplanted. This may explain why the recogmiion 
of the MHC antigens on these transplanted cells seems t<i be less 
than m the whole organ Caidiomyotyie liansplantatioii wdl 
'.lead} opand our knowledge ot transplantation m general, .md 
has the potential to act as a patch to repair a damaged heart, poien-
tially decreasing the need lor traospldnlatioii of riuire lie.iHs. 

Figure 13 Ixiw-power (X 100) trichrome slide depicls mouse ventricular cells 
transplanted into the center of a myocardial infarction after 1 month of healing 
of tlie infarct. The basophilic transplanted mouse ventiicular cells can be seen in 
the center of the slide, with the acellular scar tissue completely surrounding the 
transplanted cell line. It is of extreme interest to note the amount of neovascular
ization present even in ttie scar tissue of the mature myocai'dia! infairtion 
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Myocardial Regeneration with Skeletal Muscle 
Satellite Cells 
GJ. MAGOVERN Sr 

INTRODUCTION 

Heart failure, arising from multiple etiologies, results in exten
sive myocardial damage as dying myocytes are replaced by hy
perplasia of non-contractile connective tissue. Loss of contractile 
function leads to a reduction in pumping capacity of the heart, 
and initiates a cascade of systemic compensatory actions which 
ultimately exacerbate and extend myocardial destruction. 

At Allegheny General, and other centers, an important new 
focus for cardiac assist research is the use of autologous skeletal 
muscle to augment the failing myocardium. Obviously, normal 
skeletal muscle would fatigue rapidly if stimulated to perform at 
the level of the myocardium, but skeletal muscle does retain the 
genetic capability for transformation to a fatigue-resistant meta
bolic state. Transformation techniques (most often by electrical 
stimulation) are now well established, and the biochemical corre
lates of this transformation have been described by ourselves' and 
others-^. Although much remains to be done to elucidate the 
mechanisms of muscle transformation, we have expanded our 
studies to a corollary investigation into myocardial regeneration 
via skeletal muscle satellite cells, myogenic stem cells which can 
differentiate and form contractile tissue. 

In vertebrates, muscle cells lose the ability to undergo mitosis 
following the neonatal period. Skeletal muscle, unlike cardiac 
muscle, retains the ability to regenerate, and the source for cellu
lar repletion is the skeletal muscle satellite cell. Satellite cells 
divide to produce cells resembling myoblasts. In a process similar 
to the embryonic development of muscle tissue, these new myo
blasts fuse to form a primitive structure known as a myotube, 
which is capable of maturing into a contractile myofiber. 

First described by Mauro in 1961', satellite cells are found 
under or imbedded in the basal lamina of skeletal muscle. 
Autoradiographic studies completed by Snow in 1977'' provided 
strong presumptive evidence that the satellite cell was the precur
sor for new myofibers in denervated or injured muscle. The myo
genic potential of satellite cells was confirmed by Lipton and 
Schultz ^ in 1979 in a definitive study using pure clonal cultures 
of satellite cells. Pioneering work by Morgan et al.'' established 
the ability of these cells to initiate muscle regeneration in 

congenital myopathies or injuries in the skeletal muscle following 
culture and translocation. This work was recently extended by 
Alameddine et alJ, who demonstrated functional improvement in 
damaged muscles grafted with autologous cultured satellite cells. 
We hypothesized that skeletal muscle satellite cells could serve 
a similar function if cultured and translocated into the damaged 
myocardium of a syngeneic host. 

Using animal models we have successfully isolated skeletal 
muscle satellite cells, cultured them in vitro, and implanted 
them into injured myocardium. The implanted cells have been 
demonstrated to multiply and differentiate into muscle cells with 
some characteristics of cardiac myocytes*. Studies recapitulat
ing these findings have recently been described by Zibaitis 
et al!*. Using these techniques it should be possible to develop 
an entirely new approach to therapy for heart failure using the 
patient's own 'home-grown' repair cells as the therapeutic 
agent, and directly targeting the injury which has initiated the 
disease process. 

SUMMARY OF SATELLITE CELL INVESTIGATIONS AT 
ALLEGHENY GENERAL HOSPITAL 

Satellite cell culture yield 

Initial studies focused on optimization of satellite cell isolation 
techniques. Cell yield and purity are critical for long-term implan
tation studies. For the technique to be widely usable for clinical 
myocardial transplantation the amount of muscle resected needed 
to be limited to the 0.02-0.04 g available from a standard muscle 
biopsy. The minimum requirement for satellite cell yield from a 
biopsy sample is approximately 10^ cells. 

The first challenge was to improve the yield of satellite cells for 
a given muscle sample without compromising the mitotic capabil
ity of the cells. A set of experiments was performed to determine 
the optimal concentration of fibroblast growth factor (FGF) for 
culture of animal satellite cells. It was determined that 40 jxX 
FGF/plate resulted in the greatest increase in cell numbers; this 
concentration was therefore used for all subsequent cultures. Cell 

785 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

yield was further enhanced by maintaining high optimal nutrient 
and FGF concentrations via multiple feedings, and by keeping the 
plates on a rocker during incubation to prevent local depletion of 
FGF. 

A second set of experiments was designed to improve satellite 
cell purity by decreasing fibroblast contamination. Because 
fibroblasts have a greater plating efficiency than myoblasts, using 
uncoated plates to preplate cell suspensions will preferentially 
remove fibrobla.sts from culture during transfer. The optimal col-
lagenase treatment time for detaching satellite cells, but not 
fibroblasts, from the plates was also determined. The resultant 
subcultures contained at least 98% satellite cells and, in many 
cases, were greater than 99% pure. 

Using our improved techniques a 0.025-0.035 g sample of 
mouse hindlimb muscle was shown to produce approximately 
7.8 X 10^ myosateilite cells with a doubling time of 1.7 ± 0.1 
times/day at day 3 of culture. Based on these estimates it was cal
culated to take less than 7 days and 12 doublings to achieve a 
yield of 10^ cells. Myosateilite cells are capable of doubling ap
proximately 30-35 times before becoming senescent. Thus, a sat
isfactory yield of satellite cells was obtained from a small muscle 
sample without exhausting the mitotic capability of the cells. 

Cryoinjurv model 

Another focus of our studies was to develop an animal model 
with a reproducible myocardial defect similar to the injury pat
terns seen in humans. The ideal lesion had to demonstrate de
struction of the myocytes in the area of injury with reversible 
damage to the peripheral blood vessels and connective tissue 
cells. Retained vascularity was necessary for cultured cells to 
survive in this area, and connective tissue was needed to provide 
a matrix for attachment of the transplanted cells. A reproducible 
injury model was achieved via cryoinjury using a 5 cm diameter 
cryoprobe cooled to -160°C by internally circulating liquid nitro
gen. An obvious contrast between injured and normal tissue was 
documented on gross examination, and uniformly destroyed 
cardiac myocytes and fibrous scar formation were documented 
histologically. 

Cell marking 

A reliable method of labeling the satellite cells prior to implantation 
was needed to document survival and adaptation of the cells in the 
myocardial injury site. Successful labeling was attained with the 
radioisotope ['Hjthymidine. This method, however, was limited by 
the loss of labeling intensity over time as the cell divided. 

Our work then concentrated on marking the cells with fluores
cent beads. Heavily labeled dilutions resulted in cellular death. A 
1:10 dilution appeared to be the best concentration, since it 
caused little cell disruption and produced a high percentage of 
labeling (>90%), with a significant number of beads per cell. 

Transplantation of satellKe cells 

Cultured satellite cells were transplanted into canine myocardium. 
Four-day cultures were selected to allow more of the differentia

tion process to take place within the myocardial injury site. 
Viable muscle was identified both grossly and by Mason 
trichrome stains in the implant sites. As judged by the appearance 
of the mitochondria, glycogen, and intercalated discs, regenerated 
muscle cells displayed morphological characteristics similar to 
those of cardiac myocytes. In some cases the newly formed 
muscle cells appeared to have developed specialized cell junc
tions either with adjacent cardiac cells or with each other, and to 
have taken on the appearance of cardiomyocytes. 

In another group of animals satellite cells labeled with beads or 
[^HJthymidine were implanted in the myocardium. At 6 weeks, 
implanted sites demonstrated clearly viable labeled satellite cells. 
Presence of the label was definitive evidence that these cells arose 
from transplanted cells and not the native heart. Only scar tissue, 
with no evidence of muscle cells, was observed in injury areas 
which had not been injected with the cultured cells, 

COMMENT 

In animal studies, techniques have been refined to reliably 
produce cultures of satellite cells with clinically applicable levels 
of cell yield and purity. An animal model of myocardial injury 
has been developed and used to evaluate the short-term response 
of cultured cells to myocardial implantation. The results of these 
studies have confirmed that cultured satellite cells survive translo
cation and begin a process of differentiation which closely resem
bles that seen during skeletal muscle repair. In future studies 
techniques for animal cell culture will be adapted and refined for 
use with human satellite cells. Development of genetic markers 
for canine and human satellite cells will allow us to document the 
fate of these cells through multiple mitotic cycles. Animal studies 
will then examine the long-term effects of satellite cell implanta
tion for functional improvement of the heart. 

The ability of myofibers regenerated from skeletal muscle pre
cursors to function within the myocardium will depend on the 
adaptive capabilities which these cells retain through culture and 
translocation. One recent study examined the potential of satellite 
cells for diversification"^. In fused cultures of human satellite 
cells all clones examined revealed a mix of fast and slow myosin 
heavy-chain isoforms. Studies by Wehrle" confirmed that 
isoform transformation can be induced by chronic electrical stimu
lation in myotube cultures derived from the satellite cells 
of rat soleus (slow-twitch) muscle. 

The future of myocardial regeneration via skeletal muscle 
satellite cells will most probably be realized through an approach 
which may be called 'cellular cardiomyoplasty'. Combining ele
ments of transplantation and cardiomyoplasty, the goal of this 
technique will be to transplant autologous satellite cells into 
damaged myocardium for differentiation and growth. Using 
methods refined from skeletal muscle cardiomyoplasty these 
grafts can be trained for fatigue-resistance and stimulated to con
tract with the heart. 

Currently our work has focused on methods for culture and 
translocation of syngeneic cell lines. Other investigators'^ have 
reported successful reimplantation of allogeneic or xenogeneic 
neonatal myoblasts into porcine myocardium. The translocated 
cells were shown to proliferate within the implant sites. These 
studies are promising; however, ethical and political difficulties 
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involved with the use of neonatal tissue may limit the usefulness 
of these techniques in the clinic. 

The work described here presents a fascinating but nascent area 
of cardiac assist research. Many questions remain to be answered, 
and it is hoped that this brief review will stimulate the growth of 
research in the field. The theoretical basis for myocardial regener
ation with skeletal muscle satellite cells is sound and the initial 
studies are promising. We look forward to collaborating in the de
velopment of a novel, yet ideal, approach to the treatment of heart 
failure. 
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Lung Votume Reduction Surgery in Patients with 
Emphysema 
\N. KLEPETKO, E. TSCHEHNKO, W. WISSER AND T. WANKE 

HISTORY 

Surgica interest has long been directed to the treatment of pa
tients w th emphysema. This has resulted in a remarkable number 
of diffeient approaches in surgical history. 

The earliest interventions focused on the marked hyperinflation 
of the lungs, and were intended to restore the normal size of the 
thoracic cavity by procedures such as costochondrectomy, thora-
coplast', phrenic nerve paralysis, or creation of pneumoperi
toneum . Other procedures were directed towards treatment of 
expirat('ry airway collapse. These included suturing of a bone 
graft to the posterior wall of the trachea and major bronchi, or re
inforcement of the tracheal wall with a polyethylene prosthesis. In 
a third concept it was intended to overcome the bronchospastic 
compor ent of the disease. Resections of various parts of the auto
nomic nervous system, such as the vagus, cervical and stellate 
ganglia or the posterior pulmonary plexus, were performed with 
the sarre frustrating results that had been achieved with the ap-
proache s mentioned before. 

The list of different concepts and postulated procedures can be 
continued with parietal pleurectomy and poudrage, with the in
tention of increasing the blood supply to the emphysematous 
parenctyma, and with radiotherapy, to achieve shrinking of the 
enlarge i lung. However, all of these approaches only partially un-
derstocd (or even completely misunderstood) the underlying 
pathopliysiology of the disease. Therefore, only marginal im-
proverrent or. in the majority of patients, deterioration of lung 
functit) 1 was observed. 

As a consequence of these failures, surgical interest in the treat
ment o: patients with emphysema focused on the bullous form of 
the disi-ase for more than two decades^. In these patients it was 
demonstrated very impressively that resection of large bullae re
sulted i ti relief of compressed lung parenchyma and improvement 
in lung function. On the contrary, 'diffuse' or 'homogeneous' em-
physeuia was believed to be a clear contraindication for surgical 
interve ition. 

It is herefore interesting that the original idea for the procedure 
that ha< recently been introduced under the name 'lung volume 
reduction surgery' had been formulated by O.C. Brantigan as 

early as the late 1950s. By that time he had performed multiple 
peripheral segmental lung resections on patients with chronic ob
structive pulmonary disease, with the intention of reducing 
overall lung volume and restoring circumferential traction upon 
both small airways and blood vessels. However, his ingenious 
work never achieved widespread acceptance, and the method sur
vived only in the literature^ 

Only recently, this old concept was revised and modified by 
J.D. Cooper, who came across Brantigan's ideas in his search for 
alternatives to lung transplantation in patients with end-stage em
physema'*. Lung volume reduction surgery (LVRS), although still 
in its infancy, has the potential to become a standard procedure in 
thoracic surgery. 

PATHOPHYSIOLOGIC BACKGROUND 

Chronic obstructive lung disease at an advanced stage can result 
in severe hyperinflation. This leads to severe disturbances of the 
musculoskeletal component of the respiratory system. The dia
phragm is pressed downwards and becomes flattened or even in
verted. As a consequence it contracts from a shorter than normal 
initial fiber length, and is placed on an unfavorable part of its 
force-length curve. Flattening further increases the radius of its 
curvature and, according to Laplace's law, whatever tension is de
veloped in the contracting diaphragm is poorly converted to trans
diaphragmatic pressure'. 

A second major pathologic component of advanced emphy
sema is functional airway collapse on expiration*', which is due to 
loss of alveolar relaxation pressure and of parenchymal networks, 
and leads to intrinsic positive end-expiratory pressure (PEEPi). 
The more advanced the disease becomes, the more the patho
physiologic causes and consequences can influence and intensify 
each other. 

Finally, diffuse emphysema is not completely uniform. With 
modern imaging techniques regional variations can be distin
guished, and patients with sometimes marked heterogeneity of 
their disease can be identified. In these patients, ventilation and 
perfusion is unequally distributed. Due to their mechanical 
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interaction, regions wilh poor function and severe loss of 
parenchymal structure indirectly influence alveolar gas exchange 
in regions with preserved parenchyma. 

By removal of the most diseased parts of the lung, LVRS is 
aimed at; (a) reducing residual and total lung volumes, (b) bring
ing the diaphragm back to a normal position, and (c) restoring 
transdiaphragmaiic pressure generation. Functional collapse 
during cxpiradon should be diminished by an increase of effective 
elastic recoil and reduction of PEEPi. This would result in a re
duction in the increased work of breathing, and would decrease 
the sensation of dyspnea. The more heterogeneous the disease, 
the more benefit to the remaining normal (or less-diseased) lung 
tissue can be e.ipected. 

It must be emphasized that the goal of LVRS can only be palli
ation, and the process can never lead to cure of the underlying 
disease. Ideally, improvement in the patient's condition with 
relief from disabling symptoms is achieved, which represents a 
reversal in the evolution of the emphysema. 

PATIENT SELECTION 

The selection process of patients for the p.rocedure is based pri
marily on chest radiography and lung function (Table I). 
Candidates for LVRS must have the typical signs of 
hyperinflation oa chest radiography. These arc; (a) distended iu-
tercostai spaces, (b) flaiieiied or inverted diaphragm, and (c) a 
large reiroslernai space (Figure 1). fJue to its inability to move, 
the diaphragm shows no or only limited excursion beiweeii in
spiration and expiration. 

Identificauon of the heterogeneity of ernphysernatons change 
throughout the lungs is by CT scan. Patients with C'OFD usually 
have their rnaiKnnum diseased lung pafcnchyma in ihc upper 
regions of the lung (Figures 2A and Bi, v/liereas patients with 
«r-antitrypsin deficiency frequently have the most prominent loss 
of parenchymal substance in the basal regions (Figures 3.4 and 
B). A third group of patients can be identified who present with a 
truly homogeneous distribution of eoiphysenuitous change. 
Visualization of Ihc extent of parenchyma with preserved struc
ture helps to estimate the severity of the disease. Further infomia-
tion gained from the CT scan includes th.e identification of areas 
of bronchiectasis and the presence of small nodules or tumors. Ail 
of these represent contraindications for LVRS. 

All additional ventilation/perfuslon scan allows further screen
ing for drffcrcnccs in distiibuiion of emphysema between the two 
lungs, although this can be estimated from the CT scan atone. 

Further selection of patients is performed using standard lung 
function tests and body plethysmography, which allow an assess
ment of the degree of hyperinflation. Possible candidates for 
LVRS must have a residual volume (RV) greater than 250-300% 
predicted. Under these conditions total lung capacity (TLC*) is 

Table I Indication.s for lung volume reduction surgerj (LVRS) 

Radiograpliic signs of hyperinflation 
Residual lung volume > 250-300% predicted 
Total lung capacity > 13f)-l.')0% predicted 
Heterogeneity of disease 

Figure 1 Typical chest radiograpli of a poticn* wjiii .severe hyperinflafi(>ii. 
MaximuiH parcsichymal dcstructicn is seen in the lipper lotie 

usually measured as 130-160% of predicted. FEVi is significantly 
reduced, and indicates the severity of the disease. 

The functional limitation of patients who .should be referred for 
the procedure remains inadequately determined. Before a surgical 
intervention is considered the patient must be substantially 
disabled from the disease despite optimal conventional anti-
iniammatory and anti-obstructive medication. In terms of lung 
function, LVRS seems to be indicated when the FEVj has fallen 
to about 35% of predicted. 

The lower limit of FEV,, where the procedure can still safely 
be applied, is far more difficult to determine, and depends on the 
morphological changes of the particular patient and on his/her 
overall condition. Patients who have marked heterogeneity of 
their disease, with areas of severe destrnelion interspersed with 
relatively normal lung tissue, will benefit from the procedure to a 
greater extent than patients with homogeneous disease. For het
erogeneous disease LVRS can therefore safely be applied even at 
FEV| values of <15% of predicted. Under these circumstances, 
hypercarbia and global insufficiency are common findings. 
Although these do not represent absolute contraindications for the 
procedure, the overall risk is clearly increased. Most patients have 
the need for supplemental oxygen at rest, or at least on exertion. 

Further patient assessment should include studies of diaphrag
matic function as well as measurements of PEEPi and the work 
of breathing. Exercise tests, such as the 6-miEute walk test, and 
standard spiroergometry should be performed to document 
the patient's functional status, and to allow for subsequent com
parison of pre- and postoperative values. 
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B 

Figure 2 A; In patients with COPD, a cross^scction CT scan of the chesl 
with density mask reveals the most pfominent loss of pat'enchyina! structure lo 
be in the upper region. B: A lower cross-section of bctier-prescrved lung 
parenchyma 

Established contraindicatioos for LVRS are: (a) recurrent pul
monary infection, (b) daily corticosteroid medication of >25 mg, 
and (c) a mean pulmonar)' artery pressure >35 mmHg (Table 2). 
Patient workup is completed by echocardiography, right heart 
catheterization if indicated, and coronary angiography in patients 
in whom coronary aiiery disease is suspected. 

Once a patient has been accepted for the procedure, he or she 
should enter a standardized rehabilitation program to optimize 
overall condition and exercise endurance. 

B 

Figure 3 A: In patients with a,-antitrypsin deficiency, tlie upper lobes stiow 
a fairly well-preserved parenchymal structure, B: In cotitrast, a greater degree 
of diseased parenctiyma is visualized in the lower lobes 

Table 2 Contraindications for lung voluime reduction surgery (LVMS) 

Pulmonary hypertension (tnPAP > 35 mmHg) 
Bronchiectasis 
Pmilent sputum and frequent broncliitic episodes 
Homogeneity of diseaf.e 
Previou.s major thoracic surgerj" 
Lack of rehabilitation potential 
Concomitant diseases 

SURGICAL TECHNIQUE 

The standard technique of LVRS requires intubation with a 
double-lumen endotracheal tube. The operative approach is via a 
median sternotomy. Both pleural spaces are opened in a longitu
dinal way. One-lung ventilation is initiated and the other lung is 
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deflaied Thî , may take a coiiMdemble lengtli of time depending 
on ttie extent of air trdnpiti|.' 'llic musl diseased areas Vkiil iianall)! 
icnidin inflated lor the longest ume. ;md tlieiefore tail easil) be 
identified Mobilizatiori of the pulTODEruv ligament, together with 
am jilhcMoiis. is earned nut, and moisl p.icks, arc placed behind 
the hilum tu elevate ihe lung 

Exi^ibion of peripheral segments is performed wiih stapling 
devices, bmiresied v»ith bo\mc pericirdium to prevent post-
resectioiwl an leakage (Figtite 4) Resection is perlnrmcd ul the 
most diseased areas of Iiirg. which are usually lucdted di the apex 
ni patients -Aith COPD, and in the lower parts iii patients with <ii-
aiitirrypsm delinenes Palicnts with a umfoiin distribution of em-
phyieniatoiis change demand resetiion distributed over .ill lobes 

The usiiial ubjectne is to reseil about 3")'r of the lung tissue 
fFigiirc 1i liitemuiteiit rcmflarjon of the lung allows tui lepeated 

assessment of the extent of resection. Care must be taken lo direct 
the resection lines in a way that allows the remaining lung to keep 
its aoatomical shape, to continue to fill the thoracic cavity, and to 
avoid large extrapulmonary air spaces. 

In cases of severe air trapping wc have found it helpful to 
cross-clamp the lung parenchyma with a long rubber-mounted 
clamp, parallel to the proposed staple line, before the stapling 
device itself is applied. This takes traction from the stapling line 
and avoids shear stresses during the stapling procedure. In 
addition, it may be necessary to incise the area which undergoes 
resection, to allow the trapped air to evacuate. 

At the end of the procedure the remaining inflated lung should 
be somewhat smaller than the thoracic cavity, All stapling lines 
are checked for air leaks and, if necessary, fibrin glue is applied to 
seal small insignificant leaks. Every effort, must be undertaken to 
avoid larger air leaks. Rarely, it is necessary to place single 4/0 
PDS sutures mounted with small pledgets of pericardium to close 
a persistent air leak. 

After partial resection of the first lung is completed, the same 
procedure is appHed on the opposite side. At the end of the proce
dure two pleural drains are placed in each thoracic cavity, and the 
pleura is closed with running sutures to separate the two pleural 
cavities. Suction of 10 cmHjO pressure is applied to the water-
seal bottles. 

Operative view of LVRS. Multiple resections of peripheral seg-
he lung are performed wiili stapling devit-es ijutlressed witl:i bovine 

VIDEO^ENDOSCOPIC TECHNIQUES 

The above-described technique has gained the most widespread 
acceptance, but several video-endoscopic approaches towards the 
reduction of emphysematous lung volume have been introduced. 

Laser resection of small bullae, together with 'laser painting' of 
the lung surface, has been favored by one group" ,̂ but they have 
not yet been able to prove significant functional benefit IVom the 
procedure, A unilateral thoracoscopic approach with laser abla
tion, together with stapler resection, has been reported by anottier 
group**. 

Recently, a bilateral endoscopic technique of LVRS with en-
dostaplers has been reported from a Swiss center'. Basically this 
represents the minimal invasive variant of the conventional tech
nique via a sternotomy. The patient is placed in the supine posi
tion and, under endotracheal double-lumen intubation, both sides 
are operated on sequentially. Resection is performed with regular 
45 mm cndostaplers without pericardial reinforcement. 

Figure 5 Operative specimens fullowing LVRS 

ANESTHESIA. MONiTORING AND INTENSIVE CARE 

The success of the procedure depends as much on good anesthetic 
management as on surgery. Optimal preoperative preparation of 
the patient is essential. This consists of dilatation of the airways 
with /3,-agonists, theophylline and cromolyn sodium. Loosening 
of secretions is achieved with humidifiers, systemic hydration, 
and mucolytic drugs. Finally, extensive respiratory therapy assists 
removal of secretions. 

Monitoring of the patient at operation is standard, with radial 
artery and central venous cannulae. An epidural catheter for intra-
and postoperative analgesia is inserted at the level of T4-5. The 
correct position of this catheter is particularly important and must 
be checked with a test dose of 2% lidocaine plus epinephrine 
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1:200 OOtl Prcve-nlion of broiichospasm. together with opiimal 
analgesia, and extubation of the palient on the- operating table are 
the main goals of the anesthesiologists Isoflurane is the drug of 
choice for mainicnance of aneslliesia. since it is a poieiit bron-
chodilalor. Muscle relaxation should be achieved wrth pancuronium 
and vecuronium, as neither release histamine and both have a very 
short half-life. Postoperative analgesia is provided via the epidural 
catheser using bupivacainc 0.25%, together with sufentanil. 

Postoperative management in the iiitcnsivc-carc unit is based 
on extensive respirator)-- therapy, early mobilizalion, and efFective 
analgesia. Frequent therapeutic sessions of chest vibration and 
percussion are followed by periods of rest. In order to enable 
early mobilization, pain therapy has to be efficient. The drains 
should be removed as soon as there is no air leak with only mod--
erate serous drainage. 

Since almost all patients are prone to postoperative episodes of 
bronchospasm, bronehodilaior therapy with intravenous Iheo-
pbylline and jSpagonists administered via a humidifier six times 
per day are essential. If severe bronchospasm cannot be reversed 
successfully by these drugs, epinephrine should be administered 
via a humidifier. 

Pain management is performed via the epidural catheter. The 
local anesthetic, bupivacaine 0,25%, is eoiitinoously infused, to
gether with two or three bolus dosages of sufentanil during the 
day. Antibiotic therapy is determined by the results of sputum 
cultures monitored daily. 

FUNCTIONAL RESULTS 

The initial description of LVRS by LD. Cooper and his coL-
leagues reported on a series of 20 paiienLs with COPD. There was 
no early or late mortality. Mean preoperative FEV, of 0.77 1 (ZŜ /fc 
predicted) increased to 1.4 1 (44% predicted) postoperatively. 
Preoperative residual volume of 5.9 1 (288?f) diminished to 3..5 I 
(177%). Highly significant improvement was reported for 
measurements of different dyspnea indices. 

Data OJi a much larger group of patients were presented from 
the samie center 1 year later'". Operative mortality was 5/84 
(5.9%). The increase in FEV'i over a 1-year ob.wrvation period 
waii 0.48 (± 0.33) 1/min or 40 (± 37)% compared to preoperative 
values. The need for supplemental oxygen at rest was 
significantly reduced from 55% of all patients preoperatively to 
only 3% after 1 year. 

Our own experience to date consists of a series of 15 patients 
who have iindergone LVRS. Preoperatively, 12 patients required 
supplemental oxygen at rest, and five patient.s were 'globally 
insufficient' with a PcOj > 40 mmHg and a Fo, < 55 mmHg. 
Mean FEV, for the entire group was 0,65 (± 0.21) 1/s (21%; pre
dicted) and mean PAP was 27 (± 7) mmHg. 

Perioperative mortality was 2/15 (13%). Both patients died 
from septic complications after 15 and 11 days, respectively. Two 
other patients suffered from postoperative pneumonia. Three 
months after the procedure, FEV, had increased 0.45 1/s (69%) to 
1.1 (± 0.23) Us (36% predicted) (Figure 6A). RV was reduced 
from a preoperative value of 325 (± 57) % to 212 (± 35) % 
(Figure 6B). Only one patient still requires supplemental oxygen 
at rest. Comparison of pre- and postoperative chest radiographs 
has demonstrated significant reductions in hyperiniation, together 
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Figure 6 Mcisiire? of 1 u ng fu nction tjefore (pre) and 1 --6 months after (post) 
LVRS. .4: FEV, = forced expiratory votume during the first second; B; RV = 
residual volume 

with significant improvements in diaphragmatic motility (Figures 
7AandB). 

In addition to lung function parameters we measured the work 
of breathing, both preoperatively and immediately after the opera
tion, in all patients. A highly significant reduction was demon
strated as early as the first postoperative day, which was followed 
by a continuous further decrease to normal values by the 7th post
operative day (Figure 8). 

Data currently available regarding the results of endoscopic 
LVRS are limited. For unilateral procedures a 7% mortality 
(3/42) has been reported*. FEV, increased >20% in more than 
60% of patients within the first month. However, no significant 
changes in blood gases were reported. Interesting results have 
been described for the bilateral approach, where no mortality was 
observed in a series of 18 patients'. However, the reported im
provement of FEV, of 36% (range 0--63%), together with a reduc
tion in RV of only 43%, seems to be less successful than those 
reported after open sternotomy LVRS. 
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Work of Breathing 

Joule/I 

B 

Figure 7 Chest radi(5graph in the same paliens (A) pre- and (B) posl- (3 
weeks) LVRS. The preoperative hyperitiflatioji of the lliorax has disappeared. 
The diaphragm !ias moved upwards and has regained its normal sfiape. In the 
post-LVRS radiograph 3 weeks after ihc operation, small pleural elTusions 
still can be seen 

COMMENT 

LVRS is still io its infancy, bot would seem to have enormous 
potenlial in the ti-eatmeot of patients with end-stage emphysema 

days poslop 

Figure 8 Work of breatiiing (WOB) after LVRS, Preoperative WOB ih in-
creased three times over the upper hmit of normal (0.5 0.1 Joules/l). LVRS 
results in a signiiicani aj]d mimediate reduction in WOB (p <0.0l). Even on 
llie first postoperative day ii reaches a value close to normal, and withiu the 
lirsl postoperative week it has retur.ned lo within the normal range 

with severe hyperinflation. Many questions, however, currently 
remain unanswered. 

It is unclear, and cannot be predicted from the data available, 
how long the significant improvement in lung function will persist 
after the procedure. LVRS takes the patient a functional step back 
in ihe developing process of his emphysema. The significant im
provement in functional performance and quality of life that has 
already been demonstrated in an increasing number of patients is 
so itnprcssive that one has reason to believe that LVRS will attain 
a definite place in the therapy of patients with end-stage emphy
sema. Its potential benefit for survival, however, has not yet been 
proven, and could be ascertained only by a randomized trial com
paring the best conservative care with LVRS. 

To better define its therapeutic role in the future, the group of 
patients that will benefit from the procedure has to be detennined 
more fully. It is already fairly well established that patients with 
heterogeneous disease, having their major structural deicits in the 
upper lobes, are ideal candidates. More uncertain is the functional 
benefit that is derived in patients with lower lobe disease, i.e. a,-
antitrypsin deficiency and, in particular, those with completely 
homogeneous disease. 

Furthermore, the functional hmits within which LVRS can be 
safely carried out remain ancertain. The safe upper limit of pul
monary artery pressure and the degree of impairment of right 
ventricular function have not yet been detennined. There is reason 
to believe that the major factor in the selection of patients will be 
related to the extent of parenchymal destruction. Patients with 
heterogeneous disease and extensive but patchy destruction of the 
parenchyma of the lung should benefit from LVRS even in the 
presence of higher PA pressures when compared with patients with 
homogeneous disease (even with lower PA pressures). In terms of 
lung function, LVRS should be performed only in clearly symp
tomatic patients when conservative treatment has failed. When 
considering the lower limits of lung function it is important to 
estimate the amount and functional potential of lung parenchyma 
that will remain after LVRS. Global insufficiency and poor dif
fusion capacity indicate that the lung parenchyma is severely 
damaged. The operative risk uuder these conditions is significantly 
increased. LVRS should therefore be offered only to patients 
with marked heterogeneity and/or an FEV, of >15% predicted. 
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Finally, it has not yet been clarified which operative procedure 
- median sternotomy or unilateral or the bilateral endoscopic ap
proach - represents the ideal method for LVRS. Operative 
mortality and morbidity, as well as the extent of functional 
improvement, must all be considered. Although the minimal inva
sive approaches would seem to be less traumatic, it remains 
unclear whether the patients operated on using these approaches 
have been comparable in terms of the severity of their disease. 
How much functional benefit can be obtained with each method 
remains uncertain. Those advocating the endoscopic methods will 
have to prove that the amount of functional improvement ob
tained is comparable to that after open sternotomy LVRS. Most 
likely, these questions will be answered satisfactorily only by 
randomized, prospective trials. 

In summary, LVRS is currently the most promising alternative 
to lung transplantation for patients with emphysema and 
hyperinflation. In the near future its exact value and place will be 
better defined. There is already strong evidence that a large 
number of patients have already benefited from the procedure to 
an impressive extent. 
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Pulmonary Endarterectomy - Treatment of Choice for 
Patients with Pulmonary Hypertension due to Emboli 
S.W. JAMIESON 

INTRODUCTION 

Chronic thromboembolic pulmonary hypertension is a relatively 
common entity, but underdiagnosed. Those who practice pul
monary transplantation probably encounter patients with chronic 
pulmonary embolism often, as it is one of the more common 
causes of pulmonary hypertension. However, its exact frequency 
is hard to determine, because most patients presenting with 
thromboembolic pulmonary hypertension have not experienced 
clinically evident deep venous thrombosis or symptomatic 
episodes of pulmonary thromboembolism. 

Endarterectomy is the treatment of choice for this condition, as 
the wait for a donor is eliminated and the risk of operation (about 
7%) compares very favorably to the 1-year survival figures for 
either single or double lung transplantation. The operation appears 
to be permanently curative, and immunosuppression is not required. 

Every effort should be made to eliminate chronic thrombi as a 
cause for pulmonary hypertension since medical therapy is inef
fective, but surgical treatment is curative and can be performed at 
relatively low risk. More than 650 patients with chronic pul
monary thromboembolism and severe pulmonary hypertension 
have now been operated upon by endarterectomy, rather than 
transplantation, at the University of California at San Diego. 

INCIDENCE 

Acute pulmonary embolism is the third most common cause of 
death in the United States today. Dalen and Alpert' calculated that 
pulmonary embolism resulted in 630 000 symptomatic episodes 
in the United States yearly, making it at the time (1975) about 
half as common as acute myocardial infarction, and three times as 
common as cerebral vascular accidents. A recent autopsy study 
with an analysis of 13 216 patients-^ showed pulmonary thrombo
embolism in 5.5% of autopsies, being up to 31.3% in the elderly. 
Acute pulmonary embolism, then, is common and surprisingly 
underdiagnosed. 

The true incidence of pulmonary hypertension due to chronic 
thromboembolic disease is more difficult to determine. Of the 
over 600 000 cases of massive acute thromboembolism in the 

United States annually there are more than 500 000 survivors. In 
addition, there are probably 3^-fold more patients who have 
acute thromboembolic episodes which remain undiagnosed, for a 
total of perhaps 2 million patients yearly in the United States who 
survive episodes of pulmonary embolism. Although the majority 
of these patients resolve their emboli substantially, and perhaps 
completely, some patients fail to do so, and present with pro
gressive pulmonary hypertension. 

The majority of these patients can give no history of a deep 
vein thrombosis or pulmonary embolism, and the clinical picture 
is non-specific until right heart failure becomes evident. The diag
nosis is therefore often missed, and it is likely that pulmonary 
disease due to chronic pulmonary embolism is very much more 
common than is generally appreciated. Presti and colleagues' 
found chronic massive thrombosis of major pulmonary arteries in 
0.9% of 7753 autopsies. Since many of the patients we operate on 
successfully have disease in minor pulmonary arteries (the lobar, 
segmental or subsegmental branches) the incidence of significant 
disease that could be alleviated by surgery could be in the region 
of 100 000 patients a year in the United States alone. 

ETIOLOGY 

Most patients resolve acute pulmonary emboli with spontaneous 
lysis of the clot. The pulmonary circulation, and the pulmonary 
artery pressures, then return to normal. Whether the failure to 
resolve embolic material is a result of abnormalities of clotting 
and lytic mechanisms, or repetitive emboli, or both, remains 
unclear. Studies of the pulmonary vascular endothelium in af
fected patients have failed to demonstrate any consistent abnor
mality. In some patients the disease is related to autoimmune 
disease and antibody production. Abnormalities such as lupus an
ticoagulant, protein C deficiency, or antithrombin III deficiency 
are found in approximately 10% of patients. In addition, some pa
tients with a paradoxical response to heparin have been identified 
(in these cases special precautions must be taken during the 
perioperative period with the use of prostacyclin during 
cardiopulmonary bypass). 
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PROGNOSIS 

It is now well established that the prognosis for patients with pul
monary hypertension is limited, and is worse for those who do 
not have intracardiac shunts, as in Eisenmenger's syndrome. Thus 
patients with primary pulmonary hypertension, and pulmonary 
hypertension due to pulmonary emboli, fall into a higher-risk cat
egory. In our experience the mortality of patients with primary 
pulmonary hypertension is considerable. Between January 1990 
and October 1994, 98 patients were referred to our transplant 
program with primary pulmonary hypertension. Thirty-seven 
(38%) were considered suitable transplant candidates, 13/37 
(35%) underwent transplantation, 14/37 (37%) died awaiting 
transplantation and 10/37 (10%) remain listed. Because of the 
very significant loss of patients awaiting donors, a true compari
son with the efficacy of a non-transplantation treatment should 
also take into account the total mortality once the patient has been 
accepted on a waiting list. In most series this is approximately 
40% for those with pulmonary hypertension. A predictor of poor 
prognosis among our patients with primary pulmonary hyperten
sion has been found to be a cardiac index < 2.8, and mean pul
monary artery pressures above 50. 

We have had some success with the performance of balloon 
atrial septostomy in patients who continue to deteriorate with 
primary pulmonary hypertension, and in whom the wait for a donor 
lung has been prolonged. Though difficult to document, it has 
seemed to us that this procedure has considerably lengthened sur
vival in selected patients, and allowed subsequent transplantation. 
Once the right to left shunt is absent after transplantation the atrial 
septal defect closes. We are currently conducting a randomized trial 
to attempt to document the efficacy of this procedure. 

The prognosis for patients with chronic pulmonary hyperten
sion due to thromboembolic disease is also poor, and is also pro
portional to the degree of hypertension. Riedel et al.* followed 
147 patients with serial right heart studies and pulmonary arteri
ograms, and found that those with mean pulmonary artery pres
sures over 30 mmHg had a 30% 5-year survival rate, and only 
10% of those with mean pulmonary pressures over 50 mmHg 
were alive at 5 years. 

Medical therapy for embolic pulmonary hypertension, using 
anticoagulants, vasodilators, or thrombolytic agents, is ineffec
tive''''. An important aspect of the pulmonary circulation, 
however, is that the bronchial circulation maintains blood supply 
to the lung parenchyma after pulmonary artery embolization, and 
thus pulmonary embolization uncommonly results in tissue necro
sis. Removal of organized thrombotic material thus allows the 
lung to regain its function. Since there is no restriction in the 
timing of the operation, as with awaiting a donor in primary pul
monary hypertension, pulmonary endarterectomy may be per
formed electively, and allow the patient's condition to be 
optimized pre-operatively. 

DIAGNOSIS 

The clinical presentation of chronic pulmonary embolism is often 
insidious, since most episodes are asymptomatic. Further, it is not 
until over 50% of the pulmonary vasculature has been occluded, 
and the right heart begins to fail, that the patient first notices any 
manifestations of this illness. In addition, the two major symp

toms, effort dyspnea and fatigue, are very non-specific. Other 
symptoms that may occur, usually in the later stages of the 
disease, include exertional chest pain, cough and hemoptysis and, 
of course, eventually classic right heart failure. 

The origin of the thromboembolic material is from a deep 
venous thrombosis in the legs or pelvis in over 90% of cases. 
However, many of these episodes are silent, and less than half the 
patients with chronic thromboembolic pulmonary hypertension in 
our series can relate a history of deep venous thrombosis. The 
clinical history may therefore not be helpful, but predisposing 
causes for deep venous thrombosis should be sought, as should a 
history of leg swelling or anything to indicate episodes of pul
monary embolism. 

Clinical examination is usually non-productive if right heart 
failure has not occurred. Flow murmurs may be heard^, especially 
over the back. It is thought that these murmurs are due either to 
flow through stenotic pulmonary arteries, or aggressive bronchial 
flow. 

Chest X-ray, electrocardiogram, and pulmonary function tests 
are of little value in the differentiation of thromboembolic pul
monary hypertension from other forms of pulmonary hyperten
sion. However, these investigations often give the initial clues 
that pulmonary hypertension exists when the physical findings are 
less conclusive. 

The radiographic signs of pulmonary hypertension on chest X-
ray may be difficult to determine, and are variable according to 
the degree of pulmonary hypertension and right heart failure 
(Figures 1 and 4). Enlargement of the pulmonary artery, either 
main (Figure 1) or right and left (Figure 4) and paucity of flow to 
the pulmonary vascular bed may indicate occlusion of major 
vessels. The lateral view of the chest X-ray may show right ven
tricular hypertrophy (Figure 4). However, the chest X-ray appear
ances may be interpreted as normal, even with severe disease. 

Echocardiography demonstrates enlarged right-sided heart 
chambers and varying degrees of tricuspid regurgitation. Standard 
two-dimensional echocardiography is also helpful in defining the 
presence and severity of pulmonary hypertension and excluding 
certain other causes such as Eisenmenger's syndrome**. Continuous 
wave Doppler of the tricuspid regurgitant jet is helpful in estimat
ing the pulmonary artery systolic pressure. Sometimes it is possi
ble to visualize proximal, chronic, organized thrombus in the 
main pulmonary artery or main right and left pulmonary arteries 
with transthoracic echocardiography, but this technique lacks sen
sitivity and is inadequate for visualization of the lobar vessels, 
where the embolic material may be localized. Transesophageal 
echocardiography has proven to be more promising, especially 
with the newer multiplane probes that allow angulation of the 
imaging plane so that the origin of most of the lobar vessels can 
be identified. Early attempts are being carried out at visualizing 
the pulmonary arteries with transbronchial echocardiography, but 
it is unlikely that either of these techniques will ever provide data 
of sufficient precision to replace angiography. 

A perfusion scan may be helpful, particularly to differentiate 
between primary pulmonary hypertension, in which the scan is 
usually normal, or has a patchy and mottled appearance. In 
embolic pulmonary hypertension there are usually multiple 
punched-out lobar or segmental defects. However, the perfusion 
scan is not always diagnostic, and in particular it tends to under
estimate the degree of occlusion of the pulmonary vessels. 
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Hgore I (A) PA chest X r̂ay of a patieni with thromboembolic pulmonary 
hypertension. Note enlarged pulmonary artery shadow, possible hypo-
perfusioti of left lower iobe. (B) Lateral chest X-ray of the same patient 

P. 
A CT scan may be useful", and recent wort lias been per̂ - pjgu„ 2 (A) Riglr, pulmimary iirierioBram of paueiit shown in Figure 1. 

formed using computer-enhanced images of CT scanrnng, in both Tiiere is rigln middle and lower lobe occlusion. Note the web in the main 
the acute and the chronic forms of this condition. .Spiral CT scans lower lobe branch. (B) Left pulniojiary aneriogram of patient shown in Figure 
help to define the major pulmonar)- vessels. These images are I. L'pper lobe normal but absenlllOing of liagula and lov.'er lobe branches 
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Fignre 3 Specimen oblained at operation in patient shown in Figures 1 and 2. This patient liad a puliiionaiy vascular resistance of SOO dync/s per cm', which 
returned to normal postoperatively 

capable of confirming occlusion in at least the main and lobar pul-
monar}.- arteries. Further, a mosaic pattern of lung attenuation at 
CT is a sign of variable regional perfusion, and may suggest 
chronic pulmonary thromboembolism as a cause for pulmonary 
hypertension"*. 

Electrocardiogram-gated spin-echo magnetic resonance images 
(MRI) of the chest have been studied in patients with pulmonary 
disease, including some who had pulmonary thromboemboHsm". 
Signal intensity could be correlated with pulmonary arteriolar re
sistance and cardiac index. This technique is being studied 
further. 

Once pulmonary hypertension as a result of chronic thrombo
embolic disease is suspected, the specific evaluation of the patient 
prior to planning surgical intervention depends on right heart 
catheterization and pulmonary angiography. Pulmonary angiog
raphy remains the 'gold standard' for assessing the operative risk 
and surgical accessibility'^. The classical signs of disease on pul
monary, angiography include an irregular lumen, indicating 
thrombus attached to the vessel wall, the appearances of bands or 
webs across the lumen of vessels (Figures 2 and 5), sometimes 
with post-stenotic dilatation, and occlusion of branches with 
lack of filling out to the periphery, often with an abrupt ter
mination of pulmonary vessels with a pouch-like appearance 
(Figure 5a). 

Concern is often voiced that pulmonary angiography is a high-
risk procedure in patients with pulmonary hypertension. 
However, we have not found this to be the case. Selective power 
injections of the right and left pulmonar}' trunks using non-ionic 
contrast agents to prevent the cough response are well tolerated'^. 

In addition to pulmonary angiography, patients over 35 
undergo coronary arteriography, and other cardiac investigation 
as necessary. If significant disease is found, valve replacement or 
repair, or coronary artery surgery, is performed at the time of pul
monary thromboendartereclomy. 

In approximately 20% of cases the differential diagnosis 
between primary pulmonary hypertension and distal and small 
vessel pulmonary thromboembolic disease remains unclear. In 
these patients pulmonary angioscopy has been found to be 
helpful". The pulmonary angioscope is a fiberoptic telescope that 
is placed through a central venous line into the pulmonary artery. 
The tip contains a balloon that is then filled with saline and 
pushed against the vessel wall. In this way a bloodless field can 
be obtained for visualization of the pulmonary artery wall. 

The classical appearances of chronic pulmonary thromboem
bolic disease at angioscopy are those of intimal thickening, with 
intimal irregularity and scarring, and webs across small vessels. 
These webs are thought to be the residua of resolved occluding 
thrombi of small vessels, but arc diagnostic of the presence of 
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l o b e w i t h a p o u c h , l o s s o f m i d d l e l o b e , a n d d i f f u s e d i s e a s e o f l o w e r l o b e . N o t e 
••-;••••••••"• ••• •• •'.• •' •• -•••'••- •"•• '•• •• •• ••• :• •-• • • •.-.•"' • .•• "• • •. . ••• • Tdry partial web in lower lobe branch. (B) Left pulmonary arteriogram in lliis 
•;-.'••'•••• •• • "•.••••• •••• •_• • • • ''=} =••:••• "•••••.•"• •• •• . ••• tery patient. Flow to the left upper lobe is largely preserved, but there i.s absent 
shadows are enlarged. (B) Lateral view in the same patient. Right ventricular flow to much of the lower lobe. Though this disease is distal, it will be 
enlargement accessible at operation 
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embolic disease. Occlusion of vessels or the presence of throm
botic material is diagnostic. Pulmonary angioscopy should be re
served for those cases where real doubt exists in the 
differentiation from primary pulmonary hypertension, after other 
investigative tests have been completed. 

SURGERY 

Surgery for the chronic form of pulmonary embolism was first 
performed in 1951''', when a patient suspected of a pulmonary 
aneurysm was treated with a pneumonectomy. A planned ap
proach of pulmonary thromboendarterectomy for pulmonary hy
pertension due to chronic pulmonary thromboembolism was 
suggested by HoUister and Cull" and then carried out by Hurwitt 
et al. in \95T^. This patient was operated upon using inflow oc
clusion and systemic hypothermia, without success. In 1958 
Allison et al. performed the first successful endarterectomy, again 
using inflow occlusion'^. A right thoracotomy approach was used 
by Snyder et a/."* in 1963 in a 71-year-old man initially operated 
on for a .suspected tumor. In the same year Houk and his associ-
ates'** also reported a thromboendarterectomy through a thoraco
tomy approach. 

Cardiopulmonary bypass for this operation was used in 1964 
by Castleman et al.-", and several other cases using either thora
cotomy or median sternotomy with bypass were later reported 
over the next 20 years. A review of the world's literature in 1984 
showed 85 cases who had had surgery, with a mortality of 22%-'. 

There have been occasional other case reports, particularly 
from the groups at Duke University-', La Pitie Hospital in 
Paris--, and Chiba University-'. However, most of the surgical 
experience in pulmonary thromboendarterectomy has been re
ported from our group at the University of California, San 
Diego (UCSD) medical center-''-\ with a current total of more 
than 650 cases. 

The specific preoperative evaluation of patients at our center 
includes right heart catheterization and pulmonary angiography. 
Pulmonary artery pressures are confirmed, and angiography per
formed. In cases where residual doubt exists, pulmonary an
gioscopy may be done. Aside from the establishment of the 
diagnosis, the decision for operation is then made on the general 
condition of the patient, and the severity of symptoms. Patients 
accepted for surgery typically include those who have chronic 
thrombi judged to be surgically accessible, the absence of 
significant co-morbid disease, and a pulmonary vascular re
sistance over 300 dyne/s per cm'. 

As the surgical experience has continued to grow, patients have 
been accepted for surgery with more distal thromboembolic 
disease, and with advanced (though presumed reversible) hepatic 
and renal dysfunction due to right-sided cardiac failure. Ascites 
may be present, and some patients have suprasystemic pulmonary 
artery pressures with a pulmonary vascular resistance above 1200 
dyne/s per cm'. Occasional patients have had a pulmonary vascu
lar resistance less than 300 dyne/s per cm'. These have been 
young patients with total unilateral pulmonary artery occlusion 
and unacceptable exertional dyspnea. The ages of the patients 
have ranged from 15 to 81 years. 

As our experience with this condition has grown we have come 
to realize that the vasculature of the remaining open vessels can 

become affected with an Eisenmenger-like change, in which the 
increased flow and pressure in these initially unaffected vessels 
can lead to small-vessel changes that are irreversible. We have 
thus become more inclined to operate earlier in the younger 
patient whose vascular capacitance in the remaining open vessels 
may, at least initially, allow for the maintenance of low pul
monary artery pressures. 

An inferior vena cava filter is always placed prior to surgery 
unless it is obvious that the legs or pelvis are not the source of 
embolic material (e.g. intraventricular pacing wires, or ventriculo
atrial shunt). If necessary, any leads or wires are removed and. 
when possible, placed in extrava.scular locations. All patients are 
treated with warfarin until the time of surgery, and this is contin
ued for life postoperatively. 

As outlined above, the pulmonary thromboendarterectomy op
eration has gradually evolved from a unilateral approach via a 
thoracotomy to a bilateral approach through a median sternotomy 
and using cardiopulmonary bypass. Other changes have been 
made to improve operative exposure and to minimize ischemic, 
bypass and circulatory arrest times^'. A bilateral approach is es
sential. Both pulmonary arteries must be substantially involved if 
the patient has pulmonary hypertension, since this does not occur 
even with complete unilateral occlusion, as with a pneumonec
tomy. In chronic pulmonary embolism the right ventricle is 
hypertrophied, and pulmonary hypertension, even to suprasys
temic levels, is possible. A unilateral approach without bypass is 
therefore also more likely to result in an unstable intraoperative 
course, particularly after clamping one pulmonary artery. 

The only practical approach to both pulmonary arteries is 
through a median sternotomy incision. Further, in order to define 
an adequate endarterectomy plane, and to then follow the pul
monary endarterectomy specimen all the way out into the subseg-
mental vessels, very good visibility is required, in a bloodless 
field. Therefore, cardiopulmonary bypass is required, with the 
subsequent institution of profound hypothermia and circulatory 
arrest. 

The patient is prepared as for any open-heart procedure, with 
arterial and pulmonary artery pressure, and EEC monitoring. 
However, a femoral artery line is also placed because the pro
found vasoconstriction that tends to occur with hypothermic cir
culatory arrest makes readings from the radial artery catheter 
unreliable during the immediate postoperative course. 

A median sternotomy incision is made and the sternum 
divided. Bypass is instituted with high ascending aortic cannula-
tion and two caval cannulae. Standard flow for cardiopulmonary 
perfusion is used, and the patient cooled, maintaining a 10°C gra
dient between arterial blood and bladder or rectal temperature-^. 

The patient's head is surrounded by ice and the cooling blanket 
turned on. During perfusion the venous saturations increase; 
saturations of 80% at 25°C and 90% at 20°C are typical. 
Hemodilution is carried out to decrease the blood viscosity during 
hypothermia and to optimize capillary blood flow; the hematocrit 
is maintained in the range of 18-25 during profound hypother
mia. Phenytoin is administered intravenously during cooling at 15 
mg/kg, to a maximum dose of 1 g. 

A temporary pulmonary artery vent is inserted. When the heart 
fibrillates, a further vent is placed in the left atrium through the 
right upper pulmonary vein. A large amount of bronchial arterial 
blood flow is common with these patients, since viability of the 
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pulmonary parenchyma has beeo maintained by the bronchial 
vessels after pulmonary artery occlusion. During the cooling 
period, preliminary dissection can be carried out, with full mobi
lization of the ascending aorta and the superior vena cava. The 
superior vena cava is mobilized all the way to the innominate 
vein, and dissected free of the right pulmonary artery. The 
reflection of the right pulmonary artery to the left atrium is also 
divided. Most of this dissection is performed with electrocautery 
since, with advanced right heart failure and hepatic congestion, 
coagulation is usually abnormal. However, care must be taken to 
preserve the integrity of the right phrenic nerve lying lateral to 
the superior vena cava. All dissection of the pulmonary arteries 
occurs intrapericardially, and it is not necessary to enter either 
pleural cavity. 

The right pulmonary artcr}' is now exposed so that the take-off 
of upper and middle lobes can be seen. The upper pulmonaiy vein 
is usually not visualized, but reflected upwards from the plane of 
the pulmonary artery wall. An incision is made in the right pul
monary artery from beneath the ascending aorta out uoder the su
perior vena cava and entering the lower lobe branch of the 
pulmonary artery just after the take-off of the middle lobe. It is 
important that the incision stays in the center of the vessel. Only 
one Incision is needed, and it is easier to endartercclomizc the 
right upper lobe from a central incision than through a separate 
incision in the upper lobe artery. The distal limit of the lower lobe 

pulmonary arterj' incision is dictated by the accessibility required 
in order to repair this subsequently. 

Any loose thrombus is now removed, and if the bronchial cir
culation is not excessive, the endarterectomy plane can be found. 
However, although a small amount of dissection can be carried 
out prior to the initiation of circulatory arrest, it is unwise to 
proceed further unless perfect visibility is obtained. 

Surgical therapy for chronic thromboembolic pulmonary hy
pertension involves not only an embolectomy of chronic lami
nated thrombus where this is present, but a true endarterectomy of 
the pulmonary arterial bed. It is most important to recognize that 
first, embolectomy without endarterectomy is quite ineffective, 
and second, that in 90% of patients with chronic thromboembolic 
hypertension, direct examination of the pulmonary vascular bed at 
operation shows no obvious embolic material. Thus, to the inex
perienced or cursory glance, the pulmonary vascular bed may 
appear normal prior to endarterectomy. The thrombus that might 
be seen within the vessel (Figures 3 and 6) is often secondary 
thrombus superimposed upon fibrotic intimal disease, and bears 
no relationship to the underlying pathology. 

When the patient's temperature reaches 20°C the aorta is cross-
clamped and a single dose of cold cardioplegic solution (1 liter) 
administered. Additional myocardial protection is obtained by the 
use of a cooling jacket. The entire procedure is carried out with a 
single aortic crossclamp period with no further administration of 

Figure 6 .Specimen removed at operation in this patient. vSome secondary tlirombus is seen in tlic left lower lobe. Ttiis palieni had a pulmoniry vascular 
resistance of 1420 dyne/s per cm' preoperatively; tliis returned to normal after surgery 
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cardioplegic solution. After crossclamping of the aorta thiopental 
is administered (500 mg to 1 g) until the EEG becomes isoelec
tric. When circulatory arrest is initiated, all monitoring lines to 
the patient are turned off, and the patient exsanguinated. The en-
darterectomy plane is then developed, and the endarterectomy 
specimen is progressively followed all the way to the subsegmen-
tal vessels. Each lobe is endarterectomized, and then each seg
mental and subsegmental artery pursued distally. Although many 
of these vessels cannot be seen initially, progressive dissection 
and traction allow a complete endarterectomy of the entire pul
monary vascular bed. It is important that each subsegmental 
branch is followed and freed individually until it ends in a 'tail', 
beyond which there is no further obstruction. 

Circulatory arrest periods are limited to 20 min, followed, if 
necessary, by a reperfusion period. Reperfusion is carried out at 
18°C until the venous saturations reach 90%, or for a minimum of 
10 min. However, with experience the entire endarterectomy on one 
side can be performed within a 20-min circulatory arrest period. 

When the endarterectomy on the right side has been completed, 
reperfusion is established, and the pulmonary arteriotomy closed 
using a running suture of polypropylene. Hemostasis of the suture 
line is absolutely necessary, as visualization of the distal incision 
can only be obtained later with the reinstitution of bypass. 

Attention is now turned to the left side, and an incision made 
from the main pulmonary artery down, again intrapericardially, 
to the take-off of the left upper lobe. Any loose thrombus is 
removed and an endarterectomy under profound hypothermia 
with circulatory arrest again carried out. The most difficult part of 
this operation on the left side is that of the left lower lobe which 
proceeds posterior to the left bronchus, thus making visibility 
more difficult. Progressive traction and freeing of each segmental 
branch make this possible. 

After the completion of the endarterectomy, cardiopulmonary 
bypass is re-instituted and warming commenced. 500 mg methyl-
prednisolone is administered intravenously, and during warming a 
10°C temperature gradient is maintained between the perfusate 
and body temperature, if the systemic vascular resistance is high, 
nitroprusside is administered to promote vasodilatation and 
warming. The rewarming period generally takes about 90 min, 
but this period varies according to the body mass of the patient. 

The left pulmonary arteriotomy is repaired. The right atrium is 
then examined to remove any incidental thrombus and to close an 
atrial-septal defect or persistent foramen ovale if this is present. 
This is important, since if pulmonary pressures do not immedi
ately return to normal, right-to-left shunting may contribute to 
postoperative hypoxemia. Although tricuspid valve regurgitation 
is invariable in these patients, and is often severe, tricuspid valve 
repair is not performed. Right ventricular remodeling occurs 
within a few days, with return of tricuspid competence. 

If other cardiac procedures are required, such as coronary 
artery or mitral or aortic valve surgery, these are conveniently 
performed during the systemic rewarming period. 

Wound closure is routine, though both atrial and ventricular 
pacing wires are left in situ. 

POSTOPERATIVE MANAGEMENT 

Careful postoperative management is essential to a successful 
outcome. Although the pulmonary artery pressures in most pa

tients come down immediately to normal levels, some may have 
residual high resistance of the pulmonary vascular bed (usually pa
tients with long-standing chronic thromboembolic disease) which 
resolves after about 24 h. The pulmonary artery systolic pressure 
may remain transiently high; however, if a good endarterectomy 
has been performed the diastolic pressure is low, indicating rapid 
run-off in residually stiff vessels. With time the pulmonary artery 
regains its capacitance and the systolic pressure falls. 

Some patients develop a degree of reperfusion pulmonary 
edema. This is now seen in only about 10% of patients, probably 
as a result of the more complete and expeditious performance of 
the endarterectomy that has come with a large experience over 
the past few years, with subsequently reduced ischemic times of 
the lung. The cause of reperfusion edema is uncertain. It is possi
bly related to the absolute ischemia of the lung (the pulmonary 
parenchyma, of course, is absolutely ischemic during the arrest 
period - it receives blood from neither the bronchial arteries nor 
the pulmonary arteries), to reperfusion of chronically underper-
fused areas, and to the endarterectomy itself, as well as other 
factors. In any event, reperfusion edema occurs only in the areas 
of the lung from which obstruction has been removed. The phe
nomenon varies in severity from a mild form of edema, seen more 
commonly, to an acute and fatal complication seen in 1-2% of 
cases. However, some degree of postoperative hypoxemia is 
common from this complication. The areas of alveolar edema 
involve the segments of lung that are endarterectomized, and 
these now become preferentially perfused with blood that is di
verted away from previously normal areas ('steal"). The resulting 
hypoxemia results in further pulmonary vasoconstriction, thus 
worsening the situation. Meticulous ventilatory management is 
thus required, together with very careful management of fluid 
balance. An aggressive diuresis should be instituted, and the 
hematocrit kept high (32-36) in order to minimize the alveolar 
capillary leak. The patient's ventilatory status may be dramatic
ally position-sensitive. Because this complication resolves 
with time, management hinges on adequate support until this 
resolution occurs. 

RESULTS 

More than 650 patients have now been operated upon at the 
University of California Medical Center, and approximately 500 
since 1990. The overall mortality (30 days or in-hospital if the 
hospital course is prolonged) was 9% for the entire patient group. 
This encompasses a time span of 20 years, and during the early 
experience with this procedure mortality was related to many 
causes, including myocardial infarction, bilateral phrenic nerve 
paralysis, pulmonary hemorrhage, and sepsis. Of 196 patients op
erated upon from July 1970 to December 1989 the mortality was 
15%, with no appreciable change over the years. A change in the 
operative method, as described above, was instituted in 1990-'̂ . 
Since this time the mortality rate has been in the range of 5-6%. 

Residual causes of mortality are operation upon patients in 
whom thromboembolic disease was then found not to be the 
cause of the pulmonary hypertension, and the rare case of reperfu
sion pulmonary edema which progresses to a respiratory distress 
syndrome of long standing, which is not reversible. 

These results obviously compare very favorably with those for 
transplantation, in both the short term and the long term. The data 
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from the registry of the International Society for Heart and Lung 
Transplantation for the years 1987-1992 show a 1-year survival 
of 52% for single lung transplantation and 52% for double lung 
transplantation. Results have been somewhat better in recent 
years, and are also somewhat better at individual centers, but still 
do not achieve figures comparable to the current results for en-
darterectomy at UCSD. 

Long-term results with endarterectomy show persistent hemo
dynamic and respiratory improvement^'. The New York Heart 
Association (NYHA) functional classification improves 
markedly, with the majority of patients changing from NYHA III 
or IV to NYHA I functional status. Long-term results with trans
plantation, of course, are not as well sustained, since there is a 
progressive morbidity and mortality due to chronic rejection and 
the side-effects of immunosuppression, including infection. 

COMMENT 

It is increasingly apparent that pulmonary hypertension due to 
chronic pulmonary embolism is a condition which is under-recog
nized. Medical therapy for this condition is ineffective. The oper
ation of pulmonary endarterectomy is technically demanding, and 
requires careful dissection of the pulmonary artery planes and the 
use of circulatory arrest. There is a distinct learning curve for the 
procedure. However, surgical therapy is curative, with currently 
excellent short- and long-term results. There are distinct advan
tages to this procedure as compared to transplantation. The wait 
for a donor, with its attendant mortality, is eliminated. Short- and 
long-term problems with rejection and the side-effects of im
munosuppression are avoided. There seems little doubt, with the 
increasing recognition of patients presenting with pulmonary hy
pertension due to emboli, and the realization that pulmonary en
darterectomy can be a relatively safe and effective procedure in 
experienced hands, that this will be an expanding area of surgical 
therapy in the future. 
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alcoholic donor 26 
alloantigen 58 
allograft coronary artery disease 333; see also chronic cardiac rejection 
allograft coronary artery vasculopathy: relationship to diffuse chronic 

vasculopathy (global myocardial ischemia) 247-8 
allograft destruction immunobiology 57-66 
allograft vasculopathy 235-6 
alloimmunization 58 
allopurinol 126 
allorecognition mechanisms 58 
amiodarone 165, 173 
amlodipine 165 (table) 
amrinone 165 (table), 180 (table) 
amyloidosis 395-7 

AA 395 
AL 395 
diagnosis 396 
history 396 
recurrence after transplantation 396-7 
treatment 396 
workup 396 

anal carcinoma 114-15 
anencephalic infants 6 
anergy 59,65 

T cells 65 
anesthesia for heart transplantation 195-7 

cardiopulmonary bypass 196 
management 196 
monitoring 195-6 
non-cardiac surgery after heart transplant 392-3 
postcardiopulmonary bypass period 196-7 
pre-anesthetic management 195 

anesthesia for lung transplantation 4514,457 ,  627 
equipment 454 (table) 
history 45 1-2 
induction 454-5 
medications 454 (table) 

angina pectoris 232.233 
angiopeptin 340 
angioscopy 340 
angiotensin I 499 
angiotensin-converting enzyme inhibitors 7 1 ,  122, 165 (table) 
anti-arrhythmic agents, type I 165 (table) 
antibodies 

animal species raised 249 
anti-CD45 61 
anti -1CAM-l 61,64 
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bronchoalveolar lavage 484.5 10, 5 19 
bronchiolitis obliterans syndrome 102. 452. 497. 506, 510, 547-54 

clinical presentation 549 
clinical staging system 550 (table) 
functional assessment 549-50 
histology 550 
historical perspective 547 
immunology 550-2 
incidence 547-8 
management 552-4 

immunosuppression 5 5 3 4  
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Eisenmenger's syndrome 437-8,499,596 fentanyl 224 

heart-lung transplantation for 605 fibric acid 125 
elastase 326 fibrin 249 
electrocardiography, heart transplant recipient 234 fibroblast growth factor 325 
electroencephaly 3 Fiedler's myocarditis see giant-cell myocarditis 
electrophysiology, heart transplant recipient 234 financial considerations 40 
embolic disease 506 financial incentives to donation (rewarded gifting) 15-16 
emphysema 38,437,624 first human-to-human heart transplant 157, 1.58 (fig.) 

a,-antitrypsin 439 fish oil 340 

lung volume reduction surgery see lung volume reduction surgery FK506 see tacrolimus 
empyema 282 (table), 283 FK-binding protein 61.639 (table) 
enalapril 71 fleodine 121 
endocarditis 283-4 flosequinan 165 
endomyocardial biopsy 62,254 £35, 266-9 fluconazole 482 
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fludrocortisone acetate 225 
fluid retention 128, 225 
fluoxetine 133 
Fontan procedure 367. 368 (table) 
foscarnet 102 
furosemide 225 
Fusariurn 290 

gag reflex 2 
ganciclovir 102, 123,223.294.296-7, 627 

prophylactic dose 482 
gas exchange 7 19-2 1 
gastric outlet obstruction 39 
gastrointestinal complications 1 2 2 4  

emergency surgery 124 
pathogenesis 122 

gastrointestinal tract infections 282 (table) 
gemfibrozil 125 
gene(s) 

DMA 45 
DMB 45 
DNA 45 
LMP 45 
MHC 44-5 
pseudogenes 45 
TAP 45 
transcription regulation 61 

gene transfer 669-72 
application to allotransplantation 671-2 

modification of selflnonself identitylalteration of allograft phenotype 
67 1 

modulation of alloreactive immune response 672 
application to xenotransplantation 672 
methods 670-1 

adenoviral vectors 670-1 
retroviral vectors 670 

'molecular chimerism' 672 
technology 669-70 

giant-cell granulomatous myocarditis see giant-cell myocarditis 
giant-cell myocarditis (idiopathic giant-cell myocarditis. giant-cell 

granulomatous myocarditis, Fiedler's myocarditis) 399-400 
etiology 399 
histopathology 399400 
recurrence after transplantation 400 
treatment 400 

giant cell interstitial pneumonia 513 
glucose 675 
granulomas 5 13 
global myocardial ischemia 247-8 
glutathione 678 
glycoprotein B vaccine 294 
gout 126-7 
graft arteriosclerosis (atherosclerosis) 5 17-1 8 
graft rejection 6 1 4  

accelerated 44 
acute 61 

early 58 
adhesion paradigm 6 3 4  
chronic 61-2 
clinical 61 
immunology 62 
irreversible hyperacute 44 
pathological 62 

graft syndromes 505 
graft vasculopathy prevention 226 

Gram-negative bacilli 97 (table). 98 
granzyme 61 
growth factors 325-6 
growth retardation 127-8 
GTP 61 
guanfacine 7 1 
guanidine 235 

haloperidol 133 
halothane 675 
Hardy, J. 157 (fig.) 
heart failure 229, 232 

adjunctive outpatient therapy 165 
chronic 767 
symptoms 166-7 

heart failure syndrome 229,232 
heart-lung transplantation 605-33 

bronchial anastomosis 625-6 
bronchial artery revascularization 626-7 
cardiac bicaval anastomosis 617 
contraindications 607 
donor selection criteria 609 (table) 
early clinical experience 602-3 
evaluation 607. 608 (table) 
experimental background 599-602 

advent of supportive techniques 601 
heart-lung transplantation in primates 601-2 
initial studies 599-600 
introduction of cyclosporin 602 

historical perspective 622-3 
immunosuppression 617-1 8 
implantation technique changes 625-7 
indications 605-6. 623 (fig.), 613 (table), 628 

Eisenmenger's syndrome 605 
primary pulmonary hypertension 605 

infection prophylaxis 6 18 
patent ductus arteriosus present 617 
postoperative bleeding 617 
postoperative care 617-1 8 
procurement 609-10 

surgical technique 61 0. 61 1-1 2 (figs.) 
progress 621-33 
recipient operation 6 10-1 6 

excision of recipient heart and lungs 613-15 
implantation of donor organs 615-17 
initiation of cardiopulmonary bypass 6 12-1 3 

results 618 
risk factors 629-3 1 
selection criteria 606 
survival 628 
torsion of grafted lung 6 17 

HeartMate 190. 709-16 
clinical experience 713-14 
description 710-1 1 
design 710 
development 710 
implantation 7 12 
operation 7 12-13 
patient selection 71 1-12 

heart presentation modalities 678-8 1 
composition of preservation solut~ons 679 (table) 
extracellular solutions 679 
ice 678 
intracellular solutions 679-80 
lazaroid compounds 678 
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heart presentation modalities - (cotzti'd) 
microperfusion 680 (fig.) 
perfusion methods 680-1 
two-layer cavity method 678 

heart pretreatment 675-6 
agents 675 
triiodothyronine therapy 655-6 

heart reperfusion 684 
heart resuscitation 676 
heart storage 675-84 
heart retransplantation 340-1. 347-50. 410-1 1 

indications 347-8 
operation 349 
patient selection 348 
postoperative care 349 
results 349-50 
timing 348-9 

in advanced chronic rejection 348-9 
in intractable acute rejection 348 
in primary allograft dysfunction 348 

heart transplantation 
anticoagulation 172-3 
approach to candidate 152 
assessment of clinical stability 174 (table) 
candidate managemenure-evaluation 172-5 
complications. early 226-7 

haemorrhage 226-7 
pulmonary emboli 227 
systemic emboli 227 
technical 227 
wound infection 227 

contraindications 3 6 4 0 .  161 (fig.), 169-72 
absolute 37 (table) 
active infection 36-7 
active peptic ulcer 38 
active systemic disease 37. 170 
cachexia 39 
cerebrovascular disease 38 
critically ill patient 172 
diabetes mellitus requiring insulin 38 
documented risk factors 172 
dysfunction of major organs 37-8 
hepatic dysfunction 171-2 
irreversible pulmonary hypertension 171 
non-compliance 3 9 4 0  
obesity 39 
peripheral vascular disease 38 
relative 37 (table) 
renal dysfunction 172 
substance abuse 3 9 4 0  
unresolved pulmonary infarction 39 

death after, causes of 409-10 
donor-recipient size mismatch 23 1 
donor selection see donor selection 
early clinical progress 158 
employment after 139 
expected benefits 166 (figs.) 
heterotopic see heterotopic heart transplantation 
hospitalization 173 
immunosuppression 349 
indications 161 (fig.), 165-9 

discharge from defibrillator 169 
heart failure 155-7 
intractable angina 169 
left ventricular ejection fraction 167 

peak oxygen consumption 166 (table), 167-9 
indications for admission 174 (table) 
infantslchildren see infantslchildren heart transplantation 
mechanical support 174 
orthotopic see orthotopic heart transplantation 
patient selection 13 1-2 
peak exercise oxygen consumption 166 (table) 
peripheral vascular disease in recipient 38 
postoperative care 12 1-7, 627-8 

dietary guidance 223 
fluid balance 223 
infection prevention 222 
patient monitoring 22 1-2 
physical rehabilitation 222-3 
prevention of boredom. psychological isolation 223 
respiratory therapy 222-3 

postoperative drug therapy see drug therapy, post-heart transplantation 
potentially reversible factors 162-3 
re-evaluation 174-5 
selection of candidate 161-5 
selection criteria for benefits 169 (table) 
survival see survival after heart transplantation 
tailored therapy prior to transplantation 163-5 
ventricular dysrhythmia 173 

heart xenotransplantation 731 4 6  
clinical experience 743-6 
concordant 731 
discordant 732 

genetically engineered guinea pig 732 
human anti-pig antibody depletionlinhibition 732 

rejection 7 3 7 4 2  
acute 737,741-2 
delayed vascular 737, 739 (fig.). 741-2 
histopathologic grading 741-2 
histopathology 740-1 
hyperacute 737,740,740-1,741-2 
pathophysiology 7 3 7 4 0  
venular thrombosis 741 
unresolved problems 732-3 

Helicobacter pylori infection 123 
hemochromatosis 400-1 
hemodynamic instability 446 
hemodynamic monitoring 164 
hemothorax 391 
heparin-binding epidermal growth factor 325-6 
hepatic dysfunction 17 1-2 
hepatitis viruses 24-5, 35. 99, 1 0 3 4 .  298-9 

B 298 
C 298 
prevention 1 0 3 4  
prophylaxis 1 0 3 4  

hepatobiliary tumors 115 
hepatocellular carcinoma 100 
hepatoma 115 
hepatotoxicity 122-3 
Hering-Breur reflex 490 
heroin 25, 137 
herpes simplex virus 100. 103, 122. 297, 538-9 

esophagitis 123 
prevention 102 (table), 283 (table) 
prophylaxis 102 (table), 283 (table) 
vims-6 103,298 
virus-7 298 

herpes zoster (shingles) 297 
heterotaxy syndromes (splenic syndromes) 274-5 
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heterotopic heart transplantation 207, 235, 353-64 
advantagesldisadvantages over orthotopic transplantation 354 (table) 
anticoagulation 6 1 
excision of heterotopic allograft 364 
hemodynamic studies 361 
indications 354-6 
poorly functioning ventricles 361 
in pulmonary hypertension 181 
retransplantation 3 6 2 4  
sequential heart transplantation 3 6 2 4  
surgery 356-60 

anastomosis of aorta 359 
anastomosis of left atria 358 
anastomosis of right atria 358-9 
anastomosis of pulmonary arteries 3 5 9 4 0  
cardiopulmonary bypass initiation 357 
discontinuation of pump-oxygenator 360 
donor heart excisiodpreparation 356 
myocardial protection 357-8 

high-pressure liquid chromatography with mass spectrometry 75 
histamine 499 
Histoplasma capsulatum 289 
histoplasmosis 97 (table) 
HLA matching 41 3 
Hodgkin's disease 114 
hollow fiber membranes 720-1 
homologous restriction factor (CD59, protectin) 732 
hormonal therapy 32-3 
host antigen-presenting cells 58 
human immunodeficiency virus 24,99.299 

prevention 283 
prophylaxis 283 

human leukocyte antigen system 44-8 
human lymphotropic virus-l/2 299-300 
Human Tissues Act 1961 (GB) 5.7 
humoral mechanisms 63 
humoral-mediated injury 62-3 
humoral (vascular) rejection 235 

treatment 278-9 
HWA486 see lefunomide 
hyaluronic acid 627 
hydralazine 165 (table), 224 
hydrocortisone 392 
hydroxytryptamine 682 
hypercarbia 455 
hypercholesterolemia 226, 236 
hypertension 326 

acute 233 
early-morning 122 
pulmonary see pulmonary hypertension, primary 
secondary 438,622 
supine 122 
systemic 71. 121-2 
thromboembolic see thromboembolic pulmonary hypertension 

hypertrophic cardiomyopathy 169 
hyperuricemia 126-7 
hypocampal gyri herniaion 1 
hypoplastic left heart syndrome 367, 367-8 

surgery 370-1 
hypotension 233 
hypothermia 156.678 
hypoxemia 455 

ibopamine 165 (table) 
ICAM-I 636 

ICU 3 
idiopathic giant-cell myocarditis see giant-cell myocarditis 
immune response, molecular basis 5 7 4 1  
immunoglobulin 223 

gene superfamily 59 
immunoglobulin-1 (zomazyme H65) 662 
immunology of rejection 635-7 
immunosuppression 156,249-50 

net state 282 
new agents 635-54 

immunosuppressive drugs regimen 521 (table) 
immunosuppressive drug therapy maintenance 226 
implantable gas exchange device 722-3 
impotence 127 
IMx 75 
incisional hernia 391 
induction therapy 85-6 
infantstchildren heart transplantation 367-77 

anatomic considerations 369 
cardiac tumors 36 
cardiomyopathy 368 
congenital heart disease 367-8 
contraindications 368-9 
donor assessment/management 369 
immunosuppression 375 
indications 367 
operative techniques 370-5 

heterotaxy (splenic) syndromes 374-5 
hypoplastic left heart syndrome 370-1 
situs inversus 3 7 2 4  
status post-Fontan procedure 371-2 

post-transplant complications 375-6 
pretransplant evaluatiodtreatment 369 
rejection 375 
results 376 
retransplantation 368 

infection 
after lung transplantation see infection after lung transplantation 
deep infection of chest wound 100 
early bacterial infection 100 
early fungal infection 100 
herpes viruses 100 
primary 284 
reactivation 284 
reinfection 284 
risk 97-8 
timetable 98-100, 2 8 2 4  
see also specijic infections 

infection after lung transplantation 5 2 7 4 0  
adenovims 539 
bacterial pneumonia 529-32 

morbidity 530 (table) 
mortality 530 (table) 
prevalence 530 
prophylactic antibiotic regimens 529-30 
relationship with obliterative bronchiolitis 530-1 
specific infections 53 1-2 

Coxsackie virus 539 
cytomegalovims 532-6 

clinical features 534 
detection 534 
diagnosis 534 
prevalence 532-3 
prevention 5 3 6 6  
treatment 534 
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infection after lung transplantation - (conti'd) 
Epstein-Barr virus see Epstein-Barr virus 
fungal 536-8 

prevalance 536 
prophylaxis 537 
relationship with obliterative bronchiolitis 537-8 
treatment 537 

herpes simplex 538-9 
infection in native lung 539 
infection transmitted from donor lung 539-40 
influenza virus 539 
mycobacteria 539 
parainfluenza 539 
paramyxoviruses 539 
Pneumocystis 538 
respiratory syncytial virus 539 
surveillance 529 

infection in transplant recipients 97-108. 281-302.510-12 
see also infection after lung transplantation 

influenza 97 (table), 539 
viruses 300, 539 

inguinal lymphocele, persistent 120 
inositol-phospholipid pathway 636 
inotropic agents 165 
insulin 32-3 
intercellular adhesion molecule-1 63 
interferon-a 299 
interferon- y 6 1,65 

genes 61 
interleukin-1 242,325-6 
interleukin-2 6 1 
interleukin-2R 627 
interleukin-6 325-6 
interleukin- 10 672 
International Society for Heart and Lung Transplantation 172, 241, 245 

(table), 258-60, 409-14 
interstitial dendritic cells 635 
intra-aortic balloon pump 185, 186 
intracellular adhesion molecule-1 323 
intracytoplasmic signalling molecules 60 (table) 
intravascular lung arrest devices 725-6 
intravascular oxygenator (IVOX) 724-6 

clinical trial 7 2 5 4  
intravascular ultrasound 335-9 
intravenous membrane oxygenator 725 
ipratropium bromide 497, 498 
isoniazid 105 
isoproterenol 225,235,491 
isradipine 121 
itraconazole 483 

Jarvik, R. 705 (fig.) 
Jarvik-7-100 191 (fig.), 703, 704 (fig.), 705 

Kaposi's sarcoma 112, 1 14, 295 
keratoacanthoma 128 
ketoconazole 70 
kidney transplant 41 8 
Klebsiella sp. 100 
Kolff, W. 704 (fig.) 

lazaroid compounds 678 
Lazarus reaction 3 
leflunomide (HWA486) 643-4 

clinical trials 644 

experimental pharmacology 643 
mechanisms of action 643 
pharmacokinetics 643 
prospects 644 
toxicities 644 

left heart bypass 764 
left ventricular dysfunction 38, 235, 756 
left ventricular ejection fraction 167 
left ventricular systolic function 181 
left ventriculography 19 
Legionella sp. 97 (table), 98, 284-5 

prevention 283 (table) 
prophylaxis 283 (table) 

leukocyte-depleted reperfusion 684 
leukocytoclastic vasculitis 242 
leukotrienes 250 
leu-7 lymphocytes 627 
LF08-0299 654 
LFA-I 636 
lidocaine 675 
ligands 59 (table) 
lip cancer 113 
lipid therapy 340 
lisinopril 71 
Listeria monocyrogenes 99. 100, 285 

prevention 283 (table) 
prophylaxis 203 (table) 

living donor lobar lung transplantation 589-93 
donor evaluation 589 
indications 589 
results 592 
surgical techniques, donor 589-92.593 (figs.) 

left lung lobectorny 590-1 
pulmonary procedure 591 
right lung lobectomy 590 

surgical technique, recipient 591 
Lopid 340 
lorazepam 224 
lovastatin 125 
Lower. R. 155 (fig.) 
lung 

infection in native lung 539 
infection transmitted from donor lung 5 3 9 4 0  
innervation 489-90 
reserve capacity 719 
total membrane area 7 19 

lung preservation 689-91 
consequences of failure 689 
current techniques 689-91 
prospects 691 
variables in single-flush pulmonary perfusion 690 

lung reduction surgery 625 
lung reimplantation response 689 
lung transplantation 4 2 9 4 3 9  

acute rejection see lung transplant, acute rejection 
airway complications 543-6 

chronologic incidence 544-5 
diagnosis 545 
management 545-6 
predictors 544 

anesthesia see anesthesia for lung transplantation 
bilateral see bilateral lung transplantation 
bronchial anastomosis 625-6 
bronchial artery direct revascularization 626-7 
cadaver and living-related lobar transplantation 435 



INDEX 

candidate evaluation 438 
cardiopulmonary exercise testing see cardiopulmonary exercise testing 
cardiopulmonary bypass 626 
causes of death 598 
causes of lung allograft failure 527 (table) 
chronic rejection 508-10,517-18 
contraindications 3 6 4 0  

absolute 37 (table) 
advanced age 38 
active infection 3 6 7  
active peptic ulcer 38 
cachexia 39 
cerebrovascular disease 38 
co-existing systemic disease 37 
diabetes mellitus requiring insulin 38 
dysfunction of major organ systems 37-8 
non-compliance 3 9 4 0  
obesity 39 
peripheral vascular disease 38 
pre-existing malignancy 37 
psychological instability 3 9 4 0  
relative 37 (table) 
substance abuse 3 9 4 0  
unresolved pulmonary infarction 38 

donor lungs see donor lungs 
donor selection see donor selection 
early clinical experience 43 1-2 
end-stage lung diseases suitable for 623 (table) 
first transplant in human 431 
genesis 429-30 
histopathology 505-13 

acute cellular rejection 506-8 
chronic rejection 508-10 
diffuse alveolar damage 505-6 
early allograft complications 505-6 

historical perspective 622-3 
hyperacute rejection 5 17 
implantation technique changes 625-7 
improvements to donor lung seIectionlmanagement 624 
indications 452 
infantslchildren see lung transplantation, infantslchildren 
infection after see infection after lung transplantation 
intraoperative problems 455 

cardiopulmonary bypass 455 
hypercarbia 455 
hypoxemia 455 

living donor see living donor lung transplantation 
lobar 501 
nutritional supplementation 625 
patient selection 4 3 5 4  

age 435 
ambulatory state 435 
end-organ damage 435 
medical illness 435 
nutritional status 436 
previous pleural illness 436 
previous thoracic surgery 436 
psychosocial issues 436 
steroid use 435-6 

pediatric see lung transplantation, infantslchildren 
perioperative management 625-7 
pharmacology see pharmacology of transplanted lung 
physiology see physiology of transplanted lung 
preoperative assessment 453 
pretransplant management 438-9.443-4 

nutrition 4 4 3 4  
rehabilitation 4 4 3 4  
therapy for pulmonary disease 443 

progress 621-33 
pulmonary diseases treated by 452 (table) 
recipient selection 624-5 
recurrence of underlying disease 439 
rejection 627 
results 595-8 

influence of age of recipient 597 
influence of cytomegalovirus 598 
influence of type of transplantation 596 
influence of underlying pulmonary disease 5 9 6 7  
registry data 595 

retransplantation 4 3 9 4 0  
risk factors 629-31 
selection criteria for recipients 452 (table) 
single see single lung transplantation 
size of lung 465-9 

discordance impact 467-9 
donor lung reduction 466-7 

split lung technique see split lung technique 
surgical techniques 

excision of donor organs 575-6 
recipient operative procedures 571 

survival 5 9 5 4  
lung transplant. acute rejection 506-8, 517-24 

clinical significance 522 
diagnosis 5 18-20 

bronchoalveolar lavage 5 19 
chest radiography 519 
computerized tomography 519 
open lung biopsy 520 
phenotypiclfunctiona1 analysis of BAL cells 51 9 
quantitative perfusion 5 19 
transbronchial biopsy 5 19-20 
ventilation scanning 519 

grading 517-18 
histological classification 51 7-1 8 
hyperacute 517 
maintenance suppression 520-2 
treatment 522-3 

lung transplantation, infantslchildren 439. 573-87,501,631-2 
airway complications 581-7 
bronchial complications 583-7 

diagnosis 583 
treatment 583-7 

bronchus handling 582 
cytomegalovirus prophylaxis 579 
donor selection 575 
immunosuppression 576-8 

corticosteroids 578 
cyclosporin vs. tacrolimus 578 

indications 573-5.597 (table) 
congenital heart disease with inadequate pulmonary vasculature 

57&5 
congenital heart disease with irreparable heart defects 574 
congenital heart disease with reparable heart defects 574 
cystic fibrosis 5 7 3 4 ;  see also cystic fibrosis 
parenchymal pulmonary disease 573 
primary pulmonary hypertension 574 
secondary pulmonary hypertension 574 

management of: 
complex cardiac defect 578 
secondary pulmonary hypertension 578 
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lung transplantation, infantslchildren - (conti'd) 
obliterative bronchiolitis 579 
patient evaluation 575 
post-transplantation lymphoproliferative disease 57 
recurrent stenosis 585 
risk factors 583 
single vs. bilateral sequential lung transplantation for pulmonary 

hypertension 578-9 
surgical techniques 585-7 

silicone stent insertion 585 
sleeve resection 586-7 

lung volume reduction surgery in patients with emphysema 625 
anesthesia 792-3 
functional results 793 
indications 790 (table) 
monitoring 793 
pain management 793 
pathophysiology 789-90 
patient selection 790-1 
postoperative management 793 
preoperative preparation 792 
surgical technique 791-2 
video-endoscopic technique 792 

lung xenotransplantation 749-5 1 
discordant 749-50 

complement 749-50 
complement indifferent mechanisms 750-1 
transgenic pigs 750 

lymphangioleiomyomatosis 513 
lymphocyte crossmatching 50-1 

Amos modified method 50 
anti-human globulin method 50 
extended incubation method 50 
flow cytometric crossmatch 50 
standard NIH method 50 

lymphocyte bronchitis/bronchiolitis 508, 518 
lymphocytotoxic antibodies 22,424-5 
lymphoma 112, 113-14 
lymphoproliferative disease, Epstein-Bm virus induced 103,538 

macrophage 63 
magnesium 165 (table) 
magnetic resonance imaging 271 
major histocompatibility complex 44.57-8, 635 

genes 44-5 
malignancy recipient 37 
malignant neoplasia 11 1-17 

biological behavior of post-transplantation neoplasms 1 15 
cancer in renal vs. cardiothoracic recipients 1 15 (table) 
de novo tumors 1 12-17 

age of recipients 112 
etiology 117 
sex 112 
time of appearance of neoplasm 112-13 
types of tumors 1 13 

pre-existing cancers 112 
transplanted malignancies 11 1-12 
treatment of post-transplantation malignancies 116-17 

patients with complete remissions 114 (table) 
mannitol 225 
maprotiline 133 
marijuana smoking by donor 25 
mechanical circulatory support before heart transplantation 185-93 

bridging techniques 192-3 
indications 185-6 

patient selection 1 8 5 4  
mechanical support 174 
medianitis 100 
mediastinitis 282 (table), 283 

prevention 283 (table) 
prophylaxis 283 (table) 

Medicare 40 
medicolegal aspects 5-16 

AIDS 9 
anencephalic infants 6 
authorization for removal of organs 8 
best interest test 6-7 
cadaver organs 6 
confidentiality 8-9 
consent to donation requirements 15 

presumed consent 15 
required consent 15 

determination of timelfact of death 7-8 
donation by competent adult prior to death 5 
donation by empowered authority 6 
donation by relative of diseased 5-6 
donee 8 
economic considerations 9 
ethical considerations 9 
importation/exportation of tissues 9 
informed consent 5-6 
guardian ad litem 7 
judicial approval of parental consent 6 
minors/other incompetents 6 
modifications in recipient selection 16 
parens patriae 7 
purpose of donation 8 
rewarded gifting (financial incentives) 15-16 
sale of tissue 9 
substantial psychological benefit test 7 
substituted judgement 7 
transplant malpractice 9 
unclaimed bodies 6 

medico-social aspects 137-9 
finance 138 
perioperative phase 138-9 
psychosocial assessment 137-8 
rehabilitation phase 139 

membrane cofactor protein (CD46) 732 
methacholine 497 
methotrexate 76-7, 156, 277 

low dose therapy 521 
8-methoxy-psoralen 277 
methylprednisolone 675 
metronidazole 482 
mevacor 340 
microchimerism 65 
6,-microglobulin 57 
midazolam 224 
milk-alkali syndrome 126 
Million Behavioral Health Inventory 13 1 
milrinone 165 (table) 
mineral replacement therapy 226 
mizoribine (bredinin) 647-8 
molecular mimicry 58 
monoclonal antibodies 61,651 (table), 652, 661-3 

anti-adhesion molecules 662 
anti-interleukin-2 receptor 662 
anti-T cell receptor 661-2 
CD3 661 
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chimeric 662 
future application 662 
humanized 662 
TlOB9.1A-31 661-2 
WT32 661 
Zomazyme H65 (IgGl) 662 

mononucleosis syndrome 282 (table) 
morphine 224,392 
morphometry 339 
mucociliary clearance 496 
mucocutaneous infections 282 (table) 
mucormycosis 290 
multiple myeloma 114, 395 
mycobacterial infection 97 (table), 105-6. 285 

prevention 283 (table) 
prophylaxis 283 (table) 

Mycobacterium avium-intracellulare 105-6. 286 
Mycobacterium chelonae 105, 286 
Mycobacterium fortuiium 105, 286 
Mycobacterium haemophilum 105-6 
Mycobacterium kansasii 105, 286 
Mycobacterium scrofulaceum 105-6, 286 
Mycobacterium thennoresistible 105-6, 286 
Mycobacierium tuberculosis 105, 285-6 

post-lung transplantation 539 
prophylaxis 286 

mycophenolate mofetil 277, 340, 523. 6 4 6 7 ,  731 
clinical trials 646-7 
experimental pharmacology 646 
gout treatment 16 
GTP synthesis alteration 61 
mechanism of action 644 
molecular structure 645 (fig.) 
pharmacokinetics 644-6 
side-effects 122 
toxicity 647 

Mycoplasma homirzis 100 
myocardial protection 199-203 

brain death effects 202 
current techniques 201 
donor preparation 202-3 
donor selection 202 
implantation 203 
organ freezing 203 
preservation solutions 203 
transportation 203 

myocardial regeneration with skeletal muscle satellite cells 785-7 
cell marking 786 
cryoinjury model 786 
transplantation of satellite cells 786 

myocardial viability assessment 68 1-2 
myocarditis 235 
myocyte necrosis 260 
myositis 125 

National Organization for Rare Diseases 40 
National OrganTransplant Act 1984. 1986 (USA) 9. 12 
National Practice Guidelines for Heart Failure 172-3 
negative selection 59 
Neoral 523 
nephrotoxicity 120- 1 
neutrophils 63 
nicardipine 224, 675 
nicorandil 675 
nicotinic acid 125 

nifedipine 121, 165 (table), 224, 235 
nisoldipine 680 
nitrates 165, 165 (table) 
nitric oxide 12. 180 (table), 18 1 (table), 499. 682 
nitroglycerin 224,335,682 
nitroprusside 179, 180 (table) 
Nocardia sp. 286 

prevention 283 (table) 
prophylaxis 283 (table) 

nocardiosis 510-1 1 
non-cardiac surgery in patients with heart transplants 3 9 1 4  

anesthesia 392-3 
postoperative management 393 
preoperative assessment 392 
results 393 

non-compliance in recipient 3 9 4 0  
non-Hodgkin lymphoma 113,426-7 

survival rate associated 426-7 
non-steroidal anti-inflammatory agents 165 (table). 224 
North American Transplant Coordinators Association 12 
Norvaline-cyclosporin G 627-9 

clinical trials 638 
experimental pharmacology 638 
mechanism of action 637 
pharmacokinetics 637-8 
potential 639 
toxicity 638-9 

Novacor N 100. 190 
NSC 368390 see brequinar sodium 
nuclear transcription factors activation 61 
nutritionldiet 141 -7 

diet constituents 145 (table) 
drug-related problems 146 
long-term nutritional care 146 
nutritional assessment of transplant candidate 1 4 1 4  

calorie requirement 143-4 
protein requirement 144 

nutritional support immediately after transplant 145-6 
nutritional support pretransplant 144-6 

cardiac cachexia I45 
cardiac failure 144 
obese patient 144 
patient on artificial heart 145 
patient on mechanical assist device 145 
respiratory disease 145 

patient's assessment 143 (table) 
recommended diet 1 4 6 7  

nystatin 223, 482 

obesity in recipient 39, 128, 163 
obliterative bronchiolitis 94, 5 17-1 8. 557-63 

management 628 
pediatric patient 579 
pulmonary retransplantation 537-63 

causes of death 560 
methods 557 
patients 557 
survival after 558-60 

recognition 628 
results 557-62 

ocular complications 128 
oculocephalic reflex (doll's eye) 2 
oculovestibular reflexes 2 
Ogilvie's syndrome 124 
OKT3 79-80.85,242,249-50,27778,652 



THE TRANSPLANTATION AND REPLACEMENT OF THORACIC ORGANS 

OKT3 - (conti'd) 
administration 80 
dosage 80 
mechanism of action 520 (table) 
monitoring 80 
prophylactic 425-6, 521 
side-effects/complications 80. 522 
toxicity 520 (table) 
treatment of acute lung rejection 522 

omega-3 fatty acid therapy 121 
omental wrap 625-6 

complications 626 
omentoplexy 543, 581 
open lung biopsy 520 
organ procurement networks 12 

South Africa 12 
USA 12 
Western Europe 12 

organ procurement organizations 1 1 
orthotopic heart transplantation: standard approach 155,207-1 3 

donor heart excision 207-8 
donor heart preparation 208-9 
recipient operation 209-13 

anastomosis of aortae 21 1-12 
anastomosis of left atria 2 10 
anastomosis of pulmonary arteries 2 1 1 
anastomosis of right atria 210-1 1 
discontinuation of pump-oxygenator support 2 12 
excision of recipient heart 209 
initiation of cardiopulmonary bypass 209 
insertion of donor heart - order of anastomoses 209-10 

orthotopic heart transplantation: bicaval 'total' approach 215-19 
donor heart excision 2 15 
donor heart preparation 2 15- 16 
multiple organ procurement 215 
recipient operation 2 1 6 1  9 

anastomosis of aortae 31 8 
anastomosis of left atria 3 17-1 8 
anastomosis of pulmonary arteries 2 18 
anastomosis of venae cavae 2 18 
completion of operation 219 
de-airing of heart 2 18-1 9 
discontinuation of pump-oxygenator 219 
excision of recipient heart 216-1 7 

osteoporosis 87. 125-6, 227 
over-immunosuppression 201 
oxidation 683 
oxygen 678. 7 17 

high concentration 7 17 
nocturnal 165 (table) 
peak consumption 166 (table), 167-9, 

oxygen free radicals 683 

P450-3A4 75 
panbronchiolitis 513 
pancreatitis 78. 123-4, 392 
papilloma virus infection 100 
papovaviruses 300 
Paracoccidides brasiliensis 390 
parainfluenza 97 (table) 
Parainfluenza virus 300,539 
paramyxoviruses 539 
paroxetine 133 
passenger donor lymphocyte 635,636 
Penn State Heart 191, 192 (fig.) 

Penn intravascular lung 726 
pentoxifylline 121 
peptic ulcer 392 

in recipient 38 
prevention, post-heart transplantation 226 

peptides 58 
analogs 59.61, 64 
MHC-derived 66 
self 59 

perforin 61. 63 
perianal skin carcinoma 114-15 
pericardial effusion 1 19-30 
perineal carcinoma 114-15 
peripheral alpha-receptor blockers 7 1 
phaeohyphomycosis 290 
pharmacology of transplanted lung 497-9 

bronchodilators 497 
capsaicin 498 
bronchoprovocation 497-8 
vascular phannacology 498-9 

phenobarbitone 70 
phenylephrine 32,223 
phenytoin 70 
photophoresis (photochemotherapy) 277,652-3.665-7 

in non-transplant conditions 665 
in transplantation 665-6 
potential mechanisms of action 667 

physiology of transplanted lung 489-97,501 
airway hysteresis 490 
airway resistance 493494 
breathing during sleep 497 
breathing regulation 490,496-7 
carbon monoxide diffusion capacity 495 
cough 496 
expiratory flow patterns 4 9 3 4  
gas exchange 495-6 
hypoxic pulmonary vasoconstriction 495 
lung volumes 491-3 

bilateral lung transplantation 491-2 
heart-lung transplantation 49 1-2 
single lung transplantation 492-3 

mucociliary clearance 496 
neurotransmitters 491 
pulmonary circulation 495 
pulmonary function at rest 491 
receptors 491 
re-innervation 491 
respiratory mechanics 490 
spirometric measurements variability 494-5 
ventilation 495-6 
ventilation-perfusion 495-6 
ventilatory response to hypoxiahypercapnia 496-7 

Pierce-Donachy VAD 188-90 
pimobedan 165 
plasmacytoma 114, 395 
plasmapheresis 278-9 
platelet activating factor receptor antagonists 684 
platelet-derived growth factor 325, 326 

B 669-70 
P~reumocysris 538 
Pneumocystis carinii 99, 100. 105,223. 301.512 

prevention 283 
prophylaxis 283 

pneumonia 282 (table) 
bacterial 510 
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in canine animal system 100 
giant cell interstitial 5 13 

pneumothorax 391,392 
polyethylene glycol 683-4 
positive selection 59 
postcardiopulmonary bypass period 197-8 
post-cardiotomy shock 162 
post-transplant lymphoproliferative disorder 92-3. 5 12-13 

pediatric patient 578 
post-trauma pulmonary contusion 624 
potassium 165 (table) 
potassium~alcium vasospasm 678 
pravacol 340 
pravastatin 125, 326 
prazocin 7 1, 122 
prednisone 146 
pretransplant blood transfusion 5 1-2 
pretransplant immunology 43-53 

antigens see antigens 
genes see genes 
red blood cell groups 4 3 4  

ABO 4 3 4  
Rb 44 

serologic histocompatibility testing see serologic histocompatibility testing 
pretransplant work-up donor 292 (table) 
pretransplant work-up recipient 302 (table) 
probenecid 126 
promoter sites 6 1 
propranolol 232.675 
prostacyclin (PGI?) 165 (table). 224. 675 
prostaglandins 12 1, 224,675 

E 121 

E,  171, 180 (table), 181, 224 
protectin (CD59, homolous restriction factor) 752 
protein kinase C 250 
Pseudallescheria boydii 290.5 1 1 
pseudogenes 45 
Pseudornonas aerugitzosu 97 (table). 100. 510, 531-2,532 

cystic fibrosis reservoir 625 
perioperative treatment 566 

Pseudornonas cepucia 36. 100.510.566,625 
psychological instability in recipient 3 9 4 0  
psychiatric aspects 13 1-5 

gift relationship 134 
patient rejection 132 
patient selection 13 1-2 
post-transplantation complications 132-3 
rehabilitation 1 3 3 4  
team work 134 
waiting for transplantation 132 

PTCA 341 
puberty delayed onset 127-8 
pulmonary blood flow 582 
pulmonary edema, non-cardiogenic 7 17 
pulmonary embolism. acute 797 
pulmonary fibrosis 21,437.544 
pulmonary function 17 1 

pulmonary hypertension, primary 20.21.38, 177-82.437.544 
irreversible 171 
outcome 181 
heart-lung transplantation for 601 
receiver operating characteristic curves 178, 179 (fig.) 
reversibility 178-9 
single lung transplantation 544 
surgical alternatives 18 1-2 

survival rate after heart transplantation 419 
pulmonary infection 

in donor 24 
in recipient 38 

pulmonary preservation 582 
pulmonary vascular resistance 177 

index 177 
pupillary response to light 2 
purine biosynthesis pathways 645 (fig.) 
pyrexia in donor 24 
pyroninophilia 261 

quality of life after heart transplantation 149-52, 405-7 
methods of measuring 150 
physical function 305-6 
psychological function 406 
questionnaire 151-2 
sexual function 307 
social function 406-7 
vocational function 405-6 

quantitative perfusion 5 19 
questions asked by family of potential organ donor 12 (table) 

rabbit heart model, e.r viva working 681 (fig.) 
race, role in survival after heart transplantation 41 3-14 
radionuclide diagnostic techniques 270-1 
rapamycin (sirolimus) 61, 340, 641-3 

clinical trials 643 
n~echanisms of action 64 I 
pharn~acokinetics 64 1-2 
prospects 643 
toxicity 643 

rapid plasma reagin test 35 
recipient selection modifications 16 
recombinant fusion proteins 61 
red blood cell pumps 4 3 4  

ABO 4 3 4  
Rh 44 

regulatory cells 65 
rehabilitation 1 3 3 4 ,  139 
Reitz. B. 603 (fig.) 
renal carcinoma 115 
renal disease end stage 12 1 
renal dysfunction 172 
renal tract infection in donor 24 
reperfusion injury 201 
respiration 2 

factors influencing 2 
spontaneous, methods of testing 4 

respiratory syncytial virus 97 (table). 539 
restriction endonucleases 669 
restrictive cardiomyopathy 169 
restrictive lung disease 437 
retroviruses 299-300, 670 
rewarded gifting (financial incentives to donation) 15-16 
rhabdomyoma of heart 368 
Rhodoccoccus equi 286-7 
rifampicin 71, 105 
right heart bypass 763-4 
right ventricular failure 38 
right ventricular perforation 391 
risperidol 133 
roller-head pumps 187 
Ross. D. 745 (fig.) 
RS 61443 see mycophenolate mofetil 
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salt retention 128 
Sarcocystis sp. 262 
steroid heart disease 397-9 

diagnosis 398 
etiology 397 
histopathology 397-8 
natural history 397 
treatment 398-9 

sarcoidosis 5 13 
sarcomas 115 
Sarns centrifugal pump 187-8 
SC 45662 654 
scrota1 carcinoma 114-15 
selective bowel decontamination 482 
serologic histocompatibility testing 48-5 1 

lymphocyte crossmatching see lymphocyte crossmatching 
panel-reactive antibodies 49-50 

serotonin 12 1 
sertraline 133 
serum amyloid A protein 395 
sexual activity/function 127. 134 
shingles (herpes zoster) 297 
Shumway, N. 156 (fig.) 
silicone stents 585-6 
simvastatin 125 
single lung transplantation 4334,452-3,462-3 

choice of side 462 
exposure 462-3 
implantation 463 
patient selection 4 3 3 4  
postoperative management 479-86 

anticoagulation 482 
early postoperative period 479-84 
hemodynamic 48 1 
immunosuppressive therapy 481-2 
implantation response diagnosis 483-4 
infections 482-3,4834 
investigations 483 
medium/predischarge period 4 8 5 4  
rejection diagnosis 4 8 3 4  
ventilatory 480-1 

recipient pneumonectomy 463 
risk factors for 1-year mortality 628 (table) 

single ventricle 367 
sinusitis 627 
sinus node dysfunction 234 
sirolimus see rapamycin 
sirus inversus 3 7 2 4  
skeletal muscle 382-6, 759 

heart transplant recipient 381 (fig.) 
measurement of: 

isokinetic function 382 
isometric function 382 

muscle function assessment 382 
normal 380 (fig.) 

skeletal muscle-powered cardiac assist development 767 
skeletal muscle pumping chambers 7 5 9 4 5  

historical review 759-80 
skeletal muscle ventricles 756,760 

arterial diastolic counterpulsators 761-3 
construction 760 
in mock circulation 761 
in vivo 761 
preconditioning 760-1 

SK&F 105685 652 

skin cancer 112-1 3, 113 
skin benign lesions 128 
smoking 40.326 
sodium nitroprusside 224 
solumedrol 508 
splenic syndromes (heterotaxy syndromes) 274-5 
split-lung technique for lobar transplantations 471-6 

donor lung preparation 472 
donor operation 472 
donor-recipient size discrepancy 471 (table) 
materials 47 1-2 
methods 471-2 
recipient operation 473-6 

excision of left lung 474 
excision of right lung 473 
implantation of left lower lobe 475 
implantation of right upper lobe 4 7 3 4  

results 476 
squamous cell carcinoma 100 
Staphylococcus aureus 98, 100. 531 
Starling's law of the heart 697 
Starzi, T. 744 (fig.) 
'statin' drug 340 
Stenberg. L. (patient) 695 
sternal wound infection 282-3 

prevention 283 (table) 
prophylaxis 283 (table) 

steroids see corticosteroids 
Streptococcus pneumoniae 539 
Strongyloides stercoralis 97 (table). 301 

prevention 283 (table) 
prophylaxis 283 (table) 

subendocardial hemorrhage 202 
substance abuse by recipient 3 9 4 0  
substance P 490 
sudden cardiac death syndrome 236 
sulfa-allergic patients 482 
sulfamethoxazole 482 
sulfinpyrazone 361 
supportive techniques 155-6 
survival after heart transplantation 409-27 

Cardiac Transplant Research Database 409-14 
causes of death 409-10 
Collaborative Heart Transplant Study 417-27 
factors influencing survival 410-14 

ABO compatibility 421-2 
cytomegalovirus infection 426 
donor age 421 
donor race 420-1 
donor factors 4 12 
gender 413,420 
HLA matching 4 2 2 4  
immunosuppression 425-6 
infection 412-13 
late mortality, factor affecting 412 
non-Hodgkin lymphoma 426-7 
preformed lymphocytotoxic antibodies 424-5 
preservation time 424 
recipient's age 41 1-12.421 
recipient's pretransplant clinical status 410-1 1 
recipient's race 413-14.420- 1 

International Society for Heart and Lung Transplantation Registry 
409-14 

risk factors 410 (table) 
without hospitalization 168 (fig.) 
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syncope 234 
syphilis 287 

test for 35, 287 

T3 32.33 
tacrolimus (FK506) 73-5.89-94,2767,523,63941 

administration 74 
bioavailability 90 
blood levels monitoring 74-5,90 
chemistry 89 
clinical trials 640 
distribution 90 
dosage 74 
experimental pharmacology 640 
in heart transplantation 91-3 

primary immunosuppressant 91-3 
'rescue agent' 91,93 

hyperuricemia due to 126 
inhibition of host defences against cytomegalovims 101 
in lung transplantation 9 3 4  
mechanisms of action 89-90.639 
metabolism 90 

dmgs interacting with 90 (table) 
molecular structure 639 (fig.) 
motility disturbance 122 
nutritional problems 146 
pharmacokinetics 639 
potential 64 1 
primary immunosuppressent 91 
side-effects/complications 75, 90-1 
toxicity 641 
transcription factor effect 61 

tank ventilator 717 
T cell 58,62-3,261,271,635-7 

activation 58-61. 636 
adhesion 59-61 
alloantigen recognition 61 
allo-MHC recognition 58 
anergic 65 
apoptotic 68 
clones 65 
co-stimulation 59-61 
helper 62 
regulatory 65 

TCR 58-9 
TCRICDR complex 6@1 
teconazole vaginal suppository 472 
tension-time index 186 
testosterone 125 
tetralogy of Fallot 367,368 (table) 
theophylline 225 
thiazides 122 
thoracic transplant recipient. potential 3 5 4 1  

evaluation 35-6 
finance 40 
patient benefit 36 
psychological evaluation 36 

thromboembolic disease 438, 506 
thromboembolism 39 
thrombolic pulmonary hypertension 797-805 

diagnosis 798-802 
etiology 797 
incidence 797 
prognosis 798 
surgery 802-5 

postoperative management 804 
results 804-5 

thrombomodulin 249 
thromboxane A? 121 

receptor antagonists 684 
thymus 59 
tissue plasminogen activator 241 
tolerance 64-6 

central 64-5 
clinically relevant strategies 65-6 

blocking costimulation 66 
donor antigens 65-6 

infectious 65 
mechanisms 64-5 
peripheral 65 
regulatory cells 65 
transplantation 64 

total artificial heart 190-1, 192 (figs.), 693-707 
CardioWest C-70 191, 192 (fig.) 
clinical progress 705 
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ERDA 698 (fig.) 
finance 7 W 1  
hemodynamic observations 705 
Jawik-7-100 device 191 (fig.), 703,704 (fig.), 705 
monitoring 705 
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Penn State Heart 191, 192 (fig.) 
polymethane valves 699 
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aging of polyurethane 700 
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hemorrhage 705 
infection 700.706 
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regulation of cardic output 697-8 
sources of energy 693-7 
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transmyocardial laser revascularization 346 
transplant centers 17-18 
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at recipient center 14 

transplanted heart 229-36 
donor-recipient mismatch 23 1 
electrocardiographic changes 234-5 
electrophysiologic changes 234 
endocrine tissues in 2 3 3 4  
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hemodynamics in recipient 23C1 
see also cardiac allograft 
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transpulmonary gradient 177 
trazadone 133 
Treponema pallidum 287 
Trichosporon beigelei 290 
tricuspid regurgitation 120 
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prevention 283 (table) 
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trypanosomiasis (Chagas' disease) 262,401-2 
tuberculosis 105 
tumor growth factor-a 326 
tumor growth factor-@ 325, 326 
tumor growth factor-@, 672 
tumor necrosis factor 63. 101,242, 250 
tyramine 233 
tyrosine kinase 61,636 
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varicella-zoster virus 100, 103,297 

prevention 283 
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vascular anastomotic techniques 627 
vascular cell adhesion molecule-1 63, 323 
vascular endothelium 63 
vascular rejectors 246,249 
vasoactive drug therapy 2 2 3 4  
vasoactive intestinal polypeptide 490 
vasculitis 242, 244 
vasodilator conditioning 179-81 
vasopressin 32 
ventilation scanning 5 19 
ventricular arrhythmias 1 19, 173, 234 
ventricular arrest devices 186-90 

axial Aow pump 188 
centrifugal pump 187-8 
non-pulsatile 187-8 
Novacor N 100 190 

pulsatile 188-90 
roller-head pump 187 

ventricular tachycardia 173, 234 
veraparnil 71, 121,225,235,675,680 
vertebral compression fracture 125 
vesnarinone 165 (table) 
veto cells 65 
viral infections 100 
viral proteins 59 
viruses 670 
vitamin D 126, 226 

1,25-hydroxylated 126 
vulva1 carcinoma 1 14-1 5 

Waldenstrom's disease 395 
warts 1,28 
women 4134 

donor hearts from 412 
mortality risk 

Worlang Foundation for the Standardization of Nomenclature in the 
Diagnosis of Heart Rejection 258 

World Medical Assembly 1963 (Sydney) 7-8 
wound infection 391 

xenotransplantation 58, 729- 31 
choice of animal donor 760-1 
concordant xenography 730 
discordant xenography 730 
see also heart xenotransplantation, lung xenotransplantation 

xenograft 156-7 
X-ray irradiation 635 

ZAP-70 636 
zinc depletion 146 
zomazyme H65 (IgG 1 ) 662 
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