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Preface

This volume is a follow-up to the book Cardiac Reconstructions 
with Allograft Valves, which was written with five contributors and 
an outstanding artist. Since its publication in 1989, the information in
this field has increased dramatically, paralleling the increased clinical
use of cardiovascular allograft tissues. Many new techniques have been
developed and refinements of the older techniques have been pub-
lished based on the experiences of many surgeons. In addition, the fun-
damental biology of valve transplantation and especially the use of
cryopreservation to facilitate transplantation, has been a major focus
of research. Thus, much more is known about these tissues than at the
time of the writing of the first book. Because of this progress, a new
volume seemed appropriate. Because cryopreserved cardiovascular
tissues are also used without valves for many important reconstruc-
tions, I decided to expand the focus of the book, and thus the slight
modification in the title. More than two-thirds of this book is new 
material.

The book has also undergone another fundamental change.While the
first edition was predominantly written by the main author, to include
much of the available knowledge in this field, this new edition man-
dated a contributor format. These experts explore the fundamental sci-
entific basis of this field which is critical to an understanding of allograft
tissues. Most sections have been rewritten to reflect increased clinical
and research experience.

Other important additions include a special section on biochemical
and morphologic studies of explanted experimental animal and clinical
human valves. Because many of the fundamental clinical concepts are
based on the experience of a relatively small number of centers actively
transplanting homografts in the 1970s and early 1980s, I solicited sum-
marized versions of results from the surgeons and their colleagues who
contributed importantly to this early phase (Chapter 2–7).The basic cell
biology of these tissues has been investigated by a number of focused lab-
oratories (including our own), requiring complete revisions and expan-
sions of the relevant chapters (8–30). Cryopreservation protocols have
matured based on significant research, thus mandating a major rewriting
of Section VIII by the authors from LifeNet Tissue Services.
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The information presented firmly resolves the question of chronic
interstitial leaflet cell viability following cryopreserved cardiac valve
allotransplantation—the nails are driven into the coffin of the pro-
longed cell survival theory. An alternative theory for how and why
homografts actually perform so well is presented based on significant
laboratory and human data. The resolution of the conflicting theories
of prolonged cell viability following cardiac valve transplantation is
summarized in Chapter 20. This biology is a fascinating but constantly
moving target. As biological modifications ensue with genetic, molecu-
lar and cellular manipulations of these allograft tissues, these will be an
ever-expanding need for the surgical techniques of cardiac reconstruc-
tions described in this book.

Allograft tissue transplants are increasingly used by all cardiac sur-
geons, but are particularly important for pediatric patients as a conse-
quence of special advantages in highly complex congenital lesions. The
availability of cryopreserved allografts has initiated a wave of surgical
creativity which is reflected in the marked expansion of the chapter on
left ventricular outflow tract reconstructions, especially for complex
neonatal problems. The growing role for autologous valve transplant
procedures (e.g., Ross operations) in both children and adults has man-
dated marked expansion of the techniques depicted. Many new surgi-
cal methods are described, and older techniques have been refined. In
addition, surgical techniques used with allografts are also applicable to
unstented xenografts, so new sections have been added to depict the
evolution of ventricular outflow tract reconstruction from root replace-
ments, through “miniroots” and autografts, to the implantation methods
for unstented xenografts.

As in the first edition, certain conventions are used. Half-tone or
carbon dust figures are used to depict surgical techniques as viewed
from the surgeon’s perspective. Repetition of steps in the depiction of
various surgical techniques spares the reader the need to flip pages.The
terms “homograft” and “allograft” are used interchangeably as no
purpose is served by a pedantic argument about which is more correct
today.

All surgeons performing pediatric and/or adult valve replacements
and reconstructive cardiac surgeries should be interested in these
methods. Cardiothoracic residents and cardiologists will find the volume
useful. Most of the surgical techniques have been used by me. When 
contributors’ techniques vary from my own, I have noted optional varia-
tions or have noted my preferences. Refinements are based on my own
personal experience exceeding 600 allograft and autograft reconstruc-
tions spanning the age spectrum of premature neonates to adults in their
seventh decade, and now including shuntless valves.

Cryopreserved allograft tissues are now standard materials for the
reconstructive cardiac surgeon. Surgical reconstructive methods con-
tinue to be refined and new approaches developed. Both surgical tech-
niques and notions about the nature of this tissue we are transplanting
have evolved. Putting all of this into perspective required the addition
of a thirteenth section “Future Directions” with the intent of creating
a critical rationale for valve replacement choice and to suggest future
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directions for basic and applied research, just at the start of a new era
based on bioengineering which will involve decellularized and recellu-
larized valves. For surgeons facing challenging cardiac reconstructions,
an enhanced understanding of the biological/material properties of
allografts and a broadening of the range of surgical techniques for
which these are applicable, are the fundamental purposes of this book.

Richard A. Hopkins, MD
Spring 2004
Providence, RI
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Original Principles



In 1956 Gordon Murray reported the use of
fresh aortic valve homografts transplanted into
the descending thoracic aorta for amelioration
of the consequences of native aortic valve insuf-
ficiency. His initial operations preceded by 5
years the availability of the Starr-Edwards
mechanical aortic valve prosthesis.1–7 Although
this operation was only partially successful
hemodynamically, the homograft valves had
remarkable durability and performance. Four
patients cited by Heimbecker had no calcifica-
tion or gradient, with normal leaflet function
for up to 13 years, and two patients continued
to demonstrate excellent valve function for up
to 20 years. Kerwin’s subsequent reports
support the contention that aortic leaflet homo-
graft pliability and performance were well pre-
served in these early patients.8 These clinical
trials were preceded by laboratory investiga-
tions, especially that of Lam and coworkers.9

Hemodynamic improvements were demon-
strated in both stenotic and regurgitant aortic
valve disease by the various early methods 
of reconstructing diseased aortic valves, and 
the results ultimately obtained with replace-
ment utilizing the Starr-Edwards and other
prostheses supported replacement treatment
for ventricular outflow valvular disease, with
excellent result continuing to be reported 
today with both mechanical and bioprosthetic
valves.10

Professor Gunning has cited an unsuccess-
ful operation in 1961 by Drs. Bigelow and
Heimbecker as the first clinical insertion of an
aortic valve homograft in the orthotopic 

position,11 but the first operation with the
patient surviving was by Ross, based on labo-
ratory work reported in 1956 by Brewin.12 In
1962, the initial clinical use of aortic valve
homografts was reported independently by
Donald Ross of England and Sir Brian Barratt-
Boyes of New Zealand.13–15 Duran and Gunning
developed a technique in the laboratory for
implanting the aortic valve homograft utilizing
a single running suture line technique.16 Inter-
estingly, the initial homograft valve transplants
were performed utilizing freshly harvested
valves minimally treated and inserted into the
orthotopic position relatively quickly after
harvest with no attempt at ABO Blood group
matching. These initial valves had remarkable
performance and durability and gave great
impetus to the early workers pursuing this
method of aortic valve replacement.

Limitation of donor availability led to preser-
vation attempts to increase storage time and 
to establish homograft valve “banks.” Storage
techniques included freeze-drying and antibi-
otic sterilization with prolonged refrigeration 
at 4°C. Concerns about transmission of infec-
tion led to aggressive sterilization techniques,
including multiple antibiotic incubation,
irradiation, and glutaraldehyde pretreatment.
Unfortunately, although they increased the
availability, these techniques resulted in short-
ened functional survival of homograft valves
and caused significant disenchantment with the
technique during the 1960s and early 1970s.17

It is the purpose of this chapter to examine
in detail the earlier experiences with valve
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homografts and to elucidate valuable lessons
pertinent to valve transplantation today.

Early Homograft Work

In 1952 Lam and his associates demonstrated
that it was technically possible to transplant
canine aortic valve homografts into the
descending aorta of a recipient animal; how-
ever, if the cusps were not “used” and were con-
stantly in the open position, they deteriorated.
If aortic insufficiency was induced in the recip-
ient dog, thereby “forcing” the transplanted
valve to function, valve integrity was greatly
enhanced.9 This fascinating study has relevance
today and was the basis on which Murray and
others developed the technique for clinical use.
The studies of Heimbecker and colleagues
demonstrated that treatment with gamma radi-
ation or ß-propiolactone markedly diminished
the durability of transplanted homograft
valves.5 The use of radiation was confirmed by
others as having deleterious effects and has
been completely abandoned.18

Flash freezing was one of the harsher preser-
vation methods tested, but it resulted in poor
clinical results and laboratory evidence of
damage to the elastic properties of the native
valves.19 Other groups found great difficulties 
in the durability of frozen irradiated aortic
valve homografts and advised against their use
because of the increased failure rates beginning
around the fifth to sixth postoperative year.20

Patient valve survival was in the 50% range at
7 years, which was equivalent to contempora-
neous series of xenograft and mechanical pros-
thetic replacements performed during the
mid-1970s.21,22 Apart from patient survival,
durability of valves prepared with the harsher
methods was markedly inferior to mechanical
valve replacements.

Fresh Wet-Stored 
Homograft Valves

During the late 1970s attention turned to the
use of fresh aortic allografts in which cadaveric
valves were harvested with variable ischemic

times and then antibiotic-sterilized and stored
at 4°C in nutrient media. Although donor cel-
lular viability was probably not preserved, these
gentler techniques improved valve and patient
survival. The contrast between the use of
exceedingly fresh valve tissue for transplant
and the use of harsh chemical sterilization or
storage techniques was stark, and thus the
larger experience has been gained with the rel-
atively gentler methods of storage: antibiotic-
sterilized, “fresh wet-stored” valves.

A number of series have been reported that
demonstrated good medium-term (7–10 years)
results with the wet-storage technique.23–27

Ross’ group from the National Heart Hospital
(London) in 1980 reported on 615 valves 
followed for up to 15 years, including 145
freeze-dried homografts, and 179 pulmonary
autografts. The study clearly demonstrated 
the superiority of the autografts and fresh
homografts; there were excellent clinical 
results with up to 90% of patients free of 
valve-related death at 10 years.28 Others
have also reported good results with the 
pulmonary autograft transplant to the aortic 
position.29

The Stanford series of 114 patients receiving
fresh aortic homografts between March 1967
and March 1971 revealed ten operative deaths
(8.8%): six deaths during the first year (5.8%)
and then a mortality rate of 1.5% per year. Of
the late deaths, only six were due to valve dys-
function, whereas 12 were due to other cardiac
causes. A total of 3.2% of patients per year
required re-replacement for regurgitation (n =
20), and only one valve developed calcific
stenosis. Of 53 patients followed for 5 years or
more, 47 had minimal or no disability.24 In 1986
the Stanford group reexamined 83 patients of
this original series such that 773 patient-years
of follow-up were available with a maximum to
19 years.30 For this subgroup the calculated
actuarial estimate of freedom from all modes of
valve failure was 83 ± 4% at 5 years, 62 ± 6%
at 10 years, and 43 ± 7% at 15 years; 92 ± 3%
of patients were free from endocarditis at 8
years after operation. Freedom from reopera-
tion was 88 ± 4% at 5 years, 67 ± 6% at 10 years,
and 45 ± 7% at 15 years. Interestingly, 94 ± 3%
of patients were free of valve-related deaths 
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5 years following surgery.25 Thus satisfactory
results were achieved with the wet-stored
homografts inserted with the freehand tech-
nique and were comparable to or slightly better
than results with xenografts.26

Another pioneer in the use of allografts 
has been Yacoub and his group in Harefield,
England, who summarized their experience in
1979–1980.26,31,32 The homografts were procured
and prepared similarly to the fresh wet-stored
and antibiotic-sterilized protocol of Ross at the
National Heart Hospital, with a storage time of
1–42 days, with most being used within 1 week
of procurement. Yacoub’s group has accepted
the concept that the freshest valves function
best. This remarkable series of 679 patients
demonstrated a 3.9% perioperative mortality
rate and actuarial patient survival rates of 87%
(5 years) and 81% (8 years). Importantly, these
authors noted the superb hydraulic perform-
ance of these valves, even in the smaller sizes,
and suggested that they “provide almost ideal
hemodynamic characteristics.”32,33

In 1984 the Harefield group published a 10-
to 13-year follow-up (mean 11 years) of 140 
of their aortic valve replacements with fresh
wet-stored homografts.28 This series demon-
strated 71.6% freedom from valve failure at 10
years. Valve degeneration occurred in 19.3%
and endocarditis in 6.4%. In this series older
age of recipient and prolonged warm ischemia
time at procurement (interval between death
and dissection of the homograft) were corre-
lated with increased risk for valve degeneration
(p > 0.01). This series had a slightly higher 
incidence of subacute bacterial endocarditis
(SBE) than other contemporaneous homo-
graft experiences and a significant valve 
degeneration rate that gradually increased
from 0.8% at 3 years to 5.2% at 10 years.
Patient survival (65% at 10 years) compared
favorably with the 10-year survival of a classic
mechanical series with Starr-Edwards valves
(56%).28,34

Yacoub’s group has also reported a very
interesting analysis of reoperations for aortic
valve replacement indicating that not only were
better results obtained with homografts (70%
freedom from valve-related deaths or re-
operations at 10 years following reoperation

with homograft AVR), but the very best 
results were when homografts were used to
replace previously inserted homografts with a
probability of patient survival at 15 years of
85% ± 5% following the second homograft
insertion.35

Prosthetic Valve Disease

With the development of the Starr and subse-
quent models and types of valves, prosthetic
valvular disease has been substituted for native
valve dysfunction despite the demonstration
that patient survival is far superior with treated
valve disease when indicators for surgical cor-
rection are observed.27 The controversy of
mechanical versus xenograft valves has gener-
ated a vast literature, but for adults it can be
summarized as follows: Lumping morbidity/
mortality and prosthetic durability together,
there is an advantage for xenografts over
mechanical valves for the first 5 years following
replacement, but thereafter the mechanical
valves’ greater durability confers an advan-
tage.36 Specifics such as the age of the patient
and valve location, e.g., left versus right ven-
tricular outflows versus atrioventricular (AV)
valve location, can favor various types or
models, and the “trade-offs” of durability versus
morbidity must be carefully evaluated clini-
cally37 (see Chapter 64 for contemporary valve
comparisons).

Hydraulic dysfunction, to a critical degree,
can occur when a small mechanical prosthesis
is inserted into a small aortic annulus. This
results in high gradients that worsen with ex-
ercise and result in elevated perioperative 
mortality rates.38,39 Schaff and colleagues have
suggested that a 19mm Bjork-Shiley valve has
satisfactory hemodynamics,40 but otherwise
most authorities recommend against placing a
mechanical valve smaller than 21mm. Valvulo-
plasty has not been a frequently applicable
alternate solution.41 Porcine-pericardial pros-
theses have the advantage of reducing the need
for anticoagulation, but hydraulic performance
is still limited in the smaller sizes.42 Recent
studies suggest progressive improvement in
ventricular performance associated with geo-
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metric remodeling when very low gradient
valves are used for reconstructions (stentless
valves or allografts).

The related problems of thromboembolism
and anticoagulation complications are a tre-
mendous factor in late complications following
treatment of aortic valve disease in both chil-
dren and adults. After cardiac failure, throm-
boembolism is the leading cause of death
following aortic valve replacement.38 Potential
fatal anticoagulation and complications occur
at a rate of approximately 1% to 5% per 
year.43

The rapidity of calcific degeneration of
xenografts in young adults has been empha-
sized by a number of investigators. Classical
teaching has been to recommend implanting
mechanical prostheses in patients younger than
60 years.44–48 Valve replacement in children
presents even greater difficulties.49 Mechanical
valves in children are associated with anticoag-
ulation complications and hemodynamic dys-
function.50–53 The introduction of xenograft
tissue valves resulted in their enthusiastic use in
young patients in the hope of avoiding antico-
agulation. Their use was soon followed by
widely reported high early mid-term failure
rates as a consequence of calcification.54–62

Annulus size constraints and the unsuitability
of bioprostheses resulted in techniques to
enlarge the aortic root, thereby allowing place-
ment of a large mechanical prosthesis in chil-
dren with aortic stenosis.57,63 However, this
solution accepts the complications associated
with mechanical valves.64 Homografts offer
some solutions and improvements for the
problem of prosthetic valvular disease: (1)
better hydraulic performance; (2) reduced
thromboembolic complications; (3) resistance
to endocarditis; and (4) acceptable to superior
valve durability.

The two clinical originators of the orthotopic
homograft aortic valve replacement, Ross 
and Barratt-Boyes, have maintained a strong
commitment to its use. In multiple publica-
tions their two centers have shared much 
of the developing knowledge. Their series
warrant special attention for the many 
lessons on the use of “fresh wet/cold-stored”
homografts.

London Homografts

Ross and colleagues have produced a number
of reports over the past 20 years on the evolu-
tion of their results and techniques with aortic
valve homografts.13,21,65–70 In 1979 their group
reported an 89% graft survival in the aortic
position at 6 years for fresh antibiotic-sterilized
allografts.65 In this same series the frozen allo-
graft survival rate at 6 years was reported at
79%. Although they did not claim persistent
cellular viability in any of these valves, they
were able to show valve functional survival far
exceeding the actual native cell survival.

Although the London preservation tech-
niques have been various over the years, the
predominant one has been fresh antibiotic-
sterilized valves stored at 4°C. On the basis 
of tritiated thymidine studies of fibroblast 
viability, Ross’ group has shown that no donor
fibroblasts are viable after 600 days in the
patient when wet-stored homografts are used.
Although “fresh” wet-stored homografts can
appear histologically and by some metabolic
tests to possess cellular viability, those that are
stored for more than a few days are most likely
not viable months after implantation.71,72 Ross
and coworkers have shown that valve survival
following implantation is better in right-sided
reconstructions than left-sided ones but that
the survival has not been particularly affected
by storage times or warm ischemia times.73 This
finding is not surprising, as a wet-stored valve
for 6 days is probably ultimately just as nonvi-
able as one stored for 26 days.74 Utilizing their
methods of storage and harvesting, which often
included a relatively long warm ischemia time,
with cadaveric recovery being delayed for up to
24–48 hours, there was only a 23 ± 6% rate of
valve survival at 15 years and a rate of 50% at
12 years.73 In their hands, this method has pro-
duced better results than those seen with pros-
thetic valves. Patient survival, however, has
been markedly superior to valve survival, with
the former averaging 75% at 15 years.

The hypothesis that cellular viability at the
time of implantation is related to prolonged
optimal function is suggested by the unique
series of autologous transplants by Ross and

6 R.A. Hopkins



colleagues.75,76 This series demonstrated an 82%
actuarial survival of the allograft valve at 14
years and an 81 ± 5% event-free survival of the
concomitantly implanted aortic homograft in
the right ventricular outflow tract.69,75 However,
this hypothesis assumes that viable donor and
recipient cells respond similarly—an unlikely
biological outcome. A subsequent study by
Ross’ group comparing homografts and auto-
grafts has again suggested better long-term per-
formance by the autograft,35 which could also
be related to immunologic issues rather than
peri-transplant viability.

During the early years of homograft valve
use, technical factors were noted to play a sig-
nificant role in early valve failure, e.g., dehis-
cence, prolapse, tears, and perforations.77 The
critical importance of such surgical techniques
as the careful two-suture freehand technique
and attention to ensuring commissural post 
suspension for semilunar cusp function were
determined.78

New Zealand Homografts

The New Zealand group headed by Barratt-
Boyes summarized their experience in a
selected series of 252 isolated aortic homo-
graft valve replacements with a 9- to 16.5-year
follow-up (mean 10.8 years), which represents
perhaps the classic summary of the fresh wet-
storage era.79 These valves were all inserted
with the original freehand “subcoronary” tech-
nique.All of the valves were sterilized in antibi-
otic solution, stored in nutrient media at 4°C,
and considered nonviable.

The results of this New Zealand series are
exemplary. Their careful analysis of one of the
most important series in the world has many
nuggets of information. First, the results are
superb, with only 20 valve-related deaths
(8.4%) of which eight were due to endocardi-
tis, seven to cusp rupture, and five to incompe-
tence resulting in reoperation and death.
Actuarial analysis demonstrated freedom from
significant incompetence to be 95% at 5 years,
78% at 10 years, and 42% at 14 years. Factors
increasing the risk of significant incompetence
due to valve deterioration were donor valve

age greater than 55 years, a young recipient 
age, and aortic root diameters over 30mm. Poor
results with chemical sterilization were noted
by the group. Overall actuarial survival was
77% at 5 years, 57% at 10 years, and 38% at 14
years.These results are comparable to same era
results with xenograft or mechanical prostheses
series.

It is of note that when aortic insufficiency
developed it usually progressed slowly, allowing
elective reoperation for replacement at low risk
of mortality. No specific embolism was proved
to have originated from the valve. No stenosis
occurred in any of the valves, and the authors
had no difficulties with hemodynamic perform-
ance in the small valve sizes (17–19mm). The
development of aortic insufficiency was rarely
due to rupture, more often being caused by
either technical problems at the time of inser-
tion, progressive dilation of an aortic root,
central incompetence due to improper com-
missural suspension, allograft degeneration, or
bacterial endocarditis.79

Interestingly, Barratt-Boyes and his group
did not find increased valve failure related to
older recipient age, longer valve salvage times
(warm ischemia time), or insertion into an
aortic root afflicted with stenotic disease. The
New Zealand group thus recommended this
valve as the valve of choice for virtually all
patients and suggested the following donor
characteristics: age less than 50 years, aortic
valve internal diameter (ID) of 28mm or less, a
valve free of imperfections, and a valve stored
no longer than 50 days when wet-stored at
4°C.79 They believed that allografts are par-
ticularly valuable in women of childbearing
age, patients unsuitable for anticoagulation,
and those with small aortic roots.The resistance
to endocarditis by the homograft valve, what-
ever its method of preservation, has been con-
sistent in all series; although not absolute, it is
most marked during the postoperative period
when compared to mechanical prostheses.
Risk-hazard analysis demonstrated much 
lower risk of prosthetic endocarditis in these
valves, especially during the early postoperative
phase.80 Their listed contraindications to its use
were the presence of an aortic root aneurysm,
aortic root dilatation due to diffuse medial
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disease, cystic medial necrosis, and aortic root
dilation not amenable to aortic root tailoring
(see Chapter 8).79

Right Ventricular Outflow 
Tract Reconstructions

In contrast to the merely “quite good” results
in the more stressful aortic position, the nonvi-
able aortic homograft has been used with
“superb” results for reconstruction of the right
ventricular outflow tract, particularly in chil-
dren, beginning in 1966.81,82

Conduit surgery revolutionized the repairs 
of complex congenital cardiac defects; the
ability to anatomically rebuild ventricular
outflow tracts has allowed repair of lesions 
previously not amenable to surgery.83–89 Unfor-
tunately, conduit malfunction has been a frus-
tratingly frequent occurrence following initial
operative successes with synthetic prostheses
and is associated with significant morbidity 
and mortality.90 Conduit malfunction has been
due to calcification and degeneration of the
xenograft valve, peel formation within the
Dacron tube, and thromboembolic occur-
rences.90 Hancock valve replacement in chil-
dren has an optimal calculated re-replacement
of 7% per year, which suggests the projected
probability of a Hancock valve remaining
replacement-free to be only 50% at 5 years.58

The Stanford group reported similar pes-
simistic durability in studies of porcine
xenografts when used as intracardiac xeno-
grafts or conduits; their linearized reopera-
tion rates were 10% and 4% per patient-year,
respectively; the rate of valve failure due to
leaflet fibrocalcification was 8% per patient-
year.59 The Mayo Clinic, Toronto group, and
investigators at other major centers have found
that the porcine valve containing conduits fail
relatively rapidly owing to both conduit peel
and cumulative valve degeneration.64 In a study
from The Hospital for Sick Children (London),
in which the mean age of the patients was 6.5
years, only 27% of the xenograft bioprostheses
did not require replacement by the fifth year.91

One of the synthetic conduit series with rep-
resentative results comes from Boston, where
201 children underwent reconstructions of 
the right ventricular outflow tract with porcine
valve-tightly woven Dacron conduits.92 Actuar-
ial patient survival of perioperative survivors
was 83% at 8 years. Valve durability was actu-
arially reported, 50% of patients being valve-
replacement-free at 8 years; however, most of
the late complications in these patients were
due to valve conduit problems. Analysis sug-
gested zero durability after 10 years.92

In contrast, Fontan and associates, on the
basis of 103 aortic valve homograft implanta-
tions in children with complex congenital heart
disease since 1968, postulated an expected graft
valve survival rate of 10–15 years. Their data
demonstrated an actuarial survival of 80% at 9
years.93 The Great Ormond Street group has
also demonstrated that the antibiotic-sterilized,
wet-stored homografts have good durability; in
65 patients with a mean age of 6.5 years, there
was 85% homograft valve survival at 5 years
and 75% valve survival at 9 years.94 Although
the aortic wall calcifies with time, the valve
leaflet tissue of the homografts appear to
remain pliable without stenosis.23,94–96 Kay and
Ross have reported a 13% replacement (for
obstruction) rate at 10 years.97 These results
with fresh antibiotic-sterilized aortic homo-
grafts contrast markedly with results with 
irradiated or otherwise harshly preserved
homograft conduits.17,98,99 The homograft is now
the prosthesis of choice for right ventricular
outflow tract reconstructions, especially for
children.73 In the latest report from Great
Ormond Street on 249 right ventricular outflow
tract reconstructions (72 with aortic homografts
from Ross’ bank at the National Heart Hospi-
tal), homograft obstructions have occurred but
seemed to have often been related to the con-
comitant use of Dacron tubes and extensions:
Only one of 29 homografts implanted without
Dacron became stenotic.100 The more common
mode of failure appears to be the gradual
development of insufficiency, which allows
leisurely elective replacement. Immune factors
may play a role in calcification of the aortic
wall.71,72,101,102
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Summary

Beginning in 1962 there have been four eras
related to method of procurement, sterilization,
and storage of aortic valve homografts. During
the first era, fresh aseptic harvesting with imme-
diate transplantation (within hours or a few
days—“fresh fresh”) was the rule. This method
appears to have given excellent results, both 
initially and in terms of long-term durability.
The second era consisted of a clean harvest 
with harsh sterilization and storage techniques,
clearly resulting in poor durability. The third
era of clean harvest with gentle antibiotic steril-
ization and wet 4°C storage for up to 6 weeks
(“fresh wet-stored”), thereby preparing “nonvi-
able” aortic homografts has had the most exten-
sive experience with good results. The fourth
technique, which is introduced in Chapter 8,
involves aseptic harvest with a short warm
ischemia time, gentle antibiotic sterilization, and
cryopreservation with liquid nitrogen storage
utilizing cryoprotectants (“cryopreserved”).102

The results chronicled in this “historical”
chapter relate to homografts implanted without
cryopreservation. Many relevant lessons have
been learned and a number of advantages of
fresh wet-stored homograft valves determined.

1. These valves provide optimal hydraulic
function with central nonobstructive flow
resulting in excellent hemodynamic perfor-
mance even in small sizes; thus a large, effective
valve for a small recipient annulus can be
achieved as a consequence of optimal 
hemodynamics.26,31,32

2. Thromboembolism and hemolysis rates
are reduced despite no anticoagulation.

3. It is a relatively simple surgical implant.
4. Calcification rarely affects the leaflets.
5. Resistance to endocarditis is enhanced.99

As Kirklin and Barratt-Boyes have dis-
cussed, although there are multiple causes for
prosthesis-related late deaths following aortic
valve replacements, only two are relevant to
homograft aortic valve replacement: incompe-
tence and endocarditis.99 When early technical
failures are avoided and appropriate donor and

recipient criteria are followed, incompetence is
not an early homograft problem. Valve failure
does not equate with patient mortality, the
latter being far superior to that reported for
most other prostheses series at medium term.

The surgical lessons from the fresh wet-
storage era fall into three categories.

1. “Freehand” surgical technique must account
for semilunar valve functional anatomy,
thereby avoiding early technical failures,
with attention to the following:
a. Accurate sizing.
b. Effective commissural post suspension—

important for retaining semilunar func-
tion.

c. “Normalized” aortic root geometry.
d. Careful trimming of the allograft.
e. Seating of the annulus without deforma-

tion.
2. Factors that have been found to lead to

decreased durability of homografts:81

a. Older donor age.
b. Dilated aortic root (unless corrected by

aortoplasty).
c. Recipient aortic root disease, e.g.,

Marfan’s syndrome and cystic medial
necrosis.

d. Recipient collagen vascular or immune-
related diseases (e.g. rheumatoid arthritis,
lupus, etc).

e. Technically imperfect implant, causing
turbulent flows.

f. Prolonged storage of wet-stored allo-
grafts prior to use.

g. Harsh sterilization, harvesting, or preser-
vation techniques.

3. Conduct of aortic valve surgery has
improved results of all types of aortic valve
replacements and includes attention to the
following.27

a. Cardioplegia-myocardial protection.
b. Coronary artery disease.
c. Shorter cross-clamp times.
d. Intra-operative transesophageal echocar-

diography.

These lessons continue to be relevant, and
their applications are discussed in detail in the
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appropriate chapters of this book. Results of
the antibiotic-sterilization/wet-storage era of
homograft valve transplants proved that homo-
grafts were an important alternative with dis-
tinct advantages for certain subgroups of
patients needing valve replacement.
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Section II
Major Clinical Series of 

Homograft Valve Transplants:
Left Ventricular Outflow Tract



The use of cadaveric aortic valve homografts
for the replacement of diseased aortic valves
began at the Mayo Clinic in 1965. The impetus
for initiating this program was concern regard-
ing the available prosthetic valves, especially
the hemodynamic characteristics and the inci-
dence of thromboembolism, and the favorable
early results achieved by Donald Ross1 and
Brian Barrett-Boyes2 in the use of aortic 
valve homograft in the subcoronary position 
beginning in 1962. The potential of a non-
thrombogenic replacement with ideal hemo-
dynamics, and perhaps a resistance to infection
was attractive.

This series consisted of 250 patients who
underwent aortic valve replacement (AVR) 
with aortic homografts between May 1965 and
October 1972. Follow up of this group of patients
was reported at varying intervals. In 1991, follow
up was complete in 95% of patients.3–6

Patients

The median age of the 250 patients operated
was 48 years, (range 5–69 years). There were
186 males and 64 females. Fifteen (15) patients
had had previous operations on the aortic
valve. The dominant lesion was aortic stenosis
in 123 patients, aortic insufficiency in 49
patients, and mixed stenosis and insufficiency in
78 patients. Seventy-nine patients required
additional procedures at the time of AVR for
various associated lesions; mitral valve repair in
21, mitral replacement in 21, ventricular septal

defect repair in 2, and aortic root reconstruc-
tion in 55.

Valve Preservation

The techniques of valve sterilization and
preservation used in these patients have been
reported in detail.4,5 The homograft valves were
obtained at autopsy in a non-sterile manner
within 18 hours of death. Valves were not used
when there was gross evidence of disease
affecting the donor ascending aorta or the
aortic or mitral valves. Valves from patients
with known connective tissue disease were
excluded. The valve was excised with a portion
of the ascending aorta and the anterior leaflet
of the mitral valve. The valve was trimmed and
rinsed, and the diameter of the valve measured
with a calibrated obturator. The first 92 valves
used in this series were sterilized in betapro-
piolactone solution and incubated at 37°C 
for three hours. The valves was then washed in
saline and stored in 250ml Hank’s Solution
containing penicillin, streptomycin, and tetra-
cycline at 4 degrees centigrade. Cultures were
obtained at each step of the procedure and if
negative the valve was released for use after 2
weeks, and if not used, discarded after an addi-
tional 4 weeks. Following the reports of Malm
and associates7 which indicated that steriliza-
tion by irradiation better preserved aortic wall
strength and valve architecture, this technique
was adopted and used in the last 158 homo-
grafts in this series. After trimming, rinsing and
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measuring the valve it was sealed in a plastic
bag and that bag sealed in two additional bags.
Glass beads which turned black with irradiation
were placed in the bags to verify treatment.The
bags were stored in a carbon dioxide freezer at
minus 70°C, and subsequently sterilized while
frozen with a 6 Mev electron beam providing
an absorbed dose of ionizing radiation of
approximately 2.5 megarads in the 25 minutes
of exposure. Valves were stored at minus 70°C
until they were used or arbitrarily discarded
after 12 months.

Operative Technique

All homografts were implanted freehand with-
out the use of stents,using two rows of sutures as
described by Barratt-Boyes.2,8 The proximal
suture line was of interrupted silk sutures and the
distal suture line of continuous silk sutures. In 55
patients the aortic root was tailored to conform
to the size of the homograft. Cardiopulmonary
bypass time ranged from 63 to 295 minutes with
a mean of 105 minutes. The mean cross-clamp
time was 87 minutes (range 32–212 minutes).
Myocardial protection was usually accom-
plished using moderate hypothermia, continu-
ous direct coronary artery perfusion,and topical
cooling with saline slush.

Results

Fifteen patients (6%) died within 30 days of
operation or during the same hospitalization. It
was not felt that the homograft per se was a
factor in any of the deaths. Thirty-nine patients

(17%) of 235 surviving patients had a diastolic
murmur of aortic insufficiency at hospital 
dismissal. No patient required re-operation 
for aortic insufficiency during the initial 
hospitalization.

The latest follow-up of this series of patients
was reported in 1991 at which time 235 patients
dismissed from the hospital had been followed
for a median of 11.4 years.6

Twelve patients were lost to follow-up prior
to death or reoperation. Three patients were
alive and free of re-operation at 15, 18, 20 years
post operatively.

One hundred thirty-two patients underwent
reoperation for replacement of the aortic homo-
graft, and the operative mortality for this group
was 4.5%. The reasons for reoperation are 
listed in Table 2.1. Freedom from reoperative or
replacement of the aortic homograft at 15 years
was only 15 ± 3 percent (Figures 2.1 and 2.2).

Ten patients developed endocarditis of the
original homograft for a linearized rate of 1.0
per 100 patient years.

The pathology of 80 homograft valves re-
moved at reoperation was not consistent. The
valve cusps were usually thickened with fray-
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Figure 2.1. Actuarial estimate of
freedom from reoperation for
replacement of nonviable homograft
aortic valve. In this and subsequent
figure vertical lines represent the
standard error, and zero time on
abscissa represents the date of
homograft implantation. Number of
patients at risk is shown.

Table 2.1. Reason for Reoperation After Aortic
Valve Replacement with Preserved Homograft.

Number Percentage

AI only 121 91.7
AS only 2 1.5
AI and AS 7 5.3
Unknown 2 1.5

TOTAL 132 —

AI = aortic insufficiency; AS = aortic stenosis.



ing at the edges although a few cusps were
described as thinner than normal. Calcification
when present involved the homograft aortic
valve wall and the ventricular surface of the
cusps. Microscopically there was fragmentation
of collagen, disruption of elastic fibers and loss
of cellular nuclei.

Factors associated with an increased risk of
re-operation were male sex, native aortic valve

insufficiency, previous aortic valve surgery,
native valve endocarditis, younger age, and
larger homograft size (Table 2.2). The method
of homograft preparation (Beta-propiolactone
versus irradiation) did not effect time of 
re-operation.

The overall survival of patients dismissed
from the hospital is shown in Figure 2.3. Factors
significantly associated with decreased late 
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Table 2.2. Factors Associated with Reduced Freedom from Reoperation for Replacement of Nonviable
Aortic Homograft.

Number* Relative Hazard 95% CI p

Male Sex 186 1.61 1.46–2.36 0.011
Native AV insufficiency 49 1.65 1.06–1.70 0.023
Previous AV surgery 15 3.44 1.80–6.58 0.021
Previous endocarditis* 16 1.93 1.17–3.69 0.024
Decreasing age (20-year increment) — 1.44 1.08–2.16 <0.002
Increasing homograft size (1-mm increment) — 1.14 1.06–1.23 <0.008

* The number of patients with stated factor out of 250 patients in the study. Age and homograft size are continuous vari-
ables. CI = confidence interval; AV = aortic valve.

Figure 2.2. Actuarial estimate 
of freedom from reoperation by
method of homograft preparation
(b-propiolactone vs. irradiation).

Figure 2.3. Actuarial estimate of
patient survival after aortic valve
replacement with nonviable aortic
homografts. Expected survival rep-
resents that of a control group of
patients matched for age and sex.



survival were: native aortic valve insufficiency,
associated coronary artery disease (no patient
had concomitant coronary artery bypass graft-
ing), and older age (Table 2.3).

Two patients had neurological events during
the follow up period, both of whom were in
chronic atrial fibrillation and one had had
mitral valve repair at the time of homograft
implantation. Patients in this series were not
treated with Coumadin for long term anti-
coagulation.

Figure 2.4 shows survival to events of 
death, re-operation, thromboembolism, and
endocarditis.

Discussion

This series of 250 patients underwent aortic
valve replacement with a preserved aortic valve
homograft between 1965 and 1972. Early
results indicated excellent homodynamic per-
formance, and a very low incidence of throm-
boembolic complications, despite the fact that
anticoagulation therapy was not used. This
experience suggested that the preserved homo-

graft might be the valve of choice for replace-
ment of the diseased aortic valve; however,
extended follow-up of these patients revealed a
progressive increase in the rate of valve failure
and the need for re-operation to the extent that
only 3 patients were alive and free of re-
operation 15, 18, and 20 years postoperatively.

Despite the need for re-operation, patient
survival was similar to that in the series using
other prostheses (Figure 2.5).The relatively low
operative mortality of re-operation and the low
incidence of serious valve-related complica-
tions contributed to the survival rate.

O’Brien’s experience with cryopreserved
homografts suggests a longer durability of
homografts treated in this manner (Figure 2.6).
The increased durability has been attributed 
to increased cell viability with cryopreserva-
tion.9,10 However, long-term cellular viability
has not been proven nor correlated with graft
durability.11 It is quite likely that cryopreserva-
tion is less damaging to the tissues than the
preservation techniques used in this series and
this may be a factor in durability.

Current techniques of homograft inser-
tion,12–16 including root replacement and inser-
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Figure 2.4. Actuarial estimate of
freedom from events of death, re-
operation, thromboembolism, or endo-
carditis after aortic valve replacement
with nonviable aortic homografts.

Table 2.3. Factors Associated with Reduced Survival After Aortic Valve Replacement with a Nonviable
Homograft.

Number* Relative Hazard 95% CI p

Native AV insufficiency† 127 1.65 1.06–2.23 0.037
Coronary artery disease 25 2.56 1.62–4.01 <0.001
Increasing age (20-year increment) — 1.86 1.35–2.56 <0.001

* The number of patients with stated factor out of 235 operative survivors; age is a continuous variable. † Includes patients
with mixed lesions. CI = confidence interval; AV = aortic valve.



tion of the graft as a cylinder within the aorta
reduced the incidence of malalignment of the
commissures and preserves the sino-tubular
portion of the graft, thus reducing the incidence
of early aortic insufficiency which was a factor
leading to early reoperation.

The decreased survival in older patients with
coronary artery disease may be improved by
preoperative recognition and concomitant
revascularization which was not done in this

group of patients. Failure due to endocarditis
may be reduced by antibiotic prophylaxis which
was not carried out in most of the patients in
this series.

The hemodynamic performance, better
means of preservation and sterilization which
has improved durability, improved techniques
of insertion which reduces the incidence of
early aortic insufficiency and the low incidence
of serious complications would support the use
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Figure 2.5. Actuarial estimate of freedom from
reoperation after aortic valve replacement with cry-
opreserved aortic homografts (n = 192),9 porcine het-

Figure 2.6. Actuarial estimate of patient survival
after aortic valve replacement with cryopreserved
aortic homografts (n = 310),9 porcine heterografts (n
= 522) (Jones et al.), Björk-Shiley mechanical valves

erografts (n = 448) (Jones et al), and nonviable aortic
homografts (this series, n = 250). Number of patients
at risk is shown for each series.

(n = 880) and nonviable aortic homografts (this
series, n = 250). Number of patients at risk is shown
for each series.



of an aortic valve homograft as an option for
aortic valve replacement, certainly in selected
groups of patients.

References

1. Ross DN. Homograft replacement of the aortic
valve. Lancet 1962;2:487.

2. Barratt-Boyes BG. Homograft aortic valve re-
placement in aortic incompetence and stenosis.
Thorax 1964;19:131–150.

3. Hoeksema TD, Titus JL, Giuliani ER, Kirklin
JW. Early results of use of homografts for
replacement of the aortic valve in man. Circula-
tion 1967;35:I9–14.

4. Wallace RB, Giuliani ER, Titus JL. Use of aortic
valve homografts for aortic valve replacement.
Circulation 1971;43:365–373.

5. Wallace RB, Londe SP, Titus JL. Aortic valve
replacement with preserved aortic valve homo-
grafts. J Thorac Cardiovasc Surg 1974;67:44–52.

6. Daly RC, Orszulak TA, Schaff HV, McGovern E,
Wallace RB. Long-term results of aortic valve
replacement with nonviable homografts. Circu-
lation 1991;84:III81–III88.

7. Malm JR, Bowman FO, Jr., Harris PD, Kowalik
AT. An evaluation of aortic valve homografts
sterilized by electron beam energy. J Thorac
Cardiovasc Surg 1967;54:471–477.

8. Barratt-Boyes BG. A method for preparing and
inserting a homograft aortic valve. Br J Surg
1965;52:847–856.

9. O’Brien MF, Stafford EG, Gardner MA, Pohlner
PG, McGiffin DC. A comparison of aortic valve
replacement with viable cryopreserved and fresh
allograft valves, with a note on chromosomal
studies. J Thorac Cardiovasc Surg 1987;94:812–
823.

10. Yacoub M, Rasmi NRH, Sundt TM, Lund O,
et al. Fourteen-year experience with homovital
homografts for aortic valve replacement. J
Thorac Cardiovasc Surg 1995;110:186–194.

11. Bodnar E, Matsuki O, Parker R, Ross DN.Viable
and nonviable aortic homografts in the subcoro-
nary position: a comparative study. Ann Thorac
Surg 1989;47:799–805.

12. Somerville J, Ross D. Homograft replacement 
of aortic root with reimplantation of coronary
arteries. Results after one to five years. British
Heart Journal 1982;47:473–482.

13. Okita Y, Franciosi G, Matsuki O, Robles A,
Ross DN. Early and late results of aortic root
replacement with antibiotic-sterilized aortic
homograft. J Thorac Cardiovasc Surg 1988;95:
696–704.

14. McGiffin DC, O’Brien MF. A technique for
aortic root replacement by an aortic allograft.
Ann Thorac Surg 1989;47:625–627.

15. Knott-Craig CJ, Elkins RC, Stelzer PL, et al.
Homograft replacement of the aortic valve and
root as a functional unit. Ann Thorac Surg 1994;
57:1501–1506.

16. Rubay JE, Raphael D, Sluysmans T, et al. Aortic
valve replacement with allograft/autograft:
subcoronary versus intraluminal cylinder or
root. Ann Thorac Surg 1995;S78–S82.

22 R.B. Wallace and T.A. Orszulak



Homograft valves have proved a useful replace-
ment device in the management of aortic 
valve and aortic root pathology. Since the first
insertion by Ross,1 in 1962, a number of dif-
ferent methods of homograft valve collection,
sterilization, storage and insertion have been
used. Consequently, this has made comparison 
of results between the centers that have 
achieved considerable experience with this
valve difficult.

The purpose of this section is to present the
clinical experience with the homograft aortic
valve at the University of Alabama at Birming-
ham (UAB). However, this clinical experience
will be used as a backdrop to discuss a number
of aspects of the homograft valve, including 
survival after homograft valve replacement,
valve durability, mechanisms of homograft
valve failure, the concept of competing risk as
it applies to the probability of homograft valve
re-replacement, and other morbid event such as
thromboembolism and endocarditis.

The UAB2 series comprises a total of 178
patients undergoing implantation of a cryopre-
served aortic valve homograft between 1981
and January 1991. The valve was placed in the
infracoronary position by the freehand implan-
tation technique in 155 patients and was part 
of a combined aortic valve replacement and
ascending aortic replacement in 23 patients.
During this ten year period, 13 of these under-
went homograft reoperation with 12 patients
requiring explantation. The study group in-
cluded 124 males and 54 female patients, age 
9 months to 80 years (median age 46 years).

Indications for homograft aortic regurgitation
in 16 patients, native or prosthetic valve endo-
carditis in 41 patients, congenital aortic steno-
sis in 80 patients, aortic dissection in 9 patients,
aortic aneurysm in 3 patients and bioprosthetic
valve degeneration in 9 patients. All homograft
valves which were obtained under sterile oper-
ating conditions from multi-organ donors or
tissue donors, were sterilized by low dose
antibiotics and stored by cryopreservation.

Survival: The actuarial survival of all patients
was 92% at one month, 91% at one year and
85% at eight years (Figure 3.1). By multivari-
able analysis of the entire group of 178 patients,
risk factors identified for early mortality were
advanced preoperative New York Heart Asso-
ciation Class and where the operation incorpo-
rated replacement of the ascending aorta.

For the patients undergoing isolated aortic
valve replacement using the infracoronary
technique, the early mortality rate was particu-
larly low (1%) and long-term survival was
excellent attesting to the safety of this proce-
dure. However, there is evidence to suggest that
survival after aortic valve replacement is inde-
pendent of the type of valve prosthesis used
where the device is of contemporary design. In
a study by McGiffin and colleagues,3 examining
risk factors for death in 2100 patients undergo-
ing aortic valve replacement with xenograft,
mechanical or homograft valves, by multivari-
able analysis, no contemporary valve replace-
ment device was identified as a risk factor for
early or late death. It is very likely in this UAB
series that the low early mortality and excellent
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long-term survival in these patients may be
explained by variables other than the device
implanted.

Homograft valve durability: Homograft
valve failure resulting in the development of
progressive aortic regurgitation is usually
regarded as resulting from the mutually exclu-
sive mechanisms of geometric distortion, leaflet
degeneration and progressive aortic root dilata-
tion and is usually reported by the use of the
endpoints of reoperation and development of
progressive aortic regurgitation (so called pre-
sumed leaflet failure).

The actuarial freedom from valve reopera-
tion for the 155 patients undergoing aortic
valve replacement using the infracoronary
technique was 77% at eight years and for the
23 patients undergoing aortic valve replace-
ment combined with an ascending aortic
replacement was 100% at eight years (Figure
3.2).2 There were two intraoperative valve
removals for “obstruction” in both cases for
patients with congenital left ventricular outflow
tract obstruction with accompanying aortic

stenosis. An estimate of primary leaflet failure
was obtained by considering both explantation
information (reoperation or autopsy) and fol-
low-up echocardiographic data. Patients were
considered to have presumed leaflet failure
if there was evidence of cusp rupture or degen-
eration at explantation, or severe or moderately
severe (3 out of 4 or greater) aortic regurgita-
tion on follow-up echocardiography. The
freedom from presumed leaflet failure was 94%
at 5 years and 85% at 8 years (Figure 3.3).2

Hazard function analysis demonstrated a
slowly rising late risk of leaflet failure (Figure
3.4)2 It should be mentioned that this estimate
of presumed leaflet failure did not include
explanted valves that, to the surgeon, had nor-
mally appearing leaflets in the presence of
central incompetence or leaflet malalignment.

When published homograft valve series,
which may have undergone different preserva-
tion protocols and insertion techniques, are
compared it is usual to invoke common unify-
ing theories to explain differences in durability
such as the presence or absence of leaflet via-
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Cryopreserved Aortic Homografts
UAB; 1981–1991; n = 178

Years         % Survival
       1/12         92%
       1                91%
       2                90%
       5                87%
       8                85%

Figure 3.1. Actuarial (Kaplan-Meier) and paramet-
ric survival for all 178 patients receiving cryopre-
served aortic homograft valves at the University of
Alabama at Birmingham from 1981 to 1991. Open
circles indicate individual patient deaths and vertical

bars represent plus and minus one standard error.
The solid line represents the parametric survival esti-
mate with 70% confidence limits (dashed lines).
Reproduced from Kirklin with permission.
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Cryopreserved Aortic Homografts
UAB; 1981–1991; n = 178

Figure 3.2. Actuarial (Kaplan-Meier) freedom from
valve reoperation for patients undergoing ascending
aortic replacement (upper dashed line) and infra-

Cryopreserved Aortic Homografts
     UAB; 1981–1991; n = 178
     Presumed Leaflet Failure

Figure 3.3. Actuarial and parametric freedom from
presumed leaflet failure. This includes patients with
aortic regurgitation by echo grade 3 or 4 (n = 4),
patients undergoing explantation for leaflet failure

coronary aortic valve replacement (circles). Repro-
duced from Kirklin with permission.

(n = 4), or leaflet degeneration found at autopsy 
(n = 0), AR, aortic regurgitation. Reproduced from
Kirklin with permission.



bility or the technique with which the valve has
been inserted. This ignores the complex way in
which homograft valves may fail. Homograft
valve endocarditis and paravalvular leak are
uncommon occurrences and, although they
may result in aortic regurgitation that may be
progressive and severe enough to necessitate
reoperation, they will not be considered here as
mechanisms of homograft valve failure.

There are a number of important mecha-
nisms of homograft valve failure and of equal
importance is the way in which these mecha-
nisms may interact. Christie and Barratt-Boyes4

by using mathematical modeling demonstrated
the progressive development of aortic regurgi-
tation after insertion of a homograft as a result
of the change in mechanical properties of the
leaflets over time. This change in mechanical
properties of the leaflets is characterized by
progressive loss of leaflet extensibility in the
radial direction which is an exaggeration of the
normal change in the mechanical properties of
leaflet tissue resulting from the aging process.
Although this modeling was performed by
incorporating the mechanical properties de-
rived from antibiotic-sterilized leaflet tissue,
the finding of progressive loss of leaflet coap-
tion caused by reduction of radial extensibility

is almost certainly a feature observed in
explanted cryopreserved homograft leaflets.

Cryopreserved homograft valves may also
fail due to a degenerative process of the leaflets
characterized by leaflet thinning, tearing and
perforation.2 Leaflet calcification may also
occur.5

Geometric distortion after insertion of a
homograft valve is an important mechanism 
of valve failure. Although the subcoronary 
technique has been the traditional method of
insertion, distortion with progressive aortic
regurgitation may be less likely with the 
cylindrical or the aortic root replacement 
techniques.6–8

Homograft valves may also fail as a result of
progressive dilatation of the aortic root, and this
has been reflected in the finding by multi-
variable analysis of larger aortic root size as a
risk factor for the development of aortic 
regurgitation.9

These mechanisms of homograft valve
failure are, of course, interrelated and their
impact is influenced by a number of known risk
factors. Figure 3.510 represents an attempt to
depict the interrelationship between these
mechanisms of homograft valve failure and
their risk factors. For example, older donor
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Years
Hazard
(¥1000)

1/12            0.03
   1                 0.4
   5                 2.1
   8                 3.3 

Cryopreserved Aortic Homografts
     UAB; 1981–1991; n = 178
     Presumed Leaflet Failure

Figure 3.4. Hazard function (instantaneous risk) for presumed leaflet failure. Reproduced from Kirklin with
permission.



age11 as a risk factor for homograft valve failure
may be explained by preimplantation loss of
radial extensibility. If this older donor valve was
implanted by subcoronary technique rather
than the cylindrical method, then any geometric
distortion, exacerbated by further loss of radial
extensibility may quite significantly reduce the
likelihood of adequate long-term leaflet coap-
tion. There are many other combinations of
mechanisms of homograft valve failure and
their risk factors. Homograft valve failure is
complex and multifactorial and not amenable
to oversimplified explanations such as presence
or absence of viable leaflet cells or the type of
insertion technique.

The Homograft valve failure and competing
risk: Usual means of depicting homograft valve
failure is by the use of the Kaplan-Meier 
estimate of freedom of homograft valve re-
replacement (or other endpoints such as valve

degeneration). However, many patients, partic-
ularly elderly patients, die before a homograft
valve requires re-replacement. In the setting 
of competing risks (in this context valve re-
replacement before death and death before 
re-replacement) the Kaplan-Meier curve for
freedom from valve re-replacement is condi-
tional that no patient dies since the censoring
process is used at the time of each death that
occurs before re-replacement. In other words,
the Kaplan-Meier estimate assumes that all
patients are immortal. However, the informa-
tion that is perhaps more important for the
patient and the surgeon in the decision making
process regarding the use of the homograft
valve is that probability of re-replacement of a
biological valve before death which takes into
account the competing risks of death and re-
replacement. This concept of competing risk
has been previously applied by Grunkemeier

3. University of Alabama at Birmingham Series 27

Figure 3.5. A depiction of the interrelationships
between the overlapping mechanisms of allograft
valve failure influenced by known risk factors—
(younger) recipient age, (older) donor age, (larger)
aortic root diameter, insertion technique, and valve

preservation technique. Although compiled from a
series of cryopreserved and antibiotic sterilized
valves, these risk factors may play a role in failure of
either type of valve. Reproduced from Kirklin with
permission.



and colleagues12 to a group of patients under-
going valve replacement with xenograft pros-
theses to determine both actuarial valve failure
(conditional that no patient dies) and actual
valve failure (probability of failure before
death). In a similar study by McGiffin and col-
leagues13 using the concept of competing risk,
the probability of re-replacement of xenograft,
4°C stored homograft and cryopreserved
homograft valves before death of the patient was
determined. (Figure 3.6) From this analysis it
appears that the probability of requiring re-
replacement before death for patients over the
age of 60 years is no different receiving cryop-
reserved homografts or xenograft valves.

The use of a competing risk analysis appears
to be a useful method of providing information
regarding biological valve failure that is com-
plimentary to the usual Kaplan-Meier estimate.

Thromboembolism: In this series,2 there was
only one identified thromboembolic episode
which occurred six months after operation.This
supports the very low thromboembolic risk of
homograft valves found in other studies.9,14

Homograft valve endocarditis: In this series,2

three episodes of probable endocarditis were
identified at 1.2, 31 and 56 months after opera-
tion, each being successfully managed with
intravenous antibiotic therapy. It appears that
the homograft valve does have some intrinsic
resistance to infection and for that reason is the
valve replacement device of choice for patients
with active aortic valve endocarditis.15,16

In summary, the UAB cryopreserved homo-
graft valve experience supports the concept
that the homograft aortic valve offers a number
of special features that make it an attractive
replacement device for many patients with
aortic valve and aortic root disease.
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Allograft Durability

Indications for the use of allografts for aortic
valve replacement should be built upon an
appreciation that this is non-viable collagen
tissue, which will be subjected to a slow, vari-
able but relentless immunological response,
destined for eventual deterioration. Allograft
durability and the performance characteristics
which relate to durability depend upon several
factors. These include donor age, procurement
and preservation techniques, as well as
immunogenicity. A primary issue, is that the
integrity of allograft tissue is mostly influenced
by the physical orientation and configuring 
of the valve leaflets after implantation in the
recipient.

Allograft are the best, longest used, and most
proven valve commercially available to us.
Despite this, less than 1% of aortic valve
replacements are performed using the allograft.
In part, this is due to a reluctance by surgeons
to use more complex surgical methods for
aortic valve replacement, even in young people
where longevity and complication-free inter-
vals are critical. Other often proffered reasons
for infrequent use relate to the perceptions 
of availability, and the surgical experience or
expertise required, as well as what may be 
an inherent reluctance by surgeons to alter 
or destroy a normal aortic root in order to
replace it with an allograft substitute. Allograft
root implantation, however, unlike the original
techniques for scalloped subcoronary methods,

can be taught and learned easily. There is little
requirement for extensive experience or an
unusual talent for determining the correct size
and fit of the allograft.

In this chapter, popular issues of contention
regarding aortic valve replacement are dis-
cussed and our technique of allograft replace-
ment is described. With modern methods of
myocardial protection, it is a technique which
adequately serves the needs of a variety of 
clinical presentations; not only can it be easily
accomplished with a standard step-wise ap-
proach, but it also permits the surgeon to leave
the patient’s own aortic root intact.

Disputed Concept

Scalloped Subcoronary vs.
Root Replacement

Conceptually, the aortic valve leaflet can be
perceived as a smooth membrane covering 
a series of guy-ropes anchored at perfectly
aligned geometric positions on the leaflet.
Together with the other leaflets, this results in
full hydraulic competence. Re-creation of the
coaptive surface by surgical maneuvers is per-
formed to try to achieve appropriate support,
both at the upper portion of the commissure,
and along the leaflet edge to the corpora 
arantii (those bodies in the central portion of
the leaflet which coapt for about 4mm under
normal physiological conditions).

4
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Using calculated stress/strain curves to pro-
vide a computer model of the aortic leaflet,
Christie1 emphasized the critical importance of
the coaptive surfaces and the configuration of
the aortic leaflets individually and with each
other. The surgical objective must, therefore,
aspire to imitate the normal human aortic
anatomy,so that 50% of the aortic leaflet surface
coapts with the adjacent leaflet. Achieving this
geometric profile reduces each leaflet’s strain at
the commissure and at the corpora arantii. The
pressure on each side of the leaflet neutralizes or
transfers all the forces to the belly of the leaflet
where the major collagenous bundles are
located. These forces primarily act along the
lower half of the commissure, as coaptive 
surfaces extend downwards, due to their shape
and the forces of inertia provided by the column
of blood above and beyond the valve. Thus,
whether stent-mounted porcine xenografts or
approximately orientated allografts are being
considered as the surgical option, competence
and optimal performance over an extended
period of time is likely to be best achieved if the
natural anatomy is re-created. The original
method of implanting freehand infra-coronary
allografts was sometimes compromised by the
creation of left ventricular/aortic gradients.2

This method resulted in an incidence of aortic
incompetence which was difficult to predict and
probably, in retrospect, too great for continued
clinical use. In taking advice from those who
apply general engineering principles regularly, it
is agreed that the best mechanical advantage
obtained for a structure which does not have
regenerative ability is to try to place the stresses
whenever possible, where they belong.

Reconstruction of the valve cylinder is,
therefore, probably more likely to achieve the
long-lasting result if it is accomplished by
implantation as one congruous unit in which
the “natural” architecture and bio-mechanical
components are not altered.This presumes that
careful handling and minimal manipulation of
the leaflet mechanism is undertaken. In our
experience, use of the aortic allograft root
implantation technique results in markedly
improved overall performance with no signifi-
cant gradient or aortic incompetence early or
late following implantation.

Viable vs. Non-Viable Leaflets

Whichever valve concept and implantation
technique are adopted, it must be appreciated
that while the leaflets are potentially viable at
the time of thawing, they are clearly non-viable
after implantation. Some postimplantation
reaction may occur immediately1 and this may
influence the long-term function of the valve.
Two events may occur: indigenous fibroblasts
may be re-activated following implantation, or
instead, a deposition of a secondary population
from the patient’s own cell line may slowly
inflict a chronic rejection effect over several
years. These fibroblasts appear to be non-
functional, and the implanted valve is,
essentially, an elaborate collagen matrix in
which some “preserved” cellular elements of
uncertain significance are seen.1 It is clear that
allografts elicit an antigenic response from the
patient and to some extent, this is suppressed
by antibiotic sterilization and cryopreserva-
tion.3 This early reaction may be due to
endothelial and myocyte cells which are
immunologically more active than fibroblasts.
Tissue-typed matching or immunosuppressive
therapy fail, however, to reduce the temporally
related degenerative process, which is probably
less forceful in older age groups.3 Irrespective
of these viability and immunogenicity issues,
the allograft root replacement does offer a
better long-term option than other currently
available techniques.

Stented vs. Unstented Configurations

Each of the proponents who have promulgated
the stenting of valve tissue for surgical im-
plantation, have also helped define and clarify
the optimal configuration and orientation of
the valve leaflets by their individual contribu-
tions. In the early development of the
xenograft, stent support was developed to
achieve hemodynamic competence and, ini-
tially, appeared superior to any other concept
tried at the time, because it immediately 
eliminated valvular insufficiency. Additionally,
stents offered both the obvious advantage of
versatility of clinical application accompanied
by standardization of the insertion technique.
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Subsequent clinical experience, however, sug-
gests that the stent adversely impacts on 
durability.4 In vitro evaluation of hydraulic 
performance analyses was performed by valve
manufacturers using pulsed in-vitro valve
testing apparatus, and offered convincing evi-
dence of the overall competence and efficiency
of stented valves. Though this experimental
design has many shortcomings, it also showed
that the degree of commissural flexibility and
stressful turbulent flow are limiting factors
common to all stent designs.

Whichever type of valve is considered, the
issues relating to valvular support, surgical
implantation technique, and the resultant
three-dimensional geometric configuration of
the implanted allograft within the aorta, are
crucial to minimizing leaflet stress. They will
each directly influence bio-mechanical durabil-
ity. The stentless homograft and the develop-
ment of the stentless xenograft tissue valve
(which grew out of that concept) both appear
to be more durable than the stented valves cur-
rently available. Creating a more natural valve
configuration and new methods of fixation of
porcine leaflet tissue4 have also contributed 
to improved medium-term durability with the
unstented porcine bioprosthesis.5

Both the manufacturer and the surgeon have
learned that mimicking the natural valve con-
figuration as far as possible, is paramount in
optimizing the result. Unlike fixed porcine
tissue, the allograft retains leaflet flexibility and
orifice size as long as it is not deformed. Leaflet
compliance is normal and gradients are consid-
erably less than those found with porcine tissue
valves.1 The utilization of an allograft conduit,
in which the valve mechanism is retained in
perfect position, has obvious advantages.

Root Replacement

Measurement/Sizing

If it is accepted that the well-preserved, but
non-viable, unstented root replacement is the
best choice, surgeons are still left with the ques-
tion of precisely how the root replacement
should be optimally accomplished with a stan-
dardized technique.

Conceptually, the allograft must fit at three
levels:

1. Annular (sub-annular or left ventricular out-
flow tract region),

2. the Sinuses of Valsalva
3. the Sino-tubular junction

In clinical practice, the anatomy and dimen-
sions of these three regions in disease presen-
tation, are often quite disparate. This may be
due to dysgenesis, distorting mechanisms pro-
duced by hydraulic forces, infection or previous
surgical intervention. Normally, the sinus 
occupies the largest dimension followed by the
annulus which is a 10% to 15% larger than that
sino-tubular junction may be totally expanded
from post-stenotic dilatation or through mural
weakening due to medial cystic pathology.
Congenital or surgical deformities may also
substantially alter that relationship between
these three dimensions.

The measurement of the annulus can be
easily carried out by transesophageal echocar-
diography (TEE), with accuracy to within a 
millimeter if appropriate imaging is done.2

Annular dimensions greater than 28mm in
diameter and/or a root dimension 3mm larger
than any easily available allograft may preclude
allograft implantation or else require a prelim-
inary annular reduction technique. The obtura-
tor measurement of the aortic root at the time
of surgery should therefore be regarded as only
a confirmatory procedure; the allograft will
have already been chosen, thawed and ready
for implantation when the annulus size is finally
checked. To optimize root implantation, careful
planning is required to obtain, preoperatively,
information about sizing and correct choice of
the appropriate allograft available; with this
strategy, it is possible to achieve a predictable
result in the majority of presentations.

Modification of Total Root Excision
and Replacement

Orientation of allograft valve is essential in
order to ensure optimal leaflet dynamics, and
this is best accomplished by reconstructing 
the valve cylinder in its natural anatomical 
configuration. Such reconstruction, by root
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replacement, preserves the natural profile of
the implanted allograft as a “valved cylinder.”
The technique of modified rather than
extended root replacement has been used con-
sistently in our last 70 cases and is also appli-
cable to the autograft and xenograft.

Several advantages—

a) Root replacement with native root 
preservation

Combination of root replacement by the
implanted allograft, but with native root preser-
vation by careful trimming, leaves the patient
with an almost normal aortic valve cylinder.
This technique provides minimal manipulation
of the valve and permits implantation with
greater predictability and a smaller margin of
error than with other techniques.

b) Avoidance of extensive resection

This modified root replacement method avoids
an extensive resection and leaves most of the
native aortic root intact. The anatomy of the
aortic valve ring and root is such that removing
part of the aortic wall or sub-annular tissue
becomes unnecessary; it is simply displaced
when the aortotomy is performed and the allo-
graft is sewn into position. Suture line bleeding
into residual “potential secondary cavities”
between the suture line and native aortic tissue
may be initially difficult to identify when the
technique is being learned, but usually resolves
with revision of the sewing technique.

c) Application to pulmonary artery autograft
transfer (Ross procedure)

When this method is applied to the pulmonary
autograft transfer (Ross procedure), the same
familiar step-wise approach is used, and thus,
the learning curves have mutually complemen-
tary procedural steps. In performing the Ross
operation, the viable muscle tissue of the auto-
graft is easier to handle and sew, as it is less
friable than cryopreserved allograft muscle.
Except when performing a preliminary annular
reduction, we avoid reconstruction with pled-
gets,Teflon buttresses or circumferential retain-
ing collars as these may later distort the
valvular mechanism and reduce coaptation. In

our opinion, prosthetic material is best avoided
in the presence of infection.

d) Re-replacement

In the event of re-replacement after previous
modified allograft root replacement, use of
alternative techniques are made much easier if,
at the first operation, there has not been exten-
sive root dissection, and the aortic root is still
intact. Now, several surgical operative manage-
ment choices are made available. Several
options may be considered depending on the
age and clinical presentation.

A Ross Procedure

i. Re-replacement with allograft. If neces-
sary, suturing to the sub-aortic curtain and 
ventricular septum can be performed to accom-
plish this. This is then followed by concomitant
coronary reimplantation.

ii. A standard prosthetic aortic valve/conduit
replacement.

iii. Preservation of the allograft cylinder,
excising just the allograft leaflets and replacing
with a bioprosthetic or mechanical valve.

Options When Accompanied by 
Subacute Bacterial Endocarditis

In this difficult management scenario, the
native aorta may have been disrupted by 
infection, dilatation or abscess formation, with
resultant hemodynamic insufficiency or sys-
temic embolization. Some patients may have
had previous aortic valve surgery and have
indwelling prosthetic valve. In our experience,
full clearance of necrotic and infected tissue fol-
lowing by reconstruction is required, ensuring
minimal distortion of the valvular mechanism.
An allograft or autograft works well using the
modified aortic root replacement approach and
produces immediate hemodynamically accept-
able results. A cryopreserved allograft or trans-
posed pulmonary autograft will be least likely
to produce reinfection even in the presence of
abscess reaction. Allograft implantation has a
low constant reinfection risk rate, whereas
mechanical or biological valve prostheses 
have an increased risk of early infection.6,7
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Interestingly, Hvass et al. have managed the
infected aortic valve with a Bravo (Bravo Car-
diovascular, Inc. USA) xenograft supra-annular
fixation technique in subacute endocarditis and
also found no reinfection in their series.

Our Recommended 
Intra-Operative Technique

Our step-wise operative procedure consists of
the following:

General Operative Approach

We have found that the operation is easily per-
formed through a median sternotomy, under
hypothermic cardiopulmonary bypass, using
interval anterograde and retrograde cardiople-
gia and topical cooling of the myocardium. Fol-
lowing cross-clamping of the aorta, a transverse
aortotomy 2cm above the sino-tubular junction
is made, extending across three-fourths of the
circumference of the aorta, leaving a relatively
narrow band or “tongue” of intact posterior
aortic wall. (Preserving this posterior aspect of
the aortic wall helps stabilize the aortic longi-
tudinal dimension during retraction, so that the
distal allograft-aorta anastomosis is sized well,
once the inferior and coronary anastomoses
have been completed.)

Aortotomy

Following the transverse aortotomy described
above, vertical caudal extension of the aorto-
tomy is then carried all the way to the base of
the non-coronary sinus. Traction sutures on the
aortic wall open the aortic root further and
expose it for sizing and suture placement. It
also allows the anterior non-coronary sinus and
its adjacent commissure to float more freely,
achieving an unstressed position for accurate
positioning of the new left coronary ostium
(Figure 4.1).

Coronary Ostial Identification

Inspection of the coronary ostia is then per-
formed, and their orientation noted, for deter-
mination of their optimal location when the

valve cylinder is placed in position. If mal-
alignment of the right coronary ostium results,
this is easily resolved once the cylinder is in
position by attaching it as a free button, or as a
tongued pedicle. The situations which may
cause concern in making this assessment, are
dilated aortic root (with diameters consistent
with 28mm or greater), a constricted root with
a diameter of less than 21mm, destruction 
of the aortic root, or marked congenital or
acquired deformations. In these special circum-
stances, preservation of the recipient root may
be neither feasible nor desirable. The decision
about how much remnant of the aortic valve to
leave intact varies according to the size and
configuration of the allograft. For a very large
dilated root, it is better to leave some of the old
valvular tissue in place as a neatly described
ring, which will make up the difference between
the size of the allograft and the recipient root.
If necessary, annular reduction should be
carried out now.

Orientation During Implantation

The allograft should be oriented anatomically
as one unit. Displacement of the cusps from
their normal radial orientation may result in
disruption of the configuration of the commis-
sure and leaflets, and thereby produce aortic
incompetence secondarily to malalignment. In
positioning the allograft for suture alignment,
we recommend that it is hand held (without
forceps) oriented about 10cm above in the
implanting position (aligning the allograft also
for best placement of the new left coronary
ostium.

Preparation of the Allograft

Septal muscle is inspected and should be
trimmed to produce optimal shape for align-
ment with the aortic root and maximum hemo-
static control. This measure is less likely to
provoke suture loosening, as compressed or
non-viable allograft tissue is resorbed over
time. Great care should be taken during this
procedure to avoid damaging the allograft
valve cusps, and the assistant should display the
allograft in such a way that, throughout this
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resection, the allograft valve cusps can be con-
tinually check from within (Figure 4.2).

We recommend 3-0 running Prolene suture
with a large needle is used, beginning below
and approximately 2mm beneath the left coro-
nary ostium, so that the middle of the left coro-
nary cusp of the allograft and the left coronary
ostium of the native aorta are aligned perfectly.
The suture commences at the midpoint of the
left coronary cusp of the allograft (from inside-
out) and then continues in a clockwise fashion
beneath the left coronary ostium and circum-
ferentially around towards the right coronary
ostium. Several loops of suture can be achieved
before trailing on with the next suture. The
needle should penetrate deep to the residual
allograft tissue and anchor to the adjacent
fibrous tissue of the aortic root.Again, the assis-

tant holds the allograft so as to resist the down-
ward traction effect of serial loops on the allo-
graft, and thereby prevent it tightening too
early and spoil perfect suture placement. Great
care should be taken to avoid distortion, tear-
ing or entrapment of the allograft valve cusps.
Passing the needle at an oblique angle from
inside the allograft to outside (rising slightly up
the allograft cylinder) gives greater strength
without distortion than a direct transverse
suture placement (Figure 4.3).

Inspecting the Suture Line

It is best to inspect the inferior suture line from
the side, above and within the allograft cylinder
with a nerve hook before proceeding to pull the
suture lines tight. Next, the tagged lower suture
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ends are now knotted down in place, resulting
in 9–12 suture ties which produces a partial
intermittent/running suture technique.

Coronary Ostial Attachment

The allograft left coronary sinus and left coro-
nary artery stub are then approximately with
the left coronary ostium, and a standard anas-
tomosis completing with a running suture. This
fixes the allograft in place, but since it is only
fixed circumferentially at the annular level, the
rest of the valve can be allowed to orient itself
in a normal manner.This permits unstressed re-
implantation of the left coronary ostium. If this
cannot be achieved without distortion of the
allograft commissures, the existing allograft
coronary stub is further tied off, and a fresh 
circular aortotomy made at a convenient place

in the supra-annular position which will facili-
tate unstressed approximation.

Distal Allograft/Aortic Anastomosis

End-to-end approximation between the distal
aorta and the allograft is now carried out, being
sure to adjust the length of the allograft ap-
propriately, so that the valvular mechanism,
commissural geometry and left coronary
attachment are not stretched or distorted.
Though this requires judgment, this is usually
quite obvious.This task may appear easier if the
native aorta is now transected, but we prefer to
leave a posterior “tongue” of aortic tissue
behind (as mentioned in 1.) to ensure that the
axial orientation and length are preserved—as
“normal” as possible. As with extended root
replacement, the orientation of the leaflets to
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each other is a critical feature in the concept of
root replacement. When the distal running
suture line has been completed, the aortic root
is essentially reconstructed, however at this
stage, it is helpful to pass the ties through a
Rummel tourniquet so that a second internal
observation can be made later, if necessary.

Testing the Anastomosis and 
Valvular Mechanism

Blood cardioplegia is now instilled into the
aortic root. This simple test not only provides
further myocardial protection, but also con-
firms valve competence, non-entrapment of 
the leaflets, and tests the left coronary ostial
anastomosis before this becomes inaccessible.
Blood cardioplegia given under the cross-clamp
will close the aortic valve, so the integrity of the
inferior suture line is not properly tested until

the left ventricle is pressurized and blood
passes through the aortic lumen under pres-
sure. It does identify left coronary bleeding as
distinct from that due to the proximal suture
line—so helps separate these two adjacent
areas in situations of posterior hemorrhage. If
posterior bleeding cannot be visualized exteri-
orly, the distal anastomosis can be easily re-
opened. This can be accomplished by careful
retraction with a copper blade or narrow 
retractor. If TEE is already available intra-
operatively, the valve mechanism can also be
viewed in the static state, with the root 
distended to confirm that leaflet coaptation is
adequate. In special circumstances, using crys-
talloid cardioplegia, the valve can be viewed
directly, with a pediatric nephroscope/broncho-
scope or similar sterile telescope. Although this
would not be applicable routinely, it can resolve
uncertainty about valvular competence and
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Figure 4.3. Completing the left
coronary ostial anastomosis to
the allograft. Posterior wall is left
intact. Left main coronary native
orifice is difficult to see from this
angle but “button” is sutured to
a large oval defect in homograft
root.



evenly distributed suture placement, before con-
tinuing, when faced with a very difficult implan-
tation or unsatisfactory operative situation.

Right Coronary Ostial Implantation

Next, the right coronary artery ostium is freed
as a button or “tongue” of aortic wall, and anas-
tomosed side-to-side into the right coronary
sinus. This may be conveniently line up with 
the allograft’s right coronary stub, but if not, an
opening can be made in the allograft at any
point that does not interfere with the commis-
sure. Further instillation of cardioplegia may
help define optimal orientation and alignment.

Intra-Operative Assessment of
Valvular Hemodynamics

On weaning from cardiopulmonary bypass
support, TEE should again be used to assess
valve competence and gradient. It is not uncom-
mon to see a trace of regurgitation which 
may persist with even perfect alignment.
Initially, this seems a worrisome finding as it
cannot be readily separated from malalignment
aortic incompetence. Provided, however, that
the steps of operative implantation have been
followed carefully, a trace of regurgitation is
most likely due to asynchrony of closure rather
than malalignment or poor coaptation. In our
experience, this is of no consequence and does
not affect valve durability or hemodynamic
function.

Discussion

The different technical issues that relate to cer-
tain methods of implantation of allografts/
xenografts are discussed in the relevant chap-
ters of this book, and all are critical determi-
nants of a satisfactory result for the particular
method described. They should not be lightly
transposed from one operative technique to
another.

We regard that scalloped, subcoronary or
totally inclusive aortic root methods of inser-
tion are intrinsically compromised because of
their requirement for great precision in access-

ing the aortic dimensions. The subcoronary
suturing of scalloped allograft has to be very
carefully performed to achieve perfect coapta-
tion. In the intra-operative scenario of an 
open aortic root of a collapsed hypothermic
heart, this may be very difficult to estimate. In
contrast, the modified root replacement tech-
nique allows the surgeon to avoid these opera-
tive issues, offers minimal intrusion into the
valve mechanism, a better step-wise learning 
curve, and serially reproducible and satis-
factory hemodynamic results for a range of 
presentations.

Based on our long personal experience (W.
A.), and those of others, the concept with the
most appeal is one which is easy to do and 
supports reconstruction of the natural allograft
aortic root and valve—as an integral unit.
Single center data from O’Brien’s longer-term
experience (reaching a second decade evalua-
tion) with optimally selected and treated frozen
allografts (personal communication) suggests
that this approach is well supported.

All surgeons developing their own valve
experience would like to be able to tell their
patients that they have an 80% chance of an
implanted allograft lasting 20 years. The sine-
qua-non of aortic allograft surgery is that “less
than optimal coaptation” will negatively influ-
ence the structural integrity of the collagen
matrix and reduce the durability of the allo-
graft. We know that allografts are capable of
functioning for 20 years or longer. It is there-
fore reasonable that if proper selection, good
preservation and appropriate implantation can
be carried out, a consistently achievable result
with success rates of 80% can reasonably be
expected. A reproducible step-wise approach
utilizing a valve cylinder concept, as described
above, makes this aspiration plausible. We
regard the implantation of the aortic allograft
non-inclusion cylinder maximizes the operative
options. The procedure does not require a long
“learning curve,” and can be accomplished by a
“less experienced surgeon.” Native tissue is
saved, and other salvage procedures left open,
if, during the operation, or later, it is discovered
that allograft root replacement cannot be
accomplished. Education of the surgeons about
the merits and disadvantages of each techno-
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logical advance and product line is therefore
critical in order to offer the best option to the
patient. Provided that there are no substantial
advances in either the use of glutaraldehyde-
treated animal tissue or mechanical prostheses,
the incidence of use of allografts around the
world should increase several-fold and be a
logical best option for most young patients
undergoing aortic valve replacement in whom
an autograft is not considered appropriate (or
as an option, is deferred until they are older).
In view of the low mortality of reoperations
performed in established centers, there is much
appeal to the strategy of utilizing allograft
implantation until that point in a patient’s life
is reached, when the “one time-Ross proce-
dure” can be most appropriately performed.
One should be able to offer availability of 
allograft valves for virtually all patients with
isolated aortic valve disease under the age of 
70 years. Clearly across the nation and around
the world we have come nowhere near 
achieving that goal.
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Section III
Major Clinical Series of 

Homograft Valve Transplants:
Right Ventricular Outflow Tract



Homograft conduits implanted between the
subpulmonary ventricle and pulmonary artery
have made possible the repair of many complex
congenital heart defects. Since the first homo-
graft was used in a patient with pulmonary
atresia and ventricular septal defect by Ross 
in 1966,1 the operative mortality has declined
steadily. However, problems with longevity of
homografts were soon acknowledged. Homo-
grafts presented by radiation calcified and
stenosed early.2 The introduction of porcine
valves used in Dacron conduits3 was an impor-
tant new development. Unfortunately, porcine
valves showed accelerated degeneration when
used in children.4 In addition, Dacron conduits
developed neo-intimal peel which contributed
to the development of severe obstruction.Thus,
the Boston group reported in 1985 that all their
heterograft conduits had to be replaced within
ten years of implantation.5

In recent years, the new developments in
homograft harvesting, storage and use included
cryopreservation, use of fresh homografts
obtained at the time of heart and heart-lung
transplantation, and use of pulmonary in 
addition to aortic homografts.6,7

Currently, aortic and pulmonary homo-
grafts, cryopreserved or preserved in nutrient/
antibiotic solution are used, and both cadaveric
and “transplant” donors are used. In addition,
commercially available heterografts as well as
“home-made” valved conduits8,9 are being used.
We have recently reviewed the long-term
results of a series of homograft conduits used
in our institution between 1971–1993.10

Materials and Methods

Between 1971 and 1993, we implanted 656 con-
duits between the subpulmonary ventricle and
the pulmonary artery. We have evaluated 293
aortic and 94 pulmonary homografts. In 18
patients, our records did not show whether
aortic or pulmonary homograft was used. We
have excluded all heterografts and valveless
conduits. We have also excluded patients dying
within 90 days of operation. The diagnoses of
patients are shown on Table 5.1.

Follow up data were obtained from our own
cardiology clinics and from the referring physi-
cians. Where follow up was incomplete, the last
contact with our department was entered as the
last information available. We have collected
the following data: diagnosis, age at operation
and at the last follow-up visit, date of reinter-
vention or death, type of conduit, size of
conduit, mode of preservation, ABO and
Rhesus compatibility between donor and 
recipient, material used for extension of the
conduit, and surgeon. In patients in whom a
conduit was replaced, the number of conduits
previously used was recorded. It was not possi-
ble to identify retrospectively the exact mecha-
nism of failure. We have therefore decided that
replacement of conduits for whatever reason
(conduit valve stenosis/incompetence, stenosis
of proximal, distal anastomosis or conduit itself,
endocarditis, aneurysm or pseudoaneurysm,
conduit compression by sternum) were all
included as conduit failures.

5
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Statistical Methods

The end points for analysis of conduit survival
were conduit replacement for any reason, rein-
tervention (operation or balloon dilatation) on
the conduit, or death of the patient with conduit
in place. Survival curves were prepared using
Kaplan-Meier methodology. Univariate and
multivariate analysis of risk factors for conduit
survival was performed using a Cox propor-
tional hazards method. Factors for the final

model were chosen using statistical as well as
clinical criteria.

Results

Follow up was 3 months to 22.8 years (mean 5.4
years). Mean age at operation was 6.8 (2 days—
28 years). The longest surviving conduit has
been in place for 22.8 years. There were 13
balloon dilatations. Sixty patients had one,
11 had two, 1 had three and 1 had four conduit
replacements. There were 15 deaths not asso-
ciated with reoperation. Freedom from conduit
replacement was 84%, 58%, and 31%; and 5, 10,
and 15 years. (Figure 5.1) In univariate analy-
sis, the following factors appeared irrelevant 
to conduit longevity: size of the conduit, ABO
and Rhesus compatibility, diagnosis of truncus
arteriosus (compared to patients with other
diagnoses), or material used for extension of
the conduit. We were rather surprised, that
unlike other studies, we failed to show signifi-
cance of conduit size (Figure 5.2) and the diag-
nosis of truncus (Figure 5.3).

Factors considered relevant for freedom 
from conduit replacement were: replacement
conduits,order number,age at operation,type of
homograft, mode of preservation and surgeon.
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Table 5.1. Diagnoses of Patients Who Received
Homograft Conduits in Subpulmonary Position.

Transposition of the great arteries plus ventricular 108
septal defect plus left ventricular outflow tract 
obstruction

Pulmonary atresia plus ventricular septal defect 90
Truncus arteriosus 78
Fallot’s Tetralogy 53
Atrioventricular discordance 31
Absent pulmonary valve plus ventricular septal 16

defect
Other 29

TOTAL 405

Figure 5.1. Survival of homograft conduits at 5, 10, and 15 years. Numbers on this and subsequent figures
show number of patients at risk.



Conduit Replacement

A small conduit has to be placed when an oper-
ation is required in infancy. At reoperation,
such conduits could be replaced with adult-size
conduits and it has been generally accepted
that such a conduit should last much longer—
possibly a lifetime. However, we were rather
surprised to find in our own series that
replacement conduits did not last as long as first

time placed conduits (Figure 5.4). We can only
speculate about the reasons for this finding. It
may be that adhesions and calcifications of the
tissues around the conduit may be the reason
why it is more difficult to obtain an ideal fit of
the conduit which would result in suboptimal
flow characteristics. There may be other more
subtle technical details which we have been 
as yet unable to identify.We believe that details
of operative technique have relevance to
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Figure 5.2. Survival of small (<15mm) and large (>15mm) homograft conduits.

Figure 5.3. Comparison of homograft conduit survival between patients with truncus arteriosus and patients
with other diagnoses.



conduit longevity, as shown in the studies by
Heinemann11 and Razzouk.12 Because of our
own finding that replacement conduits require
re-replacement earlier, we believe that we
should further explore techniques of repair of
congenital heart defects which avoid the use of 
conduits.13–15

Order Number

Although we have objective information about
some aspects of management of patients with
valved conduits which have changed over the
years, other aspects, such as indications for
conduit replacement, are more subtle. Recog-
nizing that these subtle trends in practice might
also influence survival of conduits in our
patients, we have introduced the concept of
“order number” in our analysis. The first
conduit inserted in 1971 was thus number 1 and
the last in the series in 1993 was number 405.

Again, we were surprised to find that con-
duits placed earlier in the series lasted longer
than conduits inserted more recently. This was
not explained by the fact that in earlier years
we tried to use larger conduits in infants nor by
the increasing prevalence of reoperation with
time. When we looked at patients’ survival as
opposed to conduit survival, we found that
patients’ survival in recent years was better

than in the earlier years. (Figure 5.5) The expe-
rience of other authors14,15 and our own increas-
ing experience showed that overall risk of
conduit replacement is low. It also showed that
decreased ventricular function may determine
the patient’s outcome after conduit replacement.
It may well be that we now indicate conduit
replacement earlier than in the past. Shorter
survival of conduits in our analysis may there-
fore be appropriate as this pattern is associated
with improved overall survival of patients.

Age at Operation

Conduits implanted in younger patients 
survived better than conduits implanted in
older children. This finding contrasts with the
data of Clarke,16 Schorn et al.,17 and Bando et
al. (1995).18

Five year freedom from reoperation was
43% in Clarke’s series and 48% in Schorn’s. In
our experience, 5 and 10 year survival was 91%
and 77% for infants, and 83% and 50% for chil-
dren older than 3 years at the time of operation
(Figure 5.6). Univariate analysis favored aortic
versus pulmonary homograft and antibiotic
preserved versus cryopreserved homografts.
However, in multivariate analysis both these
factors, as well as that of surgeon, were not 
significant. (Table 5.2)
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Figure 5.4. Survival of first conduits compared to survival of replacement conduits.
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Figure 5.5. Long-term survival of patients (who survived 90 days after conduit insertion).

Figure 5.6. Survival of homograft conduits in three age groups (<1, 1–3, >3 years).

Table 5.2. Univariate and Multivariate Analysis of Risk Factors for Conduit Failure.

Univariate Multivariate

Factor Worse B p Factor Worse B p

First conduit or redo redo 1.08 0.00001 First conduit or redo redo 1.06 0.00001
Order number recent .0065 0.00001 Order number recent .005 0.003
Age at operation older .65 0.002 Age at operation .01 0.64
Aortic or pulmonary pulmonary .46 0.04 Aortic or pulmonary .57 0.06
Preservation cryo .05 0.05 Preservation -0.19 0.55
Conduit Size (mm) .03 0.35 Conduit size (mm) 0.002 0.97
Surgeon Surgeon 3 .474 0.004
Conduit size for age .044 0.80
ABO Match .21 0.45
Rh match -.05 0.90
Conduit extension -.13 0.08
Diagnosis -.31 0.24



Information about pulmonary versus aortic
homografts is somewhat controversial in the 
literature. Longer freedom from reoperation 
of pulmonary compared to aortic homografts
was observed by Bando, Heinemann, and
Schorn.11,17,18 Cleveland19 and Hawkins20 failed
to show difference between the two, while 
in Clarke’s series pulmonary homograft degen-
erated earlier.

Homograft Preservation

The original technique of homograft preserva-
tion in nutrient/antibiotic solution produced
excellent results as reported by Kay and Ross21

and Tam.22 In our series, cryopreserved homo-
grafts performed somewhat worse than those
preserved in antibiotic/nutrient solution but the
difference could be accounted for by associa-
tion with recent patient number and with
earlier reintervention in recent years. We 
therefore feel that the use of both cryopre-
served homografts and homografts preserved
in antibiotic/nutrient solution is currently 
justified.

Immunological Response

Several studies have suggested that immuno-
logical response may be a factor in homograft
deterioration.15,23 Baskett24 demonstrated that a
short interval from retrieval to cryopreserva-
tion was a risk factor in homograft failure. The
authors therefore inferred that fresher homo-
grafts are more likely to react immunologically
and therefore deteriorate earlier. In our series,
“fresh” homografts were used in a very 
few patients. ABO and Rhesus compatibility
between the donor and the recipient appeared
to confer no advantage.

Conclusions

1. Homograft conduits enable us to repair
many complex congenital heart defects.

2. 31% of conduits were functional at 15 years
after insertion. However, longevity of the 
homograft conduits is limited.Some patients will
need one or even more replacements during
their lifetime.

3. Currently, both aortic and pulmonary
homografts preserved either in nutrient/antibi-
otic solution or cryopreserved can be used.

4. In view of less than optimal performance
of second and subsequent conduits, we should
continue exploring techniques of repair of
complex congenital heart defects which avoid
the use of conduits.
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The history of right ventricular outflow tract
reconstruction in pediatric patients at The Chil-
dren’s Hospital and the University of Colorado
Health Sciences Center in Denver is a small-
scale reflection of the world experience. Since
Ross and Somerville first attempted right 
ventricular outflow tract reconstruction with 
an extra-cardiac valved conduit in 1966,1 the
ability to reconstruct right ventricle to pul-
monary artery continuity has been of benefit to
pediatric cardiac surgery. The Denver experi-
ence chronicles the surgical phases of develop-
ment and illustrates the rationale behind the
evolution of current concepts in the treatment
of complex right ventricular outflow tract
anomalies in children.

The original valve conduit used by Ross and
Somerville was an aortic allograft, although
prosthetic alternatives were explored when
aortic allograft calcification and degeneration
were reported as early as 1968.2 Originally, allo-
grafts were processed with antibiotic solutions
and stored at 4°C resulting in inconsistent cell
viability and variable but overall poor conduit
survival.3 Structural deterioration of the valve
and conduit were also common with other
methods of preservation such as gamma radia-
tion and freeze drying, or fixation with beta-
propriolactone or ethylene oxide.4,5 Mechanical
prostheses were implanted in some pediatric
patients but their use was limited to children
who were physically large enough to receive an
18 or 20mm external diameter valve. In addi-
tion, most pediatric cardiac surgeons avoided
the use of mechanical valves secondary to risk

factors associated with anticoagulation and
thromboembolism. The search for long-lasting
options for replacement of the right ventricular
outflow tract then began in earnest.

Use of Porcine Valved Conduits

Background

In the early 1970s, porcine bioprostheses, that
had been implanted in adults with good results,
were used for right ventricular outflow tract
repairs in children. By the early 1980s in the
Denver experience as well as elsewhere, the
popularity of porcine valve conduits declined
rapidly as early and late postoperative com-
plications became evident.6 Inherent graft
rigidity and large conduit to patient size
resulted in early conduit complications,3 late
conduit obstruction or valve insufficiency
resulted from formation of intimal peel or valve
degeneration.7

Denver Patient Population

From May of 1979 through July of 1984, 24 
children underwent right ventricular outflow
tract reconstruction with the Carpentier-
Edwards porcine valved conduit.There were 14
females (58%) and 10 males (42%). Patient age
and weight at operation ranged from one
month to 13 years (mean age: 4.2 years) and 
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3.5kg to 35kg (mean weight: 14.3kg) respec-
tively. Preoperative diagnoses are listed in
Table 6.1. Seventeen children (71%) had under-
gone previous cardiac surgeries; four failed
complete repairs and 12 palliative procedures.

Surgical Technique

Appropriate porcine valve conduit size was
estimated before surgery on the basis of patient
weight. Operations were performed through 
a median sternotomy with cardiopulmonary
bypass and in smaller patients, hypothermic 
circulatory arrest. Existing shunts were double
ligated and divided during preparation for 
cardiopulmonary bypass. Vertical right ventri-
culotomy was performed and if present, a 
previously placed conduit was excised. Associ-
ated septal defects were repaired. A standard
circular anastomosis of running suture was 
performed distally from prosthetic conduit to
native main pulmonary artery. Proximally, the
porcine valved conduit was anastomosed
directly to the right ventricular outflow tract
with running suture.The aortic cross-clamp was
removed during completion of the proximal
connection and the patient weaned from car-
diopulmonary bypass in standard fashion. Con-

duit annulus external diameters ranged from 
12mm to 25mm (mean diameter: 20mm).

Results

Nine of the porcine valved conduit recipients
(38%) died within 30 days of operation and are
detailed in Table 6.2. As depicted in Table 6.3,
87% of all patients who received a porcine
valved conduit experienced significant postop-
erative complications. Fifteen operative sur-
vivors have been followed for three months 
to 12.2 years (mean follow up: 6.4 years). Two
children were clinically well when they were
lost to follow up at 6.8 and 6.9 years after
implantation of their xenograft. Three of 13
remaining patients (23%) experienced late
deaths.Two sudden deaths at ten and 35 months
postoperative, were attributed to porcine valve
conduit obstruction. One infant died of pneu-
monia four months after heterograft place-
ment. Nine porcine valve conduit explants
(69%) have been performed because of conduit
stenosis from 3.2 to 11.3 years (mean: 7.4 years)
post operatively. One teenager (4%) remains
alive and cardiovascularly well at the 12.6 years
of follow-up.
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Table 6.1. Preoperative Diagnosis.

Type of Right Ventricular Outflow Tract Reconstruction

Diagnosis Porcine Aortic Patch Pulmonary

Complex Tetralogy of Fallot NA 7 10 47
Tetralogy of Fallot 6 2 19 35
Pulmonary atresia 2 4 2 34
Conduit replacement NA 2 NA 40
Truncus arteriosus 1 11 NA 23
Transposition of the great arteries 9 4 NA 20
Double outlet ventricle 5 4 NA 13
Pulmonary stenosis NA NA 4 NA
Aortic insufficiency with or without aortic stenosis NA NA NA 12
Hypoplastic left heart 1 NA NA NA
Aortic atresia, hypoplastic transverse arch, VSD NA 1 NA NA
Ebstein’s Anomaly, pulmonary stenosis, VSD, ASD NA NA NA 1

Total Procedures 24 35 35 225

VSD = ventricular septal defect; ASD = atrial septal defect.



Use of Aortic Allografts

Background

As enthusiasm for synthetic porcine valved
conduits declined, interest in aortic valve allo-
grafts resurfaced. In the middle 1970s, Angell
and associates8 resurrected the use of aortic
allografts for cardiac reconstruction. Their
innovative method of tissue cryopreservation
and super-cold storage resulted in increased
cellular viability and implied increased durabil-
ity.9 In addition, the allografts could be stored
for long periods, thus increasing availability. In

1984, these cryopreserved allografts were made
readily available in the United States by 
CryoLife®, Inc. and thereafter by others.Aortic
valve allografts were again used to reconstruct
the right ventricular outflow tract in children.10

Patient Population

Between February 1985, and December 1996,
35 children received a cryopreserved aortic
valve allograft to repair or replace their right
ventricular outflow tract.The patient group was
comprised of 22 females (63%) and 12 males
(37%).Age at operation ranged from nine days
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Table 6.2. Early Postoperative Mortality.

Cause of Death Porcine Aortic Patch Pulmonary

Intraoperative cardiac failure 6 3 1 5
Right ventricular failure 1 1 3 9
Sepsis NA 1 NA 4
Myocardial failure NA 3 NA 1
Cardiac tamponade 1 NA 1 NA
Arrhythmia 1 NA NA 1
Myocardial infarct right ventricular failure NA 1 NA 1
Metabolic derangement cardiopulmonary failure NA NA NA 2
Poor coronary artery flow multiple organ failure NA NA 1 NA
LVOT allograft dehiscence expired at reoperation NA NA NA 1
Pulmonary vascular disease NA NA NA 1

Total Deaths 9 (38%) 9 (26%) 6 (17%) 25 (11%)

LVOT = left ventricular outflow tract.

Table 6.3. Early Postoperative Morbidity.

Type of Right Ventricular Outflow Tract Reconstruction

Complication Porcine Aortic Patch Pulmonary

Pulmonary 7 10 8 55
Sepsis, mediastinitis or endocarditis 3 7 6 32
Hemorrhage 3 2 NA 24
Arrhythmia or heart block 2 4 4 22
Right ventricular failure NA 8 3 13
Neurologic impairment 4 5 NA 23
Postpericardiotomy syndrome 1 3 NA 18
Renal insufficiency or failure 2 1 NA 6
Diaphragm paralysis NA 3 NA 9
Delayed sternal closure NA 1 NA 7
Balloon angioplasty distal pulmonary arteries NA NA NA 3
Extracorporeal membrane oxygenator NA NA NA 2
Cardiac transplant NA NA NA 1
Revise allograft repair NA NA NA 1
No complication 2 (13%) 4 (15%) 9 (31%) 83 (41%)



to 8.7 years (mean age: 1.5 years) and operative
weights were 2.5kg to 18.5kg (mean weight: 7.4
kg). Preoperative diagnoses, the most prevalent
being truncus arteriosus, are listed in Table 6.1.
Sixteen children (46%) had undergone no pre-
vious cardiac surgeries. Nineteen patients had
previous surgery including seven unilateral and
two bilateral Blalock-Taussig shunts, six allo-
graft right ventricular outflow tract recon-
structions, three pulmonary artery bands, two
transannular patch repairs of Tetralogy of
Fallot, one Senning procedure and one aortic
coarctation repair.

Surgical Technique

Standard surgical approach was through a
median sternotomy. All operations were per-
formed with the use of cardiopulmonary bypass
and moderate hypothermia from 24°C to 26°C.
When cardiac arrest was necessary to accom-
plish internal cardiac repairs such as ventricu-
lar septal defect closure or infundibular muscle
resection, cold blood cardioplegia was adminis-
tered in bolus doses every 20 to 30 minutes
throughout that portion of the surgery. Deep
hypothermia with circulatory arrest was used
with or without cardioplegia in infants less 
than 6kg. A vertical right ventriculotomy was
extended through the pulmonary artery, which
was transected and the distal allograft to native 
pulmonary artery anastomosis was performed
first. The proximal anastomosis connected the
allograft into the right ventricular outflow tract
or onto the surface of the right ventricle. A
polytetrafluoroethylene patch was used to com-
plete the connection from the anterior portion
of the allograft to the ventriculotomy and
rewarming was initiated. When the patient was
normothermic, bypass was weaned and the pro-
cedure completed in standard fashion. Aortic
valve allografts of 10mm to 25mm internal
diameter (mean: 17mm) were implanted.

Results

There were nine hospital deaths (26%) that are
identified in Table 6.2. Twenty-two of 26 opera-
tive survivors (85%) encountered a variety of

early postoperative complications (Table 6.3).
Follow up of the 26 remaining children ranged
from 1 month to 11.2 years (mean follow up: 4.8
years). Four late deaths (15%) occurred from
1.7 months to 5.9 years after aortic allograft
surgery. A female with double outlet right ven-
tricle and pulmonary atresia who had under-
gone a previous Blalock-Taussig shunt,
received an aortic allograft at two years of age
and died 1.7 months postoperatively due to an
arrhythmia. A second female underwent 
pulmonary valve allograft repair of truncus
arteriosus as a neonate. Mediastinitis led to
infection of the pulmonary allograft which was
replaced by an aortic valve allograft two
months after the initial surgery. The child suc-
cumbed to severe right ventricular dysfunction
four months after reoperation.A three year old
girl with pulmonary atresia underwent primary
aortic allograft repair. She expired 16 months
postoperatively with hemoptysis and massive
pulmonary hemorrhage. The final death
occurred in a female child born with Tetralogy
of Fallot and absent pulmonary valve who 
presented at eight years of age with prosthetic
pulmonary valve insufficiency. An aortic valve
allograft was used to replace the prosthesis and
the child died five years following aortic allo-
graft implantation from complications of
human immunodeficiency virus acquired prior
to her allograft surgery.

Nine children (35%) experienced allograft
fibrocalcification and degeneration that re-
quired aortic replacement from 2.7 to 10.2 years
after implantation of the valve conduit. A syn-
opsis of each child’s experience is presented 
in Table 6.4. Thirteen remaining patients are
clinically well.

Use of Transannular Patch

Background

Because in the pediatric population, synthetic
porcine valved conduits suffered from unac-
ceptably high early failure rates and aortic
valve allografts although fairing better, seemed
never-the-less doomed to degeneration and
eventual failure, many surgeons returned to

6. Denver Series 53



54 D.R. Clarke and D.A. Bishop

T
ab

le
6.

4.
A

llo
gr

af
t 

R
ep

la
ce

m
en

t 
in

 A
or

ti
c 

A
llo

gr
af

t 
R

ec
ip

ie
nt

s.

D
ia

gn
os

is
 a

t 
Fi

rs
t 

A
ge

 a
t 

Fi
rs

t
M

on
th

s 
A

ft
er

 F
ir

st
P

at
ie

nt
A

llo
gr

af
t 

R
ep

ai
r

A
llo

gr
af

t 
R

ep
ai

r
C

om
pl

ic
at

io
n

R
eo

pe
ra

ti
on

A
llo

gr
af

t 
R

ep
ai

r
O

ut
co

m
e

SH
A

or
ti

c 
at

re
si

a,
hy

po
pl

as
ti

c
9 

da
ys

A
llo

gr
af

t 
va

lv
ar

P
ul

m
on

ar
y 

al
lo

gr
af

t
38

W
el

l 3
.3

 y
ea

rs
 p

os
to

p
ao

rt
ic

 a
rc

h 
(s

/p
 D

am
us

-
st

en
os

is
R

V
O

T
R

K
ay

e-
St

an
se

l)
T

B
Tr

un
cu

s 
ar

te
ri

os
us

 t
yp

e 
II

2 
m

on
th

s
A

llo
gr

af
t 

in
su

ffi
ci

en
cy

,
P

ul
m

on
ar

y 
al

lo
gr

af
t 

33
E

xp
ir

ed
 @

 A
R

R
di

st
al

 P
A

 s
te

no
si

s
R

V
O

T
R

2.
5 

ye
ar

s 
po

st
op

D
H

Tr
un

cu
s 

ar
te

ri
os

us
 t

yp
e 

I
2.

5 
m

on
th

s
A

llo
gr

af
t 

ca
lc

ifi
ca

ti
on

P
ul

m
on

ar
y 

al
lo

gr
af

t
45

W
el

l 2
 y

ea
rs

 p
os

to
p

an
d 

st
en

os
is

R
V

O
T

R
M

C
Tr

un
cu

s 
ar

te
ri

os
us

 t
yp

e 
I

7 
m

on
th

s
A

llo
gr

af
t 

st
en

os
is

 a
nd

P
ul

m
on

ar
y 

al
lo

gr
af

t
95

W
el

l 4
.2

 y
ea

rs
 p

os
to

p
in

su
ffi

ci
en

cy
R

V
O

T
R

JK
Te

tr
al

og
y 

of
 F

al
lo

t
7 

m
on

th
s

A
llo

gr
af

t 
st

en
os

is
 a

nd
P

ul
m

on
ar

y 
al

lo
gr

af
t

83
W

el
l 4

.7
 y

ea
rs

 p
os

to
p

in
su

ffi
ci

en
cy

R
V

O
T

R
M

M
P

ul
m

on
ar

y 
at

re
si

a,
ve

nt
ri

cu
la

r 
9 

m
on

th
s

A
llo

gr
af

t 
co

nd
ui

t 
an

d
P

ul
m

on
ar

y 
al

lo
gr

af
t

48
W

el
l 6

.2
 y

ea
rs

 p
os

to
p

se
pt

al
  

de
fe

ct
le

ft
 P

A
 s

te
no

si
s

R
V

O
T

R
M

S
P

ul
m

on
ar

y 
at

re
si

a,
ve

nt
ri

cu
la

r
1.

6 
ye

ar
s

A
llo

gr
af

t 
st

en
os

is
 a

nd
P

ul
m

on
ar

y 
al

lo
gr

af
t

12
2

W
el

l 1
.7

 y
ea

rs
 p

os
to

p
se

pt
al

 d
ef

ec
t

in
su

ffi
ci

en
cy

R
V

O
T

R
A

R
Te

tr
al

og
y 

of
 F

al
lo

t
1.

8 
ye

ar
s

A
llo

gr
af

t 
va

lv
ar

P
ul

m
on

ar
y 

al
lo

gr
af

t
77

W
el

l 5
.6

 y
ea

rs
 p

os
to

p
st

en
os

is
R

V
O

T
R

L
S

P
ul

m
on

ar
y 

at
re

si
a,

ve
nt

ri
cu

la
r 

3.
5 

ye
ar

s
A

llo
gr

af
t 

st
en

os
is

 a
nd

P
ul

m
on

ar
y 

al
lo

gr
af

t
11

3
W

el
l 9

 m
on

th
s 

po
st

op
se

pt
al

 d
ef

ec
t

in
su

ffi
ci

en
cy

R
V

O
T

R



increased usage of transannular patching for
right ventricular outflow reconstruction. Be-
cause of poor previous results with the use of
large transannular patches, application of the
technique was limited to relatively mild cases
of Tetralogy of Fallot, pulmonary valvar steno-
sis, or pulmonary atresia and the technique
itself was modified to minimize production of
pulmonary valve regurgitation.

Patient Population

From September of 1984 through December of
1996, 35 children underwent right ventricular
outflow tract reconstruction with a transannu-
lar patch. The patient group was comprised of
19 boys (54%) and 16 girls (46%). At the time
of surgery, patient age ranged from two days to
4.8 years (mean age: 1.3 years). Operative
weights ranged from 2.5kg to 16.9kg (mean
weight: 8.2kg). Tetralogy of Fallot was the pre-
operative diagnosis for the majority of patient
(Table 6.1). Ten of the transannular patch
patients (29%) had undergone previous unilat-
eral Blalock-Taussig shunt procedures. Twenty-
five children (71%) had undergone no prior
cardiac surgery but balloon pulmonary valvo-
tomy had been performed in 11 of them.

Surgical Technique

Transannular patch repair of the right ven-
tricular outflow tract was performed through a
median sternotomy using cardiopulmonary
bypass. Hypothermic circulatory arrest was 
utilized only in the presence of complicating
cardiac anomalies such as large aortopul-
monary collaterals. After isolating the pul-
monary arteries, a vertical right ventriculotomy
was performed and extended across the pul-
monary annulus, taking care to preserve pul-
monary valve leaflet tissue. Septal defects were
repaired if present. An approximately sized
piece of polytetrafluoroethylene patch was
inserted into the outflow tract with continuous
suture. Widening of the annulus was limited 
to the minimum necessary to achieve relief of
obstruction. The patient was weaned from 
cardiopulmonary bypass and the procedure
completed in routine manner.

Results

Six transannular patch recipients (17%) died in
the early perioperative period and the cause of
mortality is shown in Table 6.2. One early death
that requires elaboration occurred in a three
month old male. Intraoperatively, the transan-
nular patch was placed under an aberrant left
anterior descending coronary artery and
resulted in compromised flow to the coronaries
and eventual multiple organ failure. Of the 29
remaining patients, 20 (69%) experienced post-
operative complications; primarily pulmonary
sequelae, sepsis, arrhythmias and right heart
failure (Table 6.3).

Twenty-nine operative survivors have been
followed clinically for two months to 12.6 years
(mean follow up: 3.5). One child was cardio-
vascularly well when she was lost to follow up
nine months after transannular repair. The
single late death (4%) occurred in a boy who
was 18 months old at the time of repair for
Tetralogy of Fallot. His sudden death two
months after surgery was attributed to an
arrhythmia. One child (4%) with Tetralogy of
Fallot and right ventricular outflow tract
hypoplasia underwent transannular patch
repair at eight months of age. Twenty-one
months later, pulmonary due to severe pul-
monary insufficiency.The 26 remaining patients
clinically are well. Mild to moderate pulmonary
insufficiency detected by echocardiography is
universally present.

Use of the Pulmonary Allografts

Background

Intuitively, it seemed that a pulmonary allograft
would be the ideal option for reconstitution of
right ventricle to pulmonary artery continuity
because it represented the most complete
restoration of native structure and function. In
addition, it was postulated that pulmonary 
allografts should not calcify as quickly as aortic
allografts that have an intrinsically greater
elastin and calcium content in their conduit
walls (1904).As demand for aortic allografts for
left ventricular outflow tract reconstruction
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increased in the mid 1980s, surgeons began to
opt for the more available pulmonary allografts
to repair the right ventricular outflow tract.The
advantage of having intact branch pulmonary
arteries with which to reconstruct distal arterial
anomalies was appreciated.

Patient Population

From April 1985 through December 1996, 225
children underwent right ventricular outflow
tract reconstruction using a cryopreserved 
pulmonary valve allograft. There are 126 males
(56%) and 99 females (44%) who ranged in age
from six days to 18 years at operation (mean
age: 4.5 years). Mean weight at the time of
surgery was 16.3kg and ranged from 1.2kg to
82.3kg. Preoperative diagnoses are listed in
Table 6.1. The primary diagnosis in 12 children
was aortic insufficiency with or without aortic
stenosis; all had undergone prior surgical pro-
cedures to the left ventricular outflow tract.
Right ventricular outflow tract reconstruction
was performed as part of a pulmonary autograft
procedure (Ross procedure) that is described 
in detail in Section X. The other 213 patients
received pulmonary allografts due to obstruc-
tion or complete discontinuity between the
right ventricle and pulmonary artery system 
or as treatment for pulmonary valvar regurgi-
tation. Forty-nine patients (22%) had under-
gone no previous cardiac surgeries. In the 
other 176 children, 114 systemic to pulmonary
artery shunts constituted the most prevalent
previous procedure. The most common prior
definitive repairs included 45 ventricle to 
pulmonary artery conduits, 28 complete Tetral-
ogy of Fallot repairs, 21 of which were transan-
nular patch repairs, and 18 pulmonary
valvotomies or outflow tract patches that were
not transannular.

Surgical Technique

Preparatory phases of pulmonary valve allo-
graft right ventricular outflow tract recon-
struction including median sternotomy and
implementation of cardiopulmonary bypass
with moderate or deep hypothermia were iden-

tical to that used with the previously described
aortic allograft technique. Because pulmonary
valve allografts offered the advantage of left
and right pulmonary artery branch reconstruc-
tion, the distal anastomosis was accomplished
in one of three ways; standard circular anasto-
mosis to the main pulmonary artery, unilateral
allograft conduit flap to one distal branch, or
use of a bifurcated pulmonary allograft inde-
pendently to left and right pulmonary arteries.
Pulmonary allografts of 9mm to 27mm internal
diameter (mean: 20mm) were implanted.

Results

Twenty-five of 225 children (11%) suffered
early postoperative deaths. Five patients
expired intraoperatively in cardiac failure.
Right ventricular failure resulted in nine hospi-
tal deaths. Four early deaths were attributed 
to sepsis and two deaths to cardiopulmonary
failure induced by metabolic derangements.
One death each occurred as a result of myocar-
dial failure, pulmonary vascular disease, and
arrhythmia and acute myocardial infarct that
produced right ventricular failure. One child
received aortic and pulmonary allografts for
left and right ventricular outflow tract recon-
structions respectively. Sudden cardiac arrest
on postoperative day number two led to emer-
gent reoperation that revealed aortic allograft
dehiscence which was repaired but the patient
expired in the operating room. Massive hemor-
rhage was the cause of death for one patient
who required tricuspid and reoperative pul-
monary valve replacement.The child was emer-
gently returned to the operating room where a
completely dehisced distal allograft suture line
was discovered.

Pulmonary sequelae, infection, and bleeding
that required reoperation were the most fre-
quently encountered early postoperative com-
plications although 83 of 200 surviving children
(41%) experienced a completely benign hospi-
tal course. Early postoperative allograft-related
events occurred in four patients. Three children
underwent balloon dilation of stenotic allograft
to distal pulmonary artery anastomoses and one
insufficient pulmonary autograft was replaced
by an aortic allograft.
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Cardiac transplantation was the outcome for
a female with the primary diagnosis of Tetral-
ogy of Fallot who underwent transannular
patch repair at three years of age followed by
pulmonary allograft reconstruction at five years
old. Six years later, tricuspid regurgitation and
severe pulmonary insufficiency developed 
and she was reoperated. The original allograft
was excised, a second pulmonary allograft was
implanted, and a bidirectional Glenn shunt and
tricuspid annuloplasty were performed. The
child was placed on extracorporeal membrane
oxygenation when she could not be weaned
from cardiopulmonary bypass and she under-
went cardiac transplantation 48 hours later.

In one month to 11.9 years of follow up
(mean follow up: 5.1 years) of 199 pulmonary
allograft recipients, two children have been lost
to follow up. Among 197 remaining children,
there were 21 late deaths (11%), two late
cardiac transplants (1%), and 19 operations to
replace the original pulmonary allograft valve
conduit (10%).

The 21 late deaths occurred from 35 days to
10.8 years postoperative (mean: 13.2 months).
Four children died within the first five to eight
weeks following pulmonary allograft surgery. A
neonate with Tetralogy of Fallot and absent 
pulmonary valve suffered death due to hepatic
and pulmonary cytomegalovirus. Postoperative
seizures with neurologic dysfunction was the
cause of death in a one year old female with
double outlet right ventricle. Two 2.5 year old
males, one diagnosed with Tetralogy of Fallot
and atrioventricular canal and the other with
pulmonary atresia, ventricular septal defect 
and multiple aortopulmonary collaterals, suc-
cumbed to cardiopulmonary failure and pul-
monary hemorrhage respectively.Two neonates
died between ten and twelve weeks postopera-
tively; an infant who underwent allograft
implantation to repair truncus arteriosus with
truncal valve insufficiency died of a pulmonary
embolus and another who presented with
Tetralogy of Fallot and absent pulmonary valve
expired in right ventricular failure aggravated
by increased pulmonary vascular resistance and
pulmonary infection. Sepsis was the cause of
death at three months after allograft insertion
for a twelve day old and a four month old child.

The neonate underwent pulmonary and aortic
allograft valve reconstruction of the right and
left ventricular outflow tracts respectively to
correct type I truncus arteriosus with an insuf-
ficient truncal valve and succumbed to sepsis
that resulted in renal and liver failure. The four
month old experienced poor perfusion after
allograft surgery to repair pulmonary atresia
and ventricular septal defect and died with
overwhelming sepsis. Four children, a 14 month
old and three year old with Tetralogy of Fallot,
a six month old with transposition of the great
vessels status post complete repair, and an
infant with pulmonary atresia and ventricular
septal defect experienced sudden death at
home three to 24 months after allograft surgery.

Each incident was attributed to probable
arrhythmia. Three children expired after subse-
quent hospital admissions to replace an addi-
tional cardiac valve. A two year old female 
with transposition of the great arteries and a 15
year old female with Tetralogy of Fallot and
atrioventricular canal who was status post 
complete repair, each had experienced a benign
postoperative course. At five months and 11.1
respectively following implantation of their
pulmonary allograft, both children requiring
mitral valve replacement and both died peri-
operatively. A three year old female with
truncus arteriosus type II underwent aortic root
replacement 2.5 years after pulmonary allograft
right ventricular outflow tract reconstruction
and experienced a postoperative myocardial
infarction that resulted in death. Two infants
who were two months of age at the time of allo-
graft implantation succumbed to pneumonia.

One child expired four months after surgery
to repair Tetralogy of Fallot with absent pul-
monary valve and the second patient died eight
months after complete pulmonary allograft
repair of type II truncus arteriosus. Three
patients died secondarily to chronic congestive
heart failure. A four week of age infant with
type I truncus arteriosus and a six week old
child with pulmonary atresia each expired ten
months after allograft placement A three
month old female with type I truncus arterio-
sus, ventricular septal defect and DiGeorge 
syndrome died four months postoperatively.
Lastly, an asymptomatic teenager died in an
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automobile accident 18 months following pul-
monary allograft replacement of a stenotic
prosthetic valve.

Two children ultimately required cardiac
transplantation. A twelve year old boy with
double outlet left ventricle and aortic valvar
insufficiency underwent aortic allograft left and
pulmonary allograft right ventricular outflow
tract reconstructions. Myocardial dysfunction
prompted his cardiac transplantation 3.7 years
after double allograft placement. Both allo-
grafts were functional upon explant. A seven
year old male with double outlet right ventri-
cle, atrioventricular canal, single atrium and
pulmonary stenosis underwent pulmonary right
ventricular outflow tract reconstruction. One
month later, he required placement of a pros-
thetic mitral valve due to severe insufficiency.
Secondary to development of a cardiomyopa-
thy that resulted in chronic congestive heart
failure, he underwent cardiac transplantation
7.5 years after allograft insertion.The explanted

valve conduit was calcified with severe cusp
degeneration.

Nineteen children (10%) required replace-
ment of their pulmonary allograft from nine
days to 8.9 years after the initial allograft
surgery. Each incident is chronicled in Tables
6.5 and 6.6. Pathology results were unavailable
for two infant allograft recipients. Pathologic
examination of 17 explanted allografts revealed
all were calcified and seven contained mild 
cellular infiltrates. Reoperation resulted in a
favorable outcome in 13 children. Four children
died intraoperatively to four months postoper-
atively. One child with poor ventricular func-
tion underwent cardiac transplantation in the
early postoperative period. Another patient
required replacement of a third pulmonary
allograft when the second developed kinking in
the conduit that was attributed to technical
error.

One hundred and fifty five pulmonary valve
allograft recipients (69%) are alive with their
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Table 6.5. Allograft Replacement in Pulmonary Allograft Recipients.

Diagnosis at First Allograft Age at First
Patient Repair Allograft Repair Complication

CW Truncus arteriosus type I 9 days Mediastinitis, allograft infection
JS Truncus arteriosus type I 2 months Allograft insufficiency
TJ Truncus arteriosus type I 2.5 months LPA and RPA stenosis
JE Truncus arteriosus type I 3 months Allograft stenosis and insufficiency
PF Truncus arteriosus type I 4 months Allograft compression of LCA
AG Truncus arteriosus type I 7 months Allograft stenosis and insufficiency
CD TGA, RVOT obstruction 10 months Allograft stenosis
WM ToF, Pulmonary Atresia 1.1 years Allograft insufficiency
DT Pulmonary Atresia, VSD, 1.2 years Allograft insufficiency

small RPA
TSM ToF 2 years Allograft insufficiency, LPA stenosis
AJ DORV 2 years Allograft stenosis and insufficiency
TK Pulmonary atresia, VSD, 2.9 years Allograft insufficiency

hypoplastic LPA & RPA
TT ToF 3 years Allograft insufficiency, kinked distal allograft 

anastomosis
TS ToF 3.2 years Allograft insufficiency, LPA & RPA stenoses
HE ToF 4.9 years Allograft insufficiency, TR, cardiomyopathy
SG ToF 5 years Allograft insufficiency
TWM Critical PS 5 years Allograft insufficiency, kinked distal allograft conduit
LG ToF 8.1 years Allograft stenosis & insufficiency, LPA stenosis
TMS Absent pulmonary valve, TR 8.9 years Allograft stenosis and insufficiency

VSD = ventricular septal defect; LPA = left pulmonary artery; RPA = right pulmonary artery; LCA = left coronary artery;
TGA = transposition of the great arteries; RVOT = right ventricular outflow tract; ToF = Tetralogy of Fallot; DORV =
double outlet right ventricle; PS = pulmonary stenosis; TR = tricuspid regurgitation.



original allograft at 6.0 months to 11.9 years
after surgery (mean: 5.8 years). Echocardio-
graphic evidence of mild to moderate pul-
monary insufficiency is common.

Upon review of follow up data in the latter
patient group who underwent right ventricular
outflow reconstruction with a pulmonary allo-
graft, it is obvious that allograft fibrocal-
cification and degeneration that requires 
reoperation occurs at an increased rate in
infants when compared to older allograft
recipients. In children greater than one year of
age at operation, interval to explant ranges
from 13 months to 9.8 years after primary allo-
graft repair (mean interval: 4.9 years). Interval
to allograft replacement ranges from two
months to 7.5 years (mean interval: 2.3 years)
in children one year of age and younger at the
time of initial allograft placement. Table 6.7
documents the statistical difference in inci-
dences of early and late mortality and of allo-

graft replacement between older and younger
patient groups. The percentage of patients who
experienced each adverse event is significantly
higher in every category for children who are
12 months of age or younger at the time of pul-
monary allograft right ventricular outflow tract
reconstruction. Figure 6.1 is an actuarial event-
free curve that illustrates freedom from hospi-
tal death, allograft-related death, or allograft
replacement. By nine years of follow up, 80
percent of the older children are alive with the
original allograft while only 52 percent of 
the younger children remain event-free. While
the patient count becomes extremely small by
ten years postoperatively especially in the
infant group, event-free percentages remain
significantly different. It is noteworthy that a
large percentage of the difference between the
two curves can be attributed to early postoper-
ative mortality. Beyond the perioperative
period, the curves run roughly parallel.
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Table 6.6. Allograft Replacement in Pulmonary Allograft Recipients (Continued).

Months After First
Patient Reoperation Allograft Repair Outcome After Redo RVOTR

CW Aortic allograft RVOTR 2 Expired 4 months postop RV failure
JS Redo pulmonary allograft RVOTR 42 Well 3.7 years postop
TJ Aortic allograft RVOTR 2 Expired intraoperatively

Biventricular failure 
JE Redo pulmonary allograft RVOTR 31 Well 5.7 years postop
PF Aortic allograft RVOTR 4 Expired 4 days postop 

Myocardial failure
AG Redo pulmonary allograft RVOTR 21 Well 6.1 years postop
CD Redo pulmonary allograft RVOTR 90 Well 16 months postop
WM Redo pulmonary allograft RVOTR 13 Well 5 months postop
DT Aortic allograft RVOTR 29 Well 3 months postop
TSM Redo pulmonary allograft RVOTR 38 Well 5.4 years postop
AJ Redo pulmonary allograft RVOTR 118 Well 1.8 months postop
TK Redo pulmonary allograft RVOTR 18 Expired hours postop

Distal allograft anastomotic
hemorrhage

TT Redo pulmonary allograft RVOTR 36 Well 1.6 years postop
TS Redo pulmonary allograft RVOTR 15 Well 10.2 years postop
HE Redo pulmonary allograft RVOTR 74 Cardiac transplant 2 days postop expired
SG Redo pulmonary allograft RVOTR 111 Well 1.4 years postop
TWM Redo pulmonary allograft RVOTR 69 Reop 15 months postop

Kinked allograft conduit
LG Redo pulmonary allograft RVOTR 105 Well 1.4 years postop
TMS Carpentier-Edwards 83 Well 7 months postop

RVOTR = right ventricular outflow tract reconstruction; RV = right ventricular.



Discussion

Comparative review of follow up for all surgi-
cal repair groups incites a few pertinent obser-
vations. Early and late mortality as well as late
morbidity in the form of allograft explant are
depicted numerically in Table 6.8 and graphi-
cally in Figure 6.2 to compare each of the four
right ventricular outflow tract reconstructive
methods presented herein. Per Table 6.8, the
incidences of early mortality, late mortality and

allograft explant are consistently lower in
patients who underwent transannular patch 
or pulmonary allograft procedures than those
who had a porcine or aortic allograft valve
implanted. Better results in the transannular
patch patient group might appear intuitively
appropriate considering the selective simplicity
of the anomalies being treated. Specifically,
none of the transannular patch children needed
complete outflow tract reconstruction whereas
a percentage of patients in each of the porcine,
aortic allograft and pulmonary allograft valve
groups did require surgery that would provide
them with a previously nonexistent outflow
tract. However, when valve placement or
replacement is necessary in more complex
anomalies, pulmonary valve allograft recon-
struction of the right ventricular outflow tract
appears to be the method of choice.

In the actuarial curves (Figure 6.2) which
illustrate freedom from hospital death, valve
related death or valve failure that required
reoperation, the poor early postoperative
results experienced by porcine valve conduit
recipients is immediately evident. Almost 40%
of the children who receive a porcine biopros-
theses died in the perioperative period. Some
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Table 6.7. Comparison of Older and Younger 
Pulmonary Allograft Recipients in Early and Late
Postoperative Follow-Up.

Patient Early Late Allograft
Age Group Mortality Mortality Explant

>12 months 15/179 5/163 6/163
(8%) (5%) (7%)

12 months 9/40 12/36 7/36
(22%) (33%) (19%)

Combined 24/225 21/199 19/199
(11%) (11%) (9%)

p value p < 0.05* p < 0.001* p < 0.10*
(>12mo vs. 12mo)

* c2 for independent samples.

Figure 6.1. Actuarial curves for older and younger pulmonary allograft recipients to illustrate freedom from
hospital death, valve replaced death, or valve explant.



of this mortality is related to the state of the art
at the time, but a portion is also attributable to
implantation difficulties associated with these
rigid prostheses. Late follow-up continues to 
be dismal as evidenced by a consistent decline
in event-free percentages that is reduced to
almost zero by 11.5 years after surgery. Early
postoperative failures for aortic allograft,
transannular patch and pulmonary allograft
recipients are not statistically different. By
three years of follow-up, the aortic allograft

curve begins to drop rather steeply reflective of
the accelerated rate of calcification that has
been documented for aortic versus pulmonary
valve allografts when used to reconstruct the
right ventricular outflow tract.11,12 At eleven
years of follow-up, less than 40% of children
who received an aortic allograft are alive with
the valve conduit in place. From three to eight
years postoperatively, follow-up of transannu-
lar patch and pulmonary allograft children
remains promising with relatively few adverse
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Table 6.8. Comparative Morbidity and Mortality.

Type of Right Ventricular Outflow Tract Reconstruction

Result Porcine Aortic Patch Pulmonary

Early mortality 9/24 9/35 6/35 25/225
(38%) (26%) (17%) (11%)

Late mortality 3/13 4/26 1/28 21/197
(24%) (15%) (4%) (11%)

RVOT 9/13 1/28 1/28 19/197
(69%) (35%) (4%) (10%)

Lost to follow up 2 0 1 5*
Alive without additional operation 1/24 13/35 26/35 155/255

* Includes three children who underwent cardiac transplantation in the late follow-up period.

Figure 6.2. Actuarial curves for recipients of pul-
monary valve allografts, aortic valve allografts,
porcine bioprostheses and transannular patches for

repair of the right ventricular outflow tract to illustrate
freedom from hospital death, valve related death, or
reoperation on the right ventricular outflow tract.



events. The transannular patch curve takes a
significant dip at 8.5 years that is not significant
due to the small number of patients who have
been followed for that length of time. By 11.5
years after pulmonary allograft implantation,
almost 70 percent of the children are event-
free.

Conclusion

Reconstruction of the right ventricular outflow
tract in the pediatric population remains a 
challenge. As the Denver experience reflects,
lessons in the surgical treatment of right sided
cardiac lesions are learned slowly but consis-
tently. The pulmonary allograft has proven
superior performance and endurance over its
porcine bioprosthetic and aortic allograft com-
petitors but the ideal valve conduit replace-
ment has not been found. For less severe
anomalies of the right ventricular outflow tract
that do not require valve replacement, the
transannular patch is a reasonable option.
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There are a number of congenital cardiac
defects (Table 7.1) in which connection from
the heart to the pulmonary arteries is absent 
or inadequate. Repair of these defects requires
construction of an unobstructed pathway from
the heart to the pulmonary arteries, preferably
with a competent valve.

Whenever possible, the connection should be
made with the patient’s own tissue, to provide
growth potential. For example, most children
with tetralogy are repaired with a longitudinal
patch enlargement of the pulmonary artery,
which may be transannular. The posterior wall
of the reconstructed outflow tract is native
tissue and therefore has the potential for
growth. The need for further intervention in 
the intermediate term is minimal and related
primarily to pulmonary valve incompetence
(PI).1

Inferences from Natural History
and Surgical Experience

Survival without a pulmonary valve is possible.
Shimazaki and coworkers2 gathered data from
the literature on 72 patients with isolated PI.
These individuals were symptom-free, with sur-
vival not different from the normal population
for the first 20 to 30 years of life. After age 30,
however, a rapid increase in the onset of 
symptoms was documented. Three of the 72
patients died, at an average of 39 months after
developing symptoms.

It is probable that individuals with PI and
congenital heart disease will develop symptoms
of right-heart decompensation earlier in life
than PI patients with otherwise normal hearts,
such as those reported by Shimazaki et al.
(Figure 7.1).

Follow up data from patients after repair of
Tetralogy of Fallot demonstrate that PI is 
well tolerated for many years. In the absence of
right ventricular outflow tract obstruction,
Tetralogy patients with a transannular patch
have only a 7% chance of reintervention for 
PI within 20 years of repair.3 The coexistence 
of important right ventricular outflow tract
obstruction increases that risk to 28%. Gat-
zoulis and associates4 demonstrated that post
repair Tetralogy patients with reduced right
ventricular compliance were protected from
the late homodynamic burden of pulmonary
valve insufficiency.

The late sequelae of pulmonary valve insuf-
ficiency after Tetralogy repair include fatigue
and dyspnea with increasing right heart size,
and the development of tricuspid valve insuffi-
ciency. Atrial and ventricular arrhythmias will
develop in some patients and account for an
increasing incidence of late sudden death.5–10

To lessen the burden of pulmonary valve
insufficiency caused by a transannular patch of
the right ventricular outflow tract, my associ-
ates and I have fashioned a free-hand pericar-
dial cusp on the inside of the patch as described
by Asano and Eguchi.11 Others have used a
homograft patch containing one or two valve
leaflets. Gundry and associates12 modified the
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outflow patch leaflet concept by making an
oversized monocusp of pericardium or polyte-
trafluoroethylene (PTFE). Their technique
allows accurate determination of the pul-
monary valve orifice, and I believe it provides
better early valve function than the smaller
leaflet patch we have used. However, whichever

technique is used, the pulmonary “valve”
becomes incompetent within a few weeks.
Fortunately, the monocusp almost never
becomes obstructive.13

The concept of a direct tissue connection 
has been extended to more complex lesions,
such as complete transposition and congenitally
corrected transposition. Le Compte et al.14

pioneered this approach in patients with trans-
position, thereby avoiding the use of a valved
conduit.While this operation is more extensive,
and at first was associated with a high mortal-
ity rate, recent experience has been more favor-
able. The avoidance of a conduit may improve
late survival.

Recommendations

Whenever possible, reconstruction of the 
connection from the heart to the pulmonary
arteries should be made with the patient’s own
tissue.
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Table 7.1. Congenital Cardiac Defects.

Absent connection from ventricle to pulmonary artery

• Pulmonary atresia with ventricular septal defect (VSD)
• Truncus arteriosus

Inadequate connection from ventricle to pulmonary
artery

• Complete transposition with VSD and pulmonary
stenosis (PS)

• Congenitally corrected transposition with PS

and in selected situations:

• Tetralogy of Fallot
• Double-outlet ventricle
• Isolated PS or pulmonary valve incompetence

Figure 7.1. Data from Shimaziki et al.2 illustrate the
favorable early course of 72 patients with isolated
pulmonary valve insufficiency collected from the 
literature. The comparison group (upper line) was
made up of the age-matched normal individuals.
After the age of 30, the rate of development of symp-
toms among patients with isolated pulmonary

incompetence accelerates. Three deaths occurred an
average of 39 months after developing symptoms. It
is probable that patients with pulmonary valve
incompetence and associated congenital heart
disease, such as Tetralogy of Fallot, will develop
symptoms at a earlier age than those with pulmonary
insufficiency and a normal heart.



The addition of a monocusp to the outflow
tract is probably helpful in the patient’s early
recovery, and unlikely to be detrimental in the
long term.

Late hemodynamic deterioration from iso-
lated pulmonary valve insufficiency should be
anticipated, but will not usually occur within 
20 years of surgery. If there are other residual
lesions, such as increased pulmonary artery
resistance from any cause, pulmonary valve
insufficiency will be poorly tolerated.

Pulmonary Valves and 
Tubular Conduits

There are situations where insertion of 
tubular conduit, containing or not containing 
a valve prosthesis, is required to connect the
heart to the pulmonary arteries. Historically,
patients with pulmonary valve atresia and 
ventricular septal defect (VSD) were the first
to undergo repair with the pulmonary con-
duits. The technique was soon adapted to 
the treatment of pulmonary stenosis (PS) in
patients with complete transposition or con-
genitally corrected transposition, and to the
treatment of truncus arteriosus and other
lesions (Table 7.1).

In the cases of Tetralogy of Fallot, a pul-
monary valve or conduit is indicated in cases 
of:

• Anomalous origin of the left coronary from
the right coronary artery when the outflow
tract cannot be adequately relieved of
obstruction

• Absent pulmonary valve syndrome (usually
a valve can be implanted in the outflow tract,
thereby avoiding the tubular conduit)

• Some cases of increased pulmonary resist-
ance from inaccessible branch pulmonary
artery stenosis, hypoplastic pulmonary arter-
ies, or increased arteriolar resistance

• Low output syndrome early after Tetralogy
repair in patients with PI

• Right heart failure, progressive tricuspid
insufficiency, or ventricular arrhythmias, late
after Tetralogy repair

Brief Historical Overview

The first successful construction of a pulmonary
conduit was reported in 1965 by Kirklin and
coworkers,15 who fashioned a tube of peri-
cardium in the operating room for a patient
with pulmonary valve atresia. Klinner and
Zenker16 in the same year reported the use 
of a Teflon tube to bypass the obstruction in
patients with Tetralogy; Ross and Somerville17

published their experience the following year.
In their patients, who had pulmonary atresia,
they utilized an aortic homograft as a valved
conduit.17

Difficulty in procuring homograft material 
in North America led to the commercial pro-
duction of Dacron tubular grafts containing 
a porcine vale. These prostheses were widely
adopted into clinical practice. The orifice of the
porcine valve is 5 to 6mm smaller than the
diameter of the Dacron tube; this relative
stenosis led to the incorporation of a pericar-
dial valve within the conduit to reduce the
transconduit pressure gradients. Other, less
commonly used devices were also devised,
including mechanical valves.

From these beginnings, there has evolved a
variety of prosthetic devices with few, if any,
comparisons of their long term efficacy. With
the publication18 of reports of valve calcifica-
tion leading to stenosis and insufficiency, and 
of fibrous obstruction within the Dacron
leading to reoperation to replace a stenotic or,
less frequently, incompetent prostheses, it soon
became apparent that durability was a problem.
Reports of satisfactory durability of the homo-
graft conduit from Ross’s patients by Saravalli
and coworkers19 renewed interest in allograft
material. They demonstrated important differ-
ences in durability because of different allo-
graft preservation techniques, but also noted
rapid deterioration in young patients and in
those with associated congenital heart disease.
A subsequent publication20 demonstrated supe-
rior durability in pulmonary as opposed to
aortic homograft conduits. In our earlier publi-
cation,21 we did not demonstrate a significant
difference in long-term valve survival; but with
further follow-up, a significant difference is
evident.
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Experience with Pulmonary
Valve Replacement—Toronto

Our total experience with pulmonary valve
replacement at The Hospital for Sick Children
and the Toronto Congenital Cardiac Centre for
Adults to the end of 1995 consisted of 661
patients. Of these, 160 (30%) have undergone
200 reoperations to replace the prosthetic pul-
monary devices.

In a recent analysis of our experience from
1966 to 1994, my associates and I reviewed the
first 606 patients to determine the importance
of various factors in predicting long term
outcome. A multivariate analysis examined 
the following risk factors: diagnosis; age at
operation; year of operation; patient weight 
and surface area at operation; type of device—
valved conduit or pulmonary valve orthotopic
implant (PVI); size of prosthetic valve; location
of proximal anatomic correction (from mor-
phologic right or left ventricle); and source of
homograft (commercial or “in-house” preser-
vation).The outcome variables were survival of
the patient and reoperation for valve failure.
The causes of valve failure were not analyzed
in detail; but although there were many mech-
anisms of failure, the great majority were cal-
cific stenosis of the valve or the conduit, with a
rising right ventricular pressure (Table 7.2).

Factors Affecting Patient Survival

Patient survival (Figure 7.2) was not affected by
the type of prosthesis. Valve size did affect sur-

vival: Operative survival is better in patients
receiving larger valves. In addition, more recent
year of operation and the diagnosis of Tetral-
ogy had a favorable influence on patient sur-
vival (odds ratio, 0.5). Patients with truncus
arteriosus had a higher operative risk (odds
ratio, 1.14).

During the period of follow-up, which aver-
aged 5.4 years per patient, 143 patients (29% of
the 494 hospital survivors) required reopera-
tion to replace the pulmonary valve. The fre-
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Table 7.2. Summary of Toronto Experience with
Replacement of Pulmonary Valves, 1966–1994.

Number (%)

Patients 606
Operative mortality 112 (18.5%)
Operative survivors 494
Reoperations 143 (29%)
Late deaths 45 (9.1%)

Prosthetic Valves
Initial Valves 606

Valved conduits 453 (75%)
Homograft 236
Porcine/Dacron 153
Polystan 61
Other 3

Valve implants 153 (25%)
Pericardial 93
Porcine 35
Homograft 18
Other 7

Reoperations 178
Valve conduits 148
PVIs 30

Figure 7.2. Survival of 606 patients
who underwent pulmonary valve
replacement. All patients operated
upon from 1966 to 1994 are included.
Survival at 20 years after pulmonary
valve replacement is 62%.



quency of reoperation is 5% per year during
the first 10 years of observation (Figure 7.3).

Factors Affecting Valve Survival

By univariate analysis, freedom from reopera-
tion is better for the 140 patients who received
an orthotopically implanted pulmonary valve
(PVI), in comparison to the 354 who received a
pulmonary valve conduit (Figure 7.4).

Pulmonary Valve Orthotopic
Implants Patients

Among the 140 patients receiving an orthotopic
pulmonary valve without a conduit, only the
size of the valve had a statistically important
effect upon the interval free of valve reopera-
tion. Valve size is an important determinant of
valve durability for all types of prosthetic pul-
monary valves (Figure 7.5).
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Figure 7.3. Freedom from reoperation for all 494 patients discharged from hospital after pulmonary valve
replacement.

Figure 7.4. There is a greater chance of being free
of pulmonary valve reoperation with an orthotopic
implant (PVI, n = 140 at operation) than with a
valved conduit (n = 354 at operation, p < 0.01). Ten

years after operation, 64% (±9%) of the PVI group
(n = 31, 10 years post valve replacement) were free
from reoperation, compared to only 38% (±5%) of
the conduit group (n = 17).



Although the type of valve (porcine vs. peri-
cardial) did not affect the interval free of re-
operation, 83% of patients with porcine valves
were free of reoperation at 10 years, compared
to only 64% with pericardial valves. I expect
this difference to become statistically signifi-
cant with longer follow-up.

Conduit Patients

Multivariate analysis of the 453 patients with a
valved conduit demonstrated that age at oper-
ation, year of operation, valve size and valve
type are important predictors for reoperation.
The risk of reoperation increases with younger
age and with smaller prosthesis. Paradoxical to
patient survival (which has improved in recent
years), the risk of reoperation is increased in
patients operated upon more recently.

Valve type does have an effect upon the
interval to reoperation. Porcine conduits
survive longer than homograft conduits,
although the interval free of reoperation is 
not significantly different. Analysis of all 255
patients with homograft conduits who were dis-
charged from hospital after an initial valve
replacement or a valve reoperation demon-
strated a statistically important improvement in
survival free of reoperation for the group with
pulmonary homografts. Both porcine valve

conduits and the pulmonary homograft con-
duits offer better long-term valve survival 
free of reoperation than aortic-valve conduits.
Figure 7.6 attempts to illustrate the complex
interaction between the age of the patient and
the type of conduit used.

The influence of the size and type of valve on
valve survival (data now shown) is virtually
identical to that seen in Figure 7.6.

Conclusions: Factors Affecting
Survival

Patient survival 15 years after an operation that
includes pulmonary valve replacement is 65%
(±3%) and is:

• Improving in recent years
• Better for larger valve sizes
• Affecting by diagnosis (better in patients

with Tetralogy; worse among patients with
truncus arteriosus)

Valve survival (interval free of reoperation)
is only 45% at 10 years after valve replacement.
Results are improved by:

• Larger valve size
• Older age of the patient at valve replacement
• Valve type

— PVI results are better than those for valve
conduits
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Figure 7.5. Only prosthetic valve size had a statisti-
cally significant effect upon survival of the pul-
monary valve implants. The data illustrate the effect

of valve size upon the interval to reoperation for all
494 patients surviving an initial pulmonary valve
replacement (p < 0.001).



— Porcine conduits and pulmonary homo-
graft conduits do better than aortic
homograft conduits

Discussion

Our data are useful in explaining some of 
the confusion and controversy evident in the
literature.

Valve Type

Homograft valved conduits have handling char-
acteristics superior to synthetic materials. They
are more easily sutured, bleed less, mold to fit
complex configurations, and can be less expen-
sive. However, their long-term durability is a
disappointment—especially in smaller sizes, in
younger patients and in the aortic homograft
conduit.

The long-term results reported in the large
series from the Mayo clinic are similar to our
experience.22,23 Of 326 patients with homograft
conduits, the 5-year survival rate free of valve
failure as 94% for pulmonary and 70% for
aortic homograft. Failure of the valve was more
likely in young patients (under 4 years old) with
an aortic homograft. In an earlier paper from
that clinic,24 an analysis of 352 patients with 
an extracardiac conduit placed before 1977
showed that patients with a heterograft conduit
were less likely to require reoperation within 
5 years than those with an aortic homograft
(6% vs. 28%); however, this was in an area
when chemical “preservation” of the homograft
was used.

In contrast, in Kay and Ross’s experience25

using fresh aortic homografts in 97 patients
with pulmonary valve atresia, only 13%
required reintervention for valve failure within
10 years of operation. The youngest patient in
his series was 2 years old (mean age, 11 years).
Another report from Ross’s series by Saravalli
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Figure 7.6. The effect of age on the interval free of
reoperation is evident for each type of valved con-
duits. Younger patients are at risk of earlier reoper-
ation irrespective of the type of conduit. There is no

statistically important difference between pul-
monary homograft and porcine conduits, by each
provided durability significantly superior to that of
aortic homografts (p < 0.001).



and associates19 described less favorable results
in younger patients and in patients with cyan-
otic heart disease. However, a comparison of
different prosthesis in the pulmonary position
from The Hospital for Sick Children in London
showed no difference in performance of homo-
grafts or heterograft conduits: Only 20% of
patients with either prosthesis were free of
reoperation 10 years after implantation.
Interestingly, the authors of that report used
fresh antibiotic homografts from the same
source as those used by Ross. The younger age
of the patients (18 years at most, with 25%
under 4 years old) may explain some of these
differences.26

There is general agreement that young age
increases the risk of early reoperation for valve
failure, even with a homograft conduit.27–30 In
our analysis, aortic homografts fared substan-
tially less well than pulmonary homografts in
the younger patients (Figure 7.6).

The mechanism or mechanisms of homograft
failure have not been clearly defined. Salim 
et al.31 demonstrated that some homografts
shrink after implantation. Explanted conduits
had dense fibrous tissue with calcification of the
media and chronic mononuclear cell infiltra-
tion. We have seen this dramatic reduction of
conduit diameter several times.

Evidence for immunologic rejection leading
to valve failure is inconclusive as yet, but 
is a probable mechanism.32 Yacoub and co-
workers33 summarized the current state of
knowledge and concluded that further study,
including controlled trials, is necessary before
specific recommendations for changes in clini-
cal management of patients with homograft
valves can be offered. Gonzalis-Lavin et al.34

demonstrated that viable fresh aortic homo-
grafts placed in puppies deteriorate more when
they came from unrelated donors. We21 and
others35 have failed to show a correlation with
graft destruction and donor/recipient blood
type.

Whether fresh antibiotic preservation or cry-
opreservation techniques results in better long
term performance of homografts is unclear.
Kirklin and associates36 demonstrated excellent
short-term function of cryopreserved homo-
grafts (n = 128) grouped with fresh homografts

(n = 19), with 94% freedom from reoperation
at 3.5 years. The data of O’Brien and associates
for aortic valve replacement with homografts
show no significant difference between fresh
and cryopreserved preservation techniques for
the first 10 years of follow-up. Similar data for
the presence of valves in the pulmonary circuit
have not been reported.

There is general agreement that the long
term performance of pulmonary homografts is
superior to that of aortic conduits. In our pre-
vious publication,21 we did not demonstrate a
difference; but as these patients were followed
longer, the difference became evident. Livi et
al.37 showed that the normal pulmonary arterial
wall has less calcium and elastic tissue than the
aorta and proposed that these features would
make the pulmonary graft less prone to calcifi-
cation. In clinical practice, pulmonary grafts
seldom calcify, whereas aortic homografts
become heavily, and often rapidly, calcified.

Mechanical Valves

Little has been reported regarding the use of
mechanical valves in the pulmonary position.
The requisite life-long anticoagulation and
higher intrinsic pressure gradients have pre-
cluded wide acceptance into clinical practice.
Goor and coworkers38 reported 7 patients with
mechanical valves and no complications with a
short follow up, although 3 had pressure gradi-
ents >40mmHg. Ilbawi and associates39 noted
a high incidence of valve thrombosis among 16
children with pulmonary (or tricuspid) bileaflet
mechanical valves. At 2 years after replace-
ment, freedom from reoperation was only 70%
for right sided valves, compared to 100% for
aortic/mitral valves. He recommended that
these mechanical valves not to be used in 
the pulmonary position. Other anecdotal
reports40,41 of mechanical pulmonary valve 
malfunction also discourage the use of these
devices.

Tubular Prostheses

The additional synthetic material, either as a
hood or as a tubular extension to a homograft,
has been found to increase the risk of late
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stenosis.26,42 Pericardial patches or discarded
pieces of the homograft are less prone to
develop the intimal fibrous peel that usually
forms with Dacron and leads to obstruction.
Molina et al.43 studied a number of synthetic
materials implanted in the right heart of 100
lambs; they concluded that PTFE conduits 
have substantially better long term perform-
ance, similar to that of allografts. Various 
fabrics with different pore sizes had no favor-
able long-term advantage. Clinical use of PTFE
is limited by difficulty in controlling bleeding
from suture lines, and in fitting the material to
a curve.

Barbero-Marcial and associates44 reported
on the use of bovine pericardial valved conduits
with crimped walls in 29 patients. In a short
follow up period (44 months at most), results
were satisfactory, with low pressure gra-
dients and no reoperations. Hand made 
equine pericardial valved conduits (n = 143)
performed better than Dacron heterograft 
conduits in a series reported by Imai and
coworkers,45 but were inferior to a direct tissue
connection.

Conclusions

There is not yet an ideal substitute for the
natural pulmonary valve and its artery. In
cardiac anomalies requiring construction of a
connection between the right heart and the pul-
monary arteries, reoperation may be inevitable.

Consideration of the long term outlook for
the patient should be made at the initial and at
each subsequent operation. Recognizing that
the absence of a pulmonary valve is well toler-
ated in otherwise healthy individuals for many
years, the surgeon should first consider, when-
ever feasible, avoiding a prosthetic valve and
tube. In the absence of distal pulmonary artery
obstruction, where left heart function is normal
and the tricuspid valve is competent, a pul-
monary valve may not be necessary. By mobi-
lizing distal pulmonary arteries, a direct tissue
connection to the right heart (augmented by
autologous pericardium, with or without a
monocusp leaflet) may be a satisfactory long-
term solution.

In situations where a valved conduit is
required (such as where there is a discontinuity
between the right heart and the pulmonary
arteries, increased pulmonary resistance, inade-
quate left heart function, or tricuspid valve
insufficiency), none of the currently available
devices is ideal. In infants, a pulmonary homo-
graft is technically easier to use and is the valve
of choice; however, replacement should be
anticipated within 2 to 5 years.

In situations where a homograft would
required a tubular extension to bridge the 
gap between pulmonary arteries and the right
heart, such as complete transposition or con-
genitally corrected transposition, a Dacron
tube containing a heterograft valve should
provide durability equal to a homograft
conduit, particularly in older patients, who can
accommodate a larger valve. In this circum-
stance my preference is a Dacron heterograft
prosthesis.

When a conduit is replaced, one should antic-
ipate a more hazardous operation and risk of
bleeding in the presence of a previous homo-
graft conduit. If the patient’s size does not
permit a large conduit (>20mm), I recommend
implanting another homograft, preferably 
pulmonary. Otherwise replace the homograft
with a Dacron heterograft conduit, which has
longevity equal to that of a homograft and is
safer to reoperate upon.

When reoperating upon a Dacron hetero-
graft conduit, consideration should be given 
to removing the old prosthesis from its 
fibrous sheath and using the sheath by patch-
ing its anterior wall with pericardium, as
describing by Danielson et al.46 If necessary,
a porcine valve may be sewn into the bed of 
the fibrous sheath and covered with the peri-
cardial patch.

In future, newer developments in trans-
plant immunology may offer substantial im-
provements in long-term durability of both 
allograft and xenograft tissue. Techniques to
construct connections with native tissue, which
provides the advantage of growth potential,
will also improve. Advances should focus 
upon treatment of the young child, for whom
durability of current technology is particularly
inadequate.
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Section IV
Cryopreserved Allograft Tissue 

for Cardiac Reconstruction



As outlined in Chapter 1, definite advantages
were realized with the use of “fresh” wet-stored
antibiotic-sterilized human homograft valves
for the reconstruction of left and right ventri-
cular outflow tracts. However, problems with
availability and lack of certainty concerning
preservation and storage techniques limited
their widespread use. The combination of their
apparent resistance to infection, excellent
hydraulic function, absence of need for antico-
agulation, and versatility in difficult outflow
reconstructions made them optimal choices for
many categories of patients, beyond the single
issue of durability. The durability of the non-
viable but gently preserved homografts was
certainly as good as xenografts in adults and
even better than xenografts in children. For the
past 15 to 20 years, the theoretical hope has
been that, if durability could be improved, a
homograft would combine the superior attrib-
utes of xenografts with the superior attributes
of mechanical prostheses and thus be the valve
of choice for large numbers of patients.

Evaluation of data from the fresh, wet-stored
series suggested that tissue viability at the 
time of transplantation was associated with
increased durability.1–3 This impression that
short, warm ischemia times and shorter, cold
storage periods contributed to prolonged graft
durability has been difficult to prove with 
retrospective analyses. Attention to such issues
was not what it is today in the era of multiple-
organ donor retrievals.4 Nevertheless, there
does appear to be some suggestion that it has
indeed been the case when looking at the larger

series from the 1960s and 1970s. For example,
many of the original recipients of homografts
had prolonged durability of their prostheses,
and these patients were the very ones in whom
prolonged cold storage did not precede the
implant. Also, comparing the Harefield series
with the National Heart Hospital series of Ross
suggested better durability in the former
series.5 The techniques of preservation and 
harvesting were essentially the same, with the
primary difference being that the Harefield
group tended to use homografts sooner follow-
ing procurement; they reported their 8-year
actuarial patient survival at 72%, with homo-
graft valve failure occurring in only 19.3% of
their patients by 13 years.6–10 The Harefield
group suggested by logistic analysis a significant
negative contribution (p < 0.01) of warm
ischemia time (defined by them as the death-to-
dissection interval) to valve durability.10 Thus
these intriguing tidbits plus the teleological
thinking that transplanting a viable fibroblast
that can remodel and repair by synthesizing
structural proteins would confer greater dura-
bility led to cryopreservation techniques and
alterations in retrieval protocols designed to
enhance cellular viability.11

Beginning in June 1975, O’Brien from 
Brisbane, Australia began a series of valve re-
placements utilizing allograft valves that had
undergone gentle antibiotic sterilization after
retrieval, with attention to short, warm
ischemia times; these were then cryopreserved
with a dimethylsulfoxide (DMSO) controlled-
rate freezing technique with storage in liquid
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nitrogen at -190°C. His group has published
histologic as well as biochemical data suggest-
ing viability.1,4 In addition the Brisbane center
recovered cryopreserved valves from patients
dying of unrelated causes 2 months to 9.5 years
following implant; the tissue culture results
from these valves suggested some residual
“fibroblast” viability, and chromosomal analysis
confirmed donor origin of the “fibroblasts.”
Origin of these cells have subsequently been
questioned.

Angell and associates have reported on their
early use of DMSO cryopreserved aortic allo-
grafts inserted between 1973 and 1975. Thirty-
two such valves were placed, some of which
were mounted on stents and 23 sewn freehand.
At 10 years’ follow-up, 80% of the freehand
valves were functional in alive patients.11 This
early clinical application of the cryopreserva-
tion process was followed by an intensive and
consistent effort by the Brisbane group under
the direction of O’Brien. His group has
reported on 192 valves placed between June
1975 and December 1986. A number of impor-
tant points are made in review of the data in
these early reports.1,4 For the cryopreserved
aortic valves, they reported a 100% freedom
from reoperation for valve degeneration at 10
years. There was minimal thromboembolism
and a 4% prosthetic endocarditis rate. Ninety-
two percent of patients were free of reopera-
tion (actuarial) at 10 years for viable
cryopreserved valves. The reason for reopera-
tion was usually technical malalignment leading
to insufficiency, not a consequence of allograft
valve degeneration. Incremental risk factor
analysis demonstrated that the combination of
young recipient age and old donor age were
associated with a greater risk of degeneration
of fresh, wet-stored allograft valves, but it was
not applicable to the cryopreserved valves. The
resistance to prosthetic endocarditis and the
pattern of its occurrence, being primarily late
rather than early, was demonstrated not only in
the O’Brien series but also in the experience of
the Alabama and New Zealand groups.12,13 The
role of the pulmonary valve implanted in the
aortic position is still being defined. Although
technically it can be implanted easily, as proved
by the autotransplant series of Ross, the pul-

monary valve is structurally different and has
yet to be proved a suitable allograft replace-
ment in the aortic position14,15 (see Chapter 8).

Combining what was learned from the use of
fresh wet-stored valves with the notions which
emerged from the early stages of the cryop-
reservation era of ventricular outflow tract
reconstructions with allograft valve transplants,
the emerging role for the use of cryopreserved
valves is affected by the following concepts:16

1. In certain patient subgroups allograft
durability may be superior to any other avail-
able biological valve except autotransplants.

2. Optimal hydraulic function due to central
non-obstructed flow minimizes the problem of
small aortic roots.

3. Optimal hydraulic function improves 
ventricular performance which may continue to
improve with time as left ventricular hypertro-
phy regresses.

4. Allografts have low thromboembolism
rates without anticoagulation. This suggests 
an advantage for cryopreserved allografts in
patients for whom anticoagulation is con-
traindicated, e.g., children, young women,
workers with traumatic occupations, athletes,
etc.

5. Allografts may have some resistance to
prosthetic bacterial endocarditis.

6. From a material properties standpoint, an
allograft is a flexible prosthesis for complex
ventricular outflow tract reconstructions.

Left Ventricular Outflow Tract
Reconstructions with
Cryopreserved Allografts

In the 1990s, emphasis had been placed on the
role of viability in the durability of cryopre-
served aortic allografts and the refinement in
surgical techniques to optimize their early to
mid-term performance. The role of cryopreser-
vation and viability is discussed elsewhere in
this volume. Implantation techniques have
been evaluated by many authors, which in
general have shown that in experienced hands,
all techniques can be used effectively. However,
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in less experienced hands, perivalvular leaks
and postoperative regurgitation have been 
consistently higher with the original subcoro-
nary implantation technique than with either
root replacement or modified techniques such
as the flange or scallop technique.17 In a very
important study by Doty and colleagues from
Salt Lake City, 117 patients receiving cryopre-
served aortic allograft replacement between
1985 and 1996 were analyzed.18 This series
demonstrated that four different techniques,
including 120° rotation, freehand aortic place-
ment with intact non-coronary sinus, aortic root
enlargement with intact non-coronary sinus
and total aortic root replacements have rela-
tively equivalent results although the 120° rota-
tion technique was abandoned. They, like us,
have noted the advantage of leaving the non-
coronary sinus intact and the relative ease of
the root replacement with or without enlarge-
ment.19–27 This series of adult patients confirmed
excellent outcomes which were achieved with
the addition of intra-operative echocardio-
graphy: operative mortality equaled 3% and
freedom from valve-related mortality at 10
years was 9% ± 5%, only four patients required
valve explantation for structural deterioration
with a 10 year freedom from reoperation for
allograft-related causes of 92% ± 3.5%. There
was very low incidence of thromboembolism,
but like other series, there was a definite inci-
dence of endocarditis (2.5%).

Thus, with the enhanced accessibility to
homografts by the availability of cryopreserva-
tion vapor phase liquid nitrogen storage and
with relatively consistent results obtained in
adult left ventricular outflow tract reconstruc-
tions surgeons have used allografts more 
frequently. As in the right-sided conduits,
durability in the younger patients appears to be
less good. However, the other advantages of
homografts make them attractive prosthetic
choices for children. The aortic homograft
remains an excellent choice for aortic valve
replacement in patients who cannot, or do not
wish to have anticoagulation and for whom the
Ross operation is not appropriate or desired. It
is clearly indicated in infectious destruction of
the left ventricular outflow tract as the replace-
ment of choice. It is a very reasonable alterna-

tive in younger patients, although in patients
with more than a 20 year life expectancy, there
is at least a 50% chance that a second opera-
tion will be required. Technical facility with the
implantation techniques remains critical to
their success and is a major theme of this
book.28 Surgical techniques which minimize dis-
tortion, turbulence and obstruction will result
in less energy dissipation across the homograft
and thus less stimulus for fibrosis, calcification
or deposition of blood-borne microbes. Every
effort must be made by the implanting surgeon
to obtain the most hemodynamically advanta-
geous reconstruction.

Right Ventricular Outflow
Reconstructions with
Cryopreserved Allografts

As has been clearly demonstrated in a number
of centers, human tissue is superior material for
reconstructions of the right ventricular outflow
tract.29–33 Fontan and associates29 have reported
103 homograft reconstructions between 1968
and 1983 with no episodes of valvular dysfunc-
tion, thromboembolism, or hemolysis, although
one-third of the patients died either early or
late. None of these deaths was due to the aortic
valve allograft itself, and only one replacement
was required for the development of obstruc-
tion. The Alabama group has reported a signi-
ficant series of 128 patients with cryopreserved
aortic allograft reconstructions of the pul-
monary outflow tract.34 This important series
demonstrated excellent short-term results, with
a 94% actuarial freedom from reoperation at
3.5 years.

Most authorities agree that right-sided valve-
Dacron conduits have limited durability, with
obstruction inevitably developing and progres-
sion resulting in ultimate failure. Such failure
can occur as quickly as 18–24 months, although,
to be fair, excellent palliation may be achieved.
The Mayo Clinic series of approximately 1,100
patients led Danielson to cite a failure-free rate
of 94% at 5 years and to estimate a 10-year rate
of approximately 75%.34 Kirklin and colleagues
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cited a 15-year replacement-free rate of only
11%.35

The San Francisco group has reported good
short-term palliation with the small Hancock
prosthesis (12mm) in infant reconstructions for
up to 44 months.36 Valve survival is not equiva-
lent to patient survival (which is better), or to
a complication-free life (which is often worse).
Allografts are easier to place in small infants
and do not become obstructive as rapidly.

When utilizing a valve for reconstruction of
the right ventricular outflow tract in young chil-
dren, evidence to date suggests that a porcine
valve conduit might have a projected useful life
to the patient for as little as 4 years as a conse-
quence of poor hemodynamic function and
limited durability, whereas homograft recon-
struction could last 10 years.10,34

Ross and others have noted that the right-
sided position is less stressful than the left-sided
position for transplanted valve tissues. If the
encouraging results with aortic valve replace-
ments utilizing cryopreserved allografts have a
similar contribution to right-sided reconstruc-
tions, valve durability approaching 20 years
might very well be achievable. Initially, most
groups used aortic allografts for right-sided
reconstructions, but pulmonary allografts
appear to have significant advantages and are
increasingly preferentially used.37

Although it has long been known that a
normal right ventricle can dispense with a pul-
monary valve and pulmonary regurgitation is a
lesion that is well tolerated for many years,
there is increasing evidence that valved recon-
structions are superior. Thus an argument can
be made for using valves in reconstructions of
the right ventricular tract because: (1) the long-
term effects of pulmonary insufficiency lead to
right ventricular dysfunction and right ventri-
cular dilatation; (2) right ventricular outflow
tract reconstructions must not be obstructive;
(3) allografts have superior hemodynamic per-
formance; (4) protection of the compromised
right ventricle from pulmonary insufficiency
helps prevent tricuspid regurgitation, and 
tricuspid incompetence clearly adds to the 
hemodynamic compromise of pulmonary
regurgitation, leading to rapid and persistent
right ventricular failure, which is often difficult

to manage medically; and (5) many patients
presenting for right ventricular outflow tract
reconstructions already have less than normal
right ventricular function (e.g. pulmonary
atresia).38

All 13 patients in the San Francisco series 
of right ventricular outflow tract patches with
preoperative tricuspid regurgitation required
attention to the tricuspid valve.39 In addition,
right-sided prosthetic valves of either mechan-
ical or xenograft materials are notoriously
prone to calcification and failure. These factors,
coupled with the increased durability of the cry-
opreserved allograft valves, presently mandate
their use in such reconstructions in both adults
and children.

Valve replacements in children tend to
magnify problems with prostheses, and in these
younger age groups xenograft durability is
known to be poor.40,41 Size constraints are ex-
aggerated.42 Thromboembolic/anticoagulation
problems may be more difficult to manage,
although the risk of emboli from the aortic
position appears to be significantly less than the
mitral position.43–45

Ilbawi and associates have reported that
porcine prostheses have fared better in right-
sided applications in young patients than on 
the systemic side, but with reduced durability
compared to that in older adults.46 Thus the
xenograft is preferable to a mechanical valve
for the right-sided atrioventricular (AV) valve
position, but allografts are superior in the pul-
monary outflow tract position. It is technically
easier to insert, is probably more resistant 
to subacute bacterial endocarditis (SBE), has
superior hemodynamic performance, has
longer durability when Dacron extensions are
avoided, and does not require anticoagula-
tion.47 Ilbawi’s group, as others, have demon-
strated excellent performance by the St. Jude
prosthesis in the aortic position, with 88.7%
actuarial freedom from prosthesis-related com-
plications at 5 years in that position in the pedi-
atric age group.48 In comparison, the allograft
appears to be as good and avoids the problem
of anticoagulation in children.48

Stark and colleagues from the Great
Ormond Street Hospital for Children in
London, England have published an important
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series of 405 homografts inserted between 1971
and 1993 for pulmonary outflow reconstruc-
tion.49 While their longest surviving homograft
conduit lasted 23 years, their series documented
an overall homograft durability of over 80% at
5 years, falling to 50% at 10 years and 30% 
at 15 years. Best results were obtained with the
first conduit and decreasing durability achieved
with subsequent reoperative conduits in the
same patient, suggesting perhaps immune
factors might intensify in subsequent reopera-
tions. They also found that older patients did
less well than younger patients in terms of
conduit durability in contradistinction to the
findings by others as exemplified by the report
of Clarke and Bishop.50 Interestingly, they also
noted that conduits implanted earlier in their
series seemed to have longer durability, sug-
gesting that prolonged wet storage (fresh)
might produce a homograft with better dura-
bility that cryopreserved. However, multifacto-
rial analysis seemed to indicate that this was 
not a major factor. While other authorities 
have suggested that small homograft conduits
perform less effectively, in this Great Ormond
Street Series this was not an important factor.51

The series from Nova Scotia by Baskett is in
agreement with the Great Ormond Street data
indicating that the type of donor valve (pul-
monic or aortic), donor age and blood group
mismatch are not associated with decreased
conduit durability, but did suggest that short
periods between homograft retrieval and 
cryopreservation was associated with worse
durability outcome suggesting that enhanced
viability might go hand-in-hand with increased
antigenicity and an aggressive immune
response, especially in younger recipients.52

There has been significant controversy about
the effect of the size of the conduit. Some
authorities suggest that a larger conduit
improves the durability of allografts especially
in infants and small children,53 while in the
Great Ormond Street data no effect on dura-
bility by conduit size was demonstrated. The
Melbourne, Australia data suggest that a strat-
egy in which the conduit is matched to patient
is best since other factors lead to early re-
replacement in the smaller children and thus
risking anatomical distortion simply to get the

largest conduit possible into the patient is unre-
warding.54 Their strategy is to plan a second
operation with a larger prosthesis.

The controversy concerning cell viability has
been significant with various authorities advo-
cating one end of the spectrum—homovital
(very fresh homografts) while others recom-
mended prolonged storage of fresh wet homo-
grafts presumably to decrease antigenicity.33

The Mayo Clinic data presented in 1995 
compared 230 aortic and 118 pulmonary cryo-
preserved homografts placed in the right 
ventricular outflow tract with a five year
freedom from homograft failure for pulmonary
homografts at 94% versus 70% for the aortic
homografts. The Mayo Clinic group found that
aortic homografts became calcified more
rapidly and to a greater extent. This character-
istic was aggravated by age of recipient being
younger than 4 years, especially in the aortic
homograft recipients. Thus, their recommenda-
tion of a preference for the pulmonary 
homograft on the basis of durability for 
right ventricular outflow tract reconstruc-
tions.51,52,55–59 Other groups have suggested that
the type of preimplantation processing his sig-
nificant effects as related to cell viability.60 This
issue is discussed extensively elsewhere in this
text.

For balance, it should be mentioned that
there are published studies which have indi-
cated that homografts perform less well in 
the pulmonary circulation than bioprostheses.61

In particular, the Toronto Group published a
conduit-related failure of 45% at five years in
their pediatric series. In this particular group,
the average age of operation was approxi-
mately 7 years and no difference was noted
between aortic and pulmonary homografts. But
their analysis suggested that the durability of
cryopreserved homograft conduits in children
was disappointingly short and clearly different
from other authorities.33,54 However, even those
centers reporting less favorable results often
prefer homografts in the right ventricular
outflow tract because of their other advantages
and characteristics. It is not a permanent
replacement and may be viewed as a staging
procedure, that when containing a valve helps
to protect the medium and long term right ven-
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tricular function, even at the cost of a second
operation.

Allograft tissues are the optimal choice for
all right ventricular outflow reconstructions in
children for the reasons defined in this chapter
and in Chapter 1, and probably for many
complex left ventricular outflow tract repairs as
well. Presently, the only apparent reasons not to
use allografts are lack of availability and the
rare instance in which a rigid conduit offers an
advantage against compression or distortion.

The allograft is the replacement of choice for
right ventricular outflow tract reconstructions
in children and adults. It is also probably one
logical choice for complex left ventricular
outflow reconstructions: (1) aortoventriculo-
plasty; (2) small aortic roots; (3) aortic root
replacements for multilevel and complex left
ventricular outflow tract abnormalities that
cannot be otherwise repaired/remodeled; and
(4) valve or root replacements for highly
destructive bacterial endocarditis. For aortic
valve replacements in other situations it is con-
sidered competitive or superior to the porcine
graft in young patients and those with con-
traindications to anticoagulation, where life
expectancy exceeds the expected durability of
xenograft options. Its role in routine aortic
valve replacement has yet to be defined and
may be inappropriate owing to limited avail-
ability, which may limit use to specific patient
and indication categories in which major
advantages have been demonstrated. Both the
autograft operation and the stentless porcine
valves may further narrow the indications in
adults for left ventricular outflow reconstruc-
tions with allograft valves.
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Infective endocarditis, both native and pros-
thetic, is ultimately a fatal illness without
therapy, reflecting the inability of innate
defenses to importantly influence the course of
the disease. Following the diagnosis, the therapy
of this illness depends on identification of the
organism, administration of bactericidal anti-
biotics and the use of timely cardiac surgical
intervention in patients with complications
such as heart failure from valvular destruction,
annular abscess formation, uncontrolled sepsis
and embolization.

This chapter deals with one aspect of the
therapy of infective endocarditis, namely the
role of homograft valves in the reconstruction
of the infected aortic root and will only deal
with the pathology of the infected aortic root
and surgical details that are of relevance to the
insertion of homograft valves.

Pathology of aortic root infection: The rapidity
of the infection and, to some extent the exten-
siveness of valve destruction is, in part of a
reflection of the responsible organism. Organ-
isms such as Staphylococcus aureus and Strep-
tococcus pneumoniae1 may cause rapid valve
destruction as opposed to a more indolent
process due to organisms such as the viridans
streptococci or enterococci. Acute and suba-
cute infective endocarditis are anachronistic
terms that reflect fulminant and indolent infec-
tion respectively and are reminders of a much
earlier era when the natural history of infective
endocarditis was played out due to the lack of
effective therapy.

Native valve endocarditis (NVE), which in
approximately 50% of cases occurs without
obvious predisposing valve disease,2 causes
leaflet destruction and perforation. Aortic
obstruction due to large vegetations may 
rarely occur. Aortic valve infection frequently
involves adjacent structures such as the annulus
and other components of the fibrous skeleton
of the heart. In patients dying with native aortic
valve endocarditis3 or patients undergoing
operation for this disease,4,5 at least one third
will have aortic root abscess formation.
Annular abscesses may erode into the left ven-
tricular myocardium, and rarely cause aortic
wall invasion and false aneurysms of the sinuses
of Valsalva or aortic wall and fistulerazation to
adjacent chambers.6 Circumferential annular
infection may result in aorto-left ventricular
discontinuity. Based on a number of surgical
series7 Staphylococcus aureus and viridans
streptococci are most frequently isolated from
aortic root abscesses.

Prosthetic valve endocarditis (PVE) is arbi-
trarily categorized8 into “early” (with 60 days of
valve replacement) and “late” PVE (beyond 60
days from valve replacement) since “early” and
“late” PVE tend to have different microbiolog-
ical and clinical characteristics. An alternative
way to express “early” versus “late” PVE is by
the use of hazard function which depicts the
instantaneous risk of PVE (Figure 9.1).9,10 The
early peaking phase of risk, which corresponds
to “early” PVE, transitions to a constant risk
corresponding to “late” PVE at approximately
6 months after valve replacement. Organism
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specific hazard of PVE after aortic valve re-
placement (Figure 9.2)11 indicates that staphy-
lococcal infection (Staphylococcus epidermidis,
Staphylococcus aureus and methicillin-resistant
Staphylococcus aureus), which are responsible
for up to 50% of episodes of PVE8,12,13 is most
likely to occur early after aortic valve replace-
ment, probably related to intra- or periopera-
tive contamination. Other organisms that may
result in early PVE include gram-negative
aerobic organisms, streptococci, diphtheroids
and fungi. The microbiological profile of late
PVE resembles that seen in NVE. Late PVE is
characterized by a constant risk of both strep-
tococcal and staphylococcal infection.

PVE may involve mechanical and xenograft
prostheses and homograft valves. Mechanical
PVE is characterized by annular abscess for-
mation, paravalvular leak and prosthesis dehis-
cence. Based on a number of studies,14 annular
abscesses may occur in approximately 60% of
patients with mechanical PVE and is more

likely to occur in the aortic than the mitral 
position.15 Early PVE of a xenograft valve is
morel likely to result in periannular infec-
tion than late PVE in which the infection is
more likely to involve the leaflet.16 Homograft
valve infection usually results in leaflet 
involvement with destruction resulting in
incompetence, but extension into the annulus is
unusual.17

Infection of the aortic valve may involve the
mitral valve by either the jet effect from aortic
regurgitation or by direct extension. The jet of
aortic regurgitation due to aortic valve infec-
tion strikes the anterior leaflet of the mitral
valve and embeds organisms in the leaflet
resulting in a perforation (so called “drop
lesion”). The mitral valve may also be involved
by direct extension from aortic valve infection,
and may result in abscess formation in the
aortico-mitral septum with eventual separation
of the continuity between aortic valve and ante-
rior leaflet of the mitral valve.
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Figure 9.1. Hazard function for the development of
PVE after a primary valve replacement operation.
The depiction is the parametric estimate of the
hazard function (or instantaneous risk) of develop-
ing PVE (solid line), surrounding by the 70% confi-

dence limits (dashed lines). The initial peak phase of
risk merges with constant phase approximately 6
months after operation. Reprinted from Cardiac
Surgery, 2e, Vol 1, Kirklin JW, Barratt-Boyes BG, ©
1993, with permission from Elsevier.



The role of Homograft Valves in
the Treatment of Endocarditis

The value of surgical intervention in patients
with NVE who develop heart failure, uncon-
trolled infection and aortic root abscess for-
mation has been previously demonstrated.18

Similarly, surgical therapy for some patients
with PVE18,19 has improved the high mortality
associated with this condition. Patients with
PVE and heart failure, uncontrolled sepsis,
prosthesis dehiscence, prosthesis obstruction
and fungal etiology are the ones most likely to
benefit from valve replacement.

One of the concerns regarding valve replace-
ment for endocarditis is the placement of 
prosthetic valves in a potential site of active
infection with the possibility of recurrent PVE.
Although the probability of developing PVE
following valve replacement for NVE is rela-
tively low, the risk is approximately 5 times 

that for patients undergoing valve replacement
for reasons other than endocarditis. By hazard
function analysis, this risk is highest within the
first 6 months of operation.10 In a series of
patients20 undergoing valve replacement for
active or remote aortic NVE or PVE, the actu-
arial freedom from recurrent endocarditis at 10
years was 79% (70% confidence limits), 75% to
83%, the greatest risk being in the first 3
months after operation. The mechanism of
recurrent endocarditis in this setting may not
just be reinfection from the contaminated
aortic root, but also perhaps a biological pre-
disposition in some patients to recurrent valve
infection.

When choosing a valve replacement device
in a patient with aortic valve infection, con-
sideration must be given to minimizing the risk 
of recurrent valve infection. The traditional
approach to valve replacement in the setting of
endocarditis has been the insertion of mechan-
ical or xenograft prosthesis. Patients with exten-
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Figure 9.2. Hazard function for Staphylococcal and
Streptococcal PVE after aortic valve replacement.
Solid lines represent the hazard estimates and the
corresponding dashed lines enclose 70% confidence
limits. The risk of Staphylococcal endocarditis is
increased early after aortic valve replacement and

the constant phase risk is similar for Staphylococcal
and Streptococcal endocarditis. Reprinted from
Journal of Thoracic and Cardiovascular Surgery, Vol
110, Agnihotri et al, “Prevalence of infective endo-
carditis after aortic valve replacement.” 1708–1724.
© 1995, with permission from Elsevier.



sive aortic root infection have been managed
by methods such as patch closure of abscess
cavities and aortic valve replacement,21 and
composite prosthetic aortic root replacement.22

Aorto-left ventricular discontinuity has been
managed by cephalad translocation of the
implanted aortic valve prosthesis and closure of
the native coronary ostia and saphenous vein
bypass grafts.23 All of these methods carry a 
low, but not insignificant risk of recurrent valve
infection.

A number of reports appeared describing the
use of the homograft valve in patients with
NVE and PVE, often in association with exten-
sive aortic destruction. In one report,24 thirty
patients with active PVE underwent aortic root
replacement with a homograft, with 2 of the 
21 survivors developing recurrent endocarditis,
one at 9 months and the other at 5 years after
operation.A number of other reports described
the use of the homograft valve for NVE25–27 and
PVE28 and extensive aortic root infection with
subsequent freedom from recurrent endocardi-
tis, suggesting that the homograft valve had 
an intrinsic resistance to infection. Further evi-
dence of this resistance to infection became
available with the demonstration8 that after
aortic valve replacement (for any reason) the
risk of PVE for mechanical and xenograft
valves was higher early after operation, whereas
the homograft valve did not have this early
phase of risk (Figure 9.3). Note that in this
study xenograft and mechanical valve groups
were combined to produce a single estimate of
the hazard for PVE.

More substantial evidence to support the
homograft’s putative resistance to infection
became available from two publications in
1982.A study by McGiffin and colleagues20 ana-
lyzed a series of patients undergoing aortic
valve replacement with homograft, mechanical
and xenograft valves for NVE or PVE (which
may have been active or healed). The risk of
recurring endocarditis with mechanical and
xenograft valves (early peaking hazard phase)
was higher than with homografts, which had 
a constant and low risk (Figure 9.4A,B). The
other study, by Haydock and colleagues31

analyzed a group of patients with active NVE
or PVE to determine the probability of recur-

rent endocarditis after aortic valve replace-
ment, and the findings were identical to McGif-
fin’s study. Haydock’s study also found a late
phase of risk of PVE with mechanical and
xenograft valves but not with homograft valves,
and this late phase commenced at about 10
years (Figure 9.5). It should be noted that in
both studies, multivariable analyses to deter-
mine risk factors associated with recurrent
endocarditis did not identify non-use of a
homograft to be independently associated with
recurrent endocarditis.The inference from both
of these studies that the homograft valve is the
device of choice for endocarditis is based on
qualitative difference in the hazard function 
for recurrent endocarditis with mechanical,
xenograft and homograft valves. Although this
represents a difference based on a univariate
comparison, the data does suggest that for
active endocarditis the homograft valve is the
preferred replacement device. It is interesting
to note that in a study by Agnihotri and col-
leagues,11 use of the homograft valve reduced
the risk of PVE in patients with active endo-
carditis within the first few months after valve
replacement. However, in patients undergoing
valve replacement for reasons other than endo-
carditis, use of the homograft did not offer any
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Figure 9.3. Hazard function for PVE after valve
replacement with mechanical and xenograft valves
(solid line) and with homografts aortic valves
(dashed line). There is an early high risk of PVE for
mechanical and xenograft that is absent with homo-
graft valves. Reprinted from Cardiac Surgery, 2e, Vol
1, Kirklin JW, Barratt-Boyes BG. © 1993, with per-
mission from Elsevier.
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Figure 9.4. (A) Parametric estimate of freedom
from recurrent endocarditis (solid lines) for mechan-
ical and xenograft valves and allograft (homograft)
valves after aortic valve replacement for NVE or
PVE.The 70% confidence limits are indicated by the
dotted lines. (B) Corresponding hazard function.The

depiction is the same as in part A. Reprinted from
Journal of Thoracic and Cardiovascular Surgery, Vol
105, Sett S et al, “Prosthetic valve endocarditis: expe-
rience with porcine bioprosthesis.” 428–434. © 1993,
with permission from Elsevier.

A
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Figure 9.5. Hazard function for recurrent endo-
carditis in patients receiving allograft (homograft)
valves compared with those receiving mechanical or
bioprosthetic valves in the aortic position.The depic-
tion is the same as in Figure 9.1. Reprinted from
Journal of Thoracic and Cardiovascular Surgery, Vol

long-term advantage over xenograft or
mechanical valve devices in terms of freedom
from PVE. Perhaps the known morphologic
changes that occur in homograft valve leaflets
with time may reduce its resistance to infection.

Homograft Valve Insertion 
for Endocarditis

The general principles of the surgical man-
agement of endocarditis include a) timely 
valve surgery in the setting of appropriate bac-
tericidal antibiotics, b) debridement of all in-
fected tissue including abscess cavities and 
the infected fibrous skeleton of the heart, c)
removal of all prosthetic material in PVE, d)
reconstruction including valve replacement,
annular reconstruction and closure of any 
holes between chambers. Abscess cavities 
are not specifically closed unless required for
the integrity of the reconstruction or for the

103, Haydock et al, “Aortic valve replacement for
active infectious endocarditis in 108 patients: a com-
parison of freehand allograft valves with mechanical
prostheses and bioprostheses,” 130–139. © 1992, with
permission from Elsevier.

anchoring of the valve replacement device.
Autologous pericardium is probably the 
material of chose for reconstruction6 al-
though bovine pericardium can also be used.
A maneuver that has been described is to fill
abscess cavities prior to closure with a mixture
of antibiotics and fibrin glue in an attempt 
to reduce the likelihood of recurrent 
infection.29,30

The homograft valve is a flexible replacement
device that can be inserted using methods such
as the subcoronary and cylindrical techniques
and as an aortic root replacement. The homo-
graft valve can be used to bridge over abscess
cavities and can be inserted in patients with the
most extensive destruction such as aorto-left
ventricular discontinuity. For example, the ante-
rior leaflet of the mitral valve of the aortic
homograft can be used to bridge over an annular
defect created by debridement of an abscess
cavity. (Figure 9.6)

For extensive aortic root destruction that
may be associated with PVE (Figure 9.7), aortic
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Figure 9.6. A technique of homograft aortic valve
replacement to bridge an annular defect due to
debridement of an abscess, using the anterior leaflet
of the mitral valve of the homograft. Reprinted from

Annals of Thoracic Surgery, Vol 48, Zeischenberger
et al, “Viable cryopreserved aortic homograft for
aortic valve endocarditis and annular abcesses,”
365–370. © 1989, with permission from Elsevier.
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Figure 9.8. The aortic root is excised 
and the coronary ostia mobilized on 
the buttons of aorta. Reprinted with 
permission.32

Figure 9.7. Illustration of extensive aortic PVE
with abscess cavities involving the aortic annulus
and mitral valve. Reprinted with permission.32



root replacement may be required. This tech-
nique involves excision of the aortic root,
debridement of the abscess cavities and mobi-
lization of the coronary ostia on aortic buttons
(Figure 9.8). The proximal anastomosis is per-
formed, followed by anastomosis of the coro-
nary buttons to the homograft (Figure 9.9),
then the distal anastomosis (Figure 9.10).
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When aortic valve replacement is required and
long-term anticoagulation is to be avoided, a
tissue valve is generally selected. Limited dura-
bility, however is a recognized disadvantage of
this approach. Long-term follow-up now exists
for four tissue valve options. The first and more
commonly applied option is the stented porcine
bioprostheses. A stented pericardial biopros-
thesis is a second option. A third option is the
aortic allograft. More recently there has been
renewed interest in the pulmonary autograft
technique in which the patient’s own pul-
monary valve is transferred to the aortic posi-
tion with the pulmonary valve being replaced
with a pulmonary valve allograft. When decid-
ing which of these four operations should be
applied for aortic valve replacement, it is
appropriate to carefully compare the tech-
niques and devices. The comparison should
include ease of implantation, cross-clamp time
required, operation mortality, the hemody-
namic result and long-term durability.

Porcine Bioprosthesis

In the case of the stented porcine bioprosthe-
ses, implantation is straightforward and low
risk. The majority of surgeons can successfully
implant a stented porcine bioprosthesis in less
than 60 minutes of cross-clamp time. Operation
mortality is commonly less than 5% and often
less than 2%. When large size stented porcine
bioprostheses are implanted hemodymanics

are generally good, but in sizes of 21 millime-
ters in diameter or less, an outflow tract gradi-
ent is common. In terms of durability, early
failure is rare for stented porcine bioprostheses.
There is, however, a well documented failure
curve of porcine bioprostheses in the aortic
position with failures beginning at 7 years and
a 50% failure rate at 12 years. Figure 10.1 is a
complication of actuarial durability curves for
stented porcine valves. Grunkemeier and
Bodnar1 collected all of the published results
and superimposed them on a single graph. A
probability distribution (Weibull limits) was
derived to provide a reliable generalization for
the expected long-term outlook of a porcine
valve placed in the aortic position.

Pericardial Bioprosthesis

In the case of the pericardial prosthesis, implan-
tation is also straightforward and low risk with
cross-clamp times similar to those observed for
the porcine bioprosthesis. The operative mor-
tality is also similarly low. In small sizes, a mild
gradient may exist across this valve although 
it might be slightly less than a porcine valve.
In terms of durability, the first generation 
of stented pericardial valves (Ionescu-Shiley)
began to fail at three to four years. However,
currently available valves (Carpentier-
Edwards, Mitroflow) have demonstrated supe-
rior long-term results, which may, in fact,
surpass the porcine bioprosthesis. Figure 10.2 is
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Figure 10.1. Reported actuarial durability curves
for stented porcine valves. Each line represents a
single series. The shape of the symbol at the end of
each line corresponds to the type of valve. The
number within the symbol indicates the reference as
reported in Grunkemeier GL, Bodnar E: Compara-

Figure 10.2. Reported actuarial durability curves
for pericardial valves. Symbols at the end of each line
correspond to the model of pericardial valve, and the
numbers within the symbols refer to the reference
number cited in Grunkemeier GL, Bodnar E: Com-
parative Assessment of Bioprosthesis Durability in

tive Assessment of Bioprosthesis Durability in the
Aortic Position. The Journal of Heart Valve Disease
4:49, 1995 The two heavy lines describe the Weibull
probability distribution of the curves depicted.
Reproduced with permission.

the Aortic Position. The Journal of Heart Valve
Disease 4:49, 1995 the Weibull limits derived from
the stented porcine valve experience (Figure 10.1)
are superimposed for comparison. Reproduced with
permission.



another depiction from Grunkemeier and
Bodnar1 showing the published durability
curves for stented pericardial valves.The length
of follow up is, of course, shorter than that for
many of the porcine valve series.

Aortic Allograft

When an aortic allograft is utilized to replace
the aortic valve the complexity of the operation
increases. If a freehand subcoronary technique
is utilized, implantation time is increased and
valve misalignment may occur. If a root re-
placement technique is utilized, the technical
aspects of the implantation may be simplified
and problems with misalignment avoided, but
the risk of bleeding is increased and imperfect
reimplantation of the coronaries may result 
in myocardial ischemia. The cross-clamp time
for insertion of an aortic allograft is typically
longer than that for insertion of stented tissue

valves. For many surgeons, the cross-clamp time
is likely to exceed 60 minutes. As such, opera-
tion mortality can be expected to be somewhat
higher, probably within the 5 to 10% range. In
most cases, however, there is no hemodynamic
gradient across an aortic allograft. This is one
of the benefits of the technique, especially for
implantation into a small aortic root. In terms
of durability, early failures begin before 5 years.
Figure 10.3 shows the published actuarial dura-
bility curves for allograft valves. With the
exception of the experience of O’Brien and 
colleagues,3 the majority of experiences are 
no better than those reported using stented
porcine or pericardial valves.

Pulmonary Valve Autograft

For the pulmonary valve autograft (Ross pro-
cedure) the implantation can be performed
with a freehand coronary or a root replacement
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Figure 10.3. Reported actuarial durability curves
for homograft aortic valve replacement.The symbols
at the end of each line correspond to the type of
preservation and sterilization with numbers refer-
ring to the specific references cited in Grunkemeier
GL, Bodnar E: Comparative Assessment of Bio-

prosthesis Durability in the Aortic Position. The
Journal of Heart Valve Disease 4:49, 1995 (Chem =
chemically sterilized; Irrad = sterilized by irradiation;
mixed = irradiation and antibiotic valves combined).
Reproduced with permission.



technique. The cross-clamp time is typically
longer than for simple allograft insertion, being
at least 90 minutes and occasionally exceeding
two hours. Operative mortality is in the 3 to
10% range.4–6 As with the allograft, there is no
hemodynamic gradient with this technique,
Early failures have been noted with the pul-
monary autograft but, based on a single series,7

long term reoperation rates appear to be the
lowest among biological valves. Figure 10.4
shows the actuarial rate free from reoperation
on the pulmonary autograft from Mr. Ross’
series. Whether other surgeons can duplicate
Ross’ long term results remains to be seen.

Other Factors

Other factors must be considered in choosing
among the devices and techniques for aortic
valve replacement. Thromboembolism, of
course, is important. For the stented porcine
bioprosthesis, the thromboembolic rate ranges
from 0.5 to 2% per patient-year.8 For the allo-
graft valve, the incidence of thromboembolism

appears to be rare and is essentially unreported
for the Ross procedure.

Endocarditis is another potential complica-
tion of any aortic valve replacement. For the
stented porcine bioprosthesis, it occurs at 0.5%
per patient-year.8 It appears to be the same for
the pericardial valve8 as well as the pulmonary
autograft.4–6 Interestingly, most reports for the
aortic allograft show an endocarditis rate of less
than 0.5% per patient-year.3

Summary

In summary, easily inserted porcine and peri-
cardial bioprostheses demonstrated durability
that is as good as or better than that achieved
using aortic allografts. Recent interest and
experience with stentless versions of the
porcine valve9 may, in fact, extend durability
further. The most recent reports with the 
pericardial bioprosthesis suggest a major im-
provement over all heterograft types of
replacement.1 In view of the complexity of tech-
nique and its mediocre durability, the aortic
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Figure 10.4. Actuarial durability of the pulmonary
autograft in the series of Ross at the National Heart
Hospital, London. This data is derived from 131 con-
secutive patients from 1967 to 1984 with a minimum
follow up of 9 years and an average follow up of 

21 years. Reprinted from Seminars in Thoracic and
Cardiovascular Surgery, Vol 8, Ross, D, “The pul-
monary autograft: history and basic techniques,” 354.
© 1996, with permission from Elsevier.



allograft is unwarranted as a routine form of
the aortic valve replacement. However, there
may be some uncommon circumstances such as
endocarditis with an aortic root abscess where
allograft root replacement is the best tech-
nique. Of all of the devices and techniques dis-
cussed, it appears that the pulmonary autograft
(Ross procedure) provides the best event-free
survival for aortic valve replacement. It does
present a technical challenge and imposes a
greater risk. Unfortunately, data regarding 
long term follow up is essentially limited to the
single experience of Dr. Ross. With further 
time results from other centers should shed
further light on what happens to be a promis-
ing approach for aortic valve replacement.
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Historically, comparative studies between
valves have centered on the measurement of
life expectancy of patients and failure rates 
of the valves. Difficulties in obtaining repro-
ducible hemodynamic data in the postopera-
tive, closed chest patient have resulted in a
reliance on relatively crude measures of func-
tion such as the assessment of valve gradients
with correlation to subsequent regression of
left ventricular hypertrophy. The hemodynamic
characteristics of individual valves as they func-
tion in vivo are critical since failure rates of the
valve are likely related to these properties. Our
own in vivo data regarding the energy dissipa-
tion of homograft valves in the sheep model
demonstrates not only a comprehensive labo-
ratory method for quantifying differences in
valves, but also shows critical differences
between fresh and cryopreserved valves that
may effect long-term results.

The ideal valve would be biological and re-
quire no anti-coagulation, with a durability that
equals or exceeds mechanical valves. Ricou 
et al. compared first and second generation
(zero-pressure fixation) porcine prosthetic
valves to St. Jude mechanical valves.1 The neg-
ligible differences in pressure gradients across
the mechanical valves were mostly accounted
for by annulus size. Zero-pressure fixation
(Medtronic Intact and Freestyle) may prove to
be a more durable process since this retains the
natural collagen crimp of the valve cusp and
maintains the tissue’s shock absorbing capacity
which aids in resisting cyclic fatigue. The zero
pressure fixation method is also thought to

increase leaflet compliance and extensibility,
improvements that may extend valve life. This
study also pointed out discrepancies that may
arise when studies are not standardized to
cardiac output. Cardiac output across a given
valve size may be of critical importance in
smaller mechanical valves.The favorable hemo-
dynamics of the smaller valve were demon-
strated by Rashtian who demonstrated a
resting mean gradient of 5mmHg and a peak
gradient of less than 15mmHg in the 19mm St.
Jude bileaflet valves.2 Some studies have sug-
gested that the gradients across the 19mm St.
Jude valve are small and acceptable only in
patients with a body surface area (BSA) less
than 1.7m.2,3 Others found that the valve func-
tioned well regardless of BSA.4

O’Brien5 notes that the switch from
formaldehyde to glutaraldehyde preservation
occurred at the same time as the advent of
stents. It is possible that the adverse effects of
the stents were initially obscured by improve-
ments in preservation methods. David’s work
with the unstented porcine valve has shown 
a number of beneficial aspects in short-term
follow-up.6 These valves showed regression of
left ventricular hypertrophy and a reduction in
residual gradient. It was shown in a separate
study7 that the stentless porcine valve in the
aortic position is associated with a greater
decrease in left ventricular systolic wall stress,
a decrease in transvalvular pressure gradient,
and a decrease in valvular energy loss, when
compared to the stented biological valve. Pres-
ence of a rigid stent contributes to a poor
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hemodynamic profile secondary to a reduc-
tion in the valve orifice area. Use of the stent-
less xenograft by Westaby8 revealed excellent
hemodynamics over the next several months. In
fact, echocardiography showed the hemody-
namic function at 6 months to be “directly
equivalent to an aortic homograft.” Addition-
ally, the cylinder within a cylinder technique
they employed resulted in less regurgitation
than with the homograft.

The homograft valve remains the most diffi-
cult in which to obtain good comparative in vivo
hemodynamic data, primarily due to small study
series and the heterogeneity of both the patients
and the implanted valves. A postoperative 
study by Jin et al. using Doppler and M-mode
ECHO showed a clear hemodynamic advantage
as well as a greater decrease in left ventricular
mass with both homografts and unstented
porcine valves when compared to stented valves
or mechanical valves.9 They not only document
a hemodynamic advantage with these valves,but
show a clinically significant effect of the superior
hemodynamics. It should be pointed out that
clinical studies using Doppler estimates of valve
stenosis have well-recognized limitations. Peak
velocity across a stenotic valve is a measure of
peak pressure drop, not the peak-to-peak value
measured by cardiac catheterization.These esti-
mates are based on the simplified Bernoulli
equation and may be appropriate for an aortic
prosthesis since resistive flow across the valve
exists. However, flow across the normal valve
(and aortic homograft) is dominantly inertial
and the simplified Bernoulli equation may not
apply. Kirklin’s 10-year experience with cryop-
reserved valves showed a transvalvular gradi-
ents of less than 10mmHg in 77% of patients
and less than 20 in 94% of patients with follow-
up of 8.7 years.10 Their analysis indicates that
cryopreserved homografts are similar in long-
term performance to fresh homografts for the
first 8–10 years, despite several theoretic disad-
vantages that include more complex insertion,
limited availability, and limited durability.11

Methods other than cryopreservation, such as
chemical preservation, irradiation, and freeze
drying have been shown to have a profound
deleterious effect on long-term performance of
the valve.10

As the hemodynamic profile of all prosthetic
valves continues to improve, it will become 
necessary to have a model sensitive enough to
measure the very small differences between
them. Doppler and ECHO have been shown
not to be sufficiently sensitive. In addition, as in
any pulsatile system, measurement of mean
pressure and flow alone will not fully account
for the energy losses across the valves. Studies
have shown that as much as 50% of ventricular
work may be contained within the pulsatile
components of the pressure and flow wave-
forms.12 Since invasive monitoring of pressure
and flow in the left ventricle and ascending
aorta is unlikely to be accomplished in the post-
operative patient, it would be desirable to con-
struct an in vivo animal model. In our acute
sheep model all valves were implanted in the
descending aorta with a aorto-left atrial shunt
proximal to the valves to ensure complete coap-
tation of the leaflets. Assessment of leaflet
coaptation was obtained by open-chest
echocardiography. High fidelity pressure and
flow transducers were placed equidistant from
the valve proximally and distally. Cardiac
output was manipulated to a level of 3.0L/min
to eliminate differences related to left ventric-
ular function. Fourier analysis of the pressure
and flow waveforms was then performed to 
calculate the oscillatory power (Wo, reflecting
aortic elasticity and geometry) mean power
(Wm, energy converted to forward blood flow)
and total power (Wt, oscillatory + mean) on
each side of the valve.

Modeling the circulation in terms of pulsatile
(waveforms) flow, pressure and impedance
allows calculation of energy losses (or gains) in
the pulsatile (oscillatory) components which
are ignored when modeling in terms of mean
(and peak) flow, pressure and resistance.12–14

The analysis that we performed accounts for
the mean and oscillatory components of both
pressure and flow. Energy lost as blood passes
through the valve must be considered a result
of the inherent properties of the valve such as
the valve profile (both the amount of projection
into the vessel as well as the shape of the pro-
jection), leaflet mobility and opposition to flow,
and in the case of the bioprosthetic valves, the
effects of cryopreservation. Gorlin and Gorlin15
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were the first to derive discharge coefficients
from measurements of flow and pressure and
apply them to diseased valves. These equations
relied on a number of assumptions that made
them highly inaccurate. So much so that the 
differences between calculated and measured
orifices ranged from -27% to +33%. While 
later reports state the differences were much
smaller, in general these calculations are most
useful in distinguishing between moderately
and severely diseased valves.This illustrates the
difficulties inherent in measuring very small dif-
ference in the hemodynamics of normal valves.
Our model calculates the energy within the pul-
satile component of blood flow, not normally
calculated when mean terms are used, and
therefore accurately documents energy losses
across the various valves. These calculations
provide a precise and accurate measurement of
the efficiency of the valve that is only approxi-
mated by current in vivo studies.

As the data in the Table 11.1 shows, the 
cryopreserved valves exhibit a hemodynamic
disadvantage and appear to be stiffer than the
fresh homografts. The remarkable amount of
oscillatory power dissipated (%Wo loss) is
similar in the three valve groups and demon-
strates reproducible study conditions in our
model. The fact that it is unchanged regardless
of the valve studied is also consistent with the
understanding that the pulsatile component is
determined by the dimensions and elasticity of
the native aorta, rather than the valve.16 Since
mean power makes up 89.8–94.3% of the total
power dissipated in the three groups (Wm/Wt),
mean power loss (%Wm loss) closely reflects
the total power loss (%Wt loss). The mean
power loss across the cryopreserved valves is
nearly twice that seen across the fresh valves

and is the same as that across the rigid St. Jude
valves.This increased rigidity represents kinetic
energy absorbed by the valve and is consistent
with previous studies that demonstrated
decreased leaflet compliance and collagen
crimp associated with cryopreservation.

These previously undocumented hemody-
namic consequences of cryopreservation may
affect durability over the life of the valve and
may contribute to eventual valve failure. The
freshly implanted valves (harvested from a
living donor and implanted immediately) were
associated with minimal energy losses and most
closely approximate the normal in situ valve.
Methods such as zero-pressure fixation may
preserve the structural integrity of the valve
and result in an energy profile that more closely
resembles the native valve. This may in turn
result in improvements in valve durability. As
previously stated, oscillatory energy accounts
for only 5–10% of the total power and the
majority of the energy loss is in the mean terms
across all valves studied. This indicates that
while the mean terms do not provide a com-
plete hydraulic power performance analysis,
they do give a good indication of valve per-
formance. As differences in valve performance
become more difficult to quantify, a pulsatile
hemodynamic analysis such as the one
described provides a sensitive and reliable
measure for the future evaluation of biopros-
thetic valves.
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Section V
Cell Biology of Heart Valve Leaflets



The endothelium is a component of the allo-
graft valve that has received far less attention
from investigators than have the fibroblasts.
The endothelium composes a far smaller pro-
portion of the allograft mass and is less im-
portant in terms of structural integrity and
valve competence. The endothelium is of con-
siderably greater importance, however, in
determining properties of immunogenicity and
resistance to thrombus formation.The endothe-
lium also plays an important role in mediating
vascular smooth muscle tome, providing nutri-
tion to fibroblasts, and preventing calcification.
This chapter reviews the characteristics of vas-
cular endothelial cells with particular reference
to their role in cardiac valves. The functions 
of the endothelium will be considered, and the
preservation or loss of these functions in both
fresh and cryopreserved allograft valves will 
be addressed. Finally, the implications of these
characteristics for long term fate of the allograft
will be explored.

Anatomy of the Endothelium

The vascular endothelium is a nearly perfect
monolayer in the absence of disease. Any
defects occurring in the endothelial lining of
the vascular system are rapidly repaired by
migration and proliferation. When any discon-
tinuity in the endothelial lining is observed, it is
usually attributable either to artifacts of speci-
men preparation or to a pathologic process.1

Therefore, one of the most important questions

to be answered regarding the endothelium of
the allograft valve is whether it is present, and
if so, under what conditions.

The ability to study this tissue must rely on
positive identification of the cells as uniquely
endothelial. Much of what is known or sus-
pected about properties of cardiac valve
endothelium is based on observations of
endothelial cells obtained from blood vessels
remote from the valves themselves. For most
properties thus far examined, valvar endothe-
lium has not differed dramatically from vas-
cular endothelial cells elsewhere. however, a
study by Simon and associates has shown that
human aortic and mitral valve endothelium
does not constitutively express factor VII,2

These endothelial cell did express factor VIII
weakly in response to interferon-g. This sug-
gests that a degree of caution should be exer-
cised in extrapolating observations regarding
other vascular endothelium to valve endothe-
lium. More specifically, it calls into question
studies that depend on immunocytochemical
stains directed at factor VIII for identification
of endothelium.

The preservation of endothelial cell func-
tion in allograft may be negatively affected by
immunologic differences between donor and
recipient, surgical manipulation, ischemia and
reperfusion, and other influences. In human
allograft valves subjected to contemporary
methods of cryopreservation, it appears doubt-
ful whether endothelium is preserved in most
cases. A study from this laboratory examined
131 specimens from cryopreserved allografts,
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endothelial cells are so well preserved on the
pulmonary valve leaflet while being poorly pre-
served elsewhere. Mechanical characteristics of
the tissue may play a role, as may the relatively
lower pressure environment to which the 
pulmonary valve is subjected. It must be 
cautioned, however, that examinations of
endothelial cell presence in unimplanted tissue
may have limited importance in determining
the fate of these cells after implantation.

Viability

The demonstration of endothelial cells pres-
ence on allograft valves must not be considered
equivalent to proof of cell viability. Viability is
a property that has been imputed to allograft
valve tissues, often with little evidence to
support it. Viability has many dimensions,
including the ability of the cell to replicate, syn-
thesize essential proteins, and effect changes on
other cells. These properties may be symmetri-
cally or asymmetrically affected by storage pro-
tocols, implant techniques and host response.
Ideally, statements regarding endothelial cell
viability should be limited to those properties
specifically tested, and findings should not be
inappropriately extrapolated to other indica-
tors of cell survival or function.

A commonly used method for evaluating
endothelial cell viability is the dye exclusion
technique. This was first employed to demon-
strate endothelial viability in aortic valve grafts
by Yankah and associates.5 These authors
studied rat aortic valves harvested after varying
periods of time following the death of the
animal and after varying temperature expo-
sures. Alcian blue dye, a dye that cannot cross
intact cell membranes, was used as a marker of
cell death. Warmer temperatures and delay in
carrying out cold storage were associated with
a progressive decline in endothelial cell viabil-
ity. Furthermore, regardless of the variables
before storage, viability declined over a 10 day
period at storage at 4°C.Yankah performed this
work using the model of heterotopic valve
transplantation into the abdominal aorta of
rats, a model that has since become widely used
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both valve leaflets and arterial walls, using an
immunocytochemical stain specific for human
endothelium.3 Only 21, or 16% of these tissues
had any detectable endothelium. By contrast,
examination of native valve leaflets and arterial
walls from specimens removed at operation
found endothelial cells present in 70 of 90 cases
or 78%. These findings indicate that cryop-
reservation methods, at least as carried out in
routine clinical practice by the largest proces-
sor of human valves, result in the complete loss
of endothelium in the overwhelming majority
of cases.

A subsequent study from this laboratory per-
formed a multivariable analysis to determine
what factors, if any, correlate with endothelial
cell presence on cryopreserved allograft
tissues.4 As shown in Table 12.1, site of tissue
examined (pulmonary valve leaflet vs. other
components of the allograft) correlate with
presence of endothelial cells. Male sex of the
donor was the only other significant predictor
of the presence of endothelial cells. these
factors were predictive in a multiple logistic
model as well, although the overall predictive
value was limited. In a stepwise logistic analy-
sis, the pulmonary valve leaflet was the best
predictor of endothelial cell presence. This
finding raises the interesting question of why

Table 12.1. Prevalence of Endothelial Cells in Cry-
opreserved Allograft Valve Tissues.

Number Positive/Total
Samples (%)

All specimens 34/134 (25%)
Site of specimen

Aortic valve 0/2 (0%)
Aortic wall 6/33 (18%)
Pulmonary wall 18/35 (51%)*
Pulmonary artery wall 10/64 (16%)

Donor Sex
Male 28/87 (32%)**
Female 6/47 (13%)

Cause of death
Blunt trauma 7/38 (18%)
Penetrating trauma 4/13 (31%)
Cardiovascular event 4/13 (31%)
Cerebrovascular event 12/41 (29%)
Other 7/29 (24%)

* p = 0.0001; ** p = 0.02.



for studying characteristics of these tissues.6

In their initial investigations, these authors used
Alcian blue dye exclusion as a marker of cell
viability. They showed that fresh grafts were
characterized by the presence of endothelial
cells normal in appearance and with a high
degree of viability by dye exclusion. Surpris-
ingly, cryopreserved grafts showed a decrease
of only 8–20% in the percentage of viable 
cells compared to fresh tissues. Grafts stored 
at 4°C in an antibiotic solution had a much
higher degree of endothelial cell death. Yankah
and associates extended this technique to
human tissues.7 Once again, cryopreserved
grafts showed a 70–80% endothelial cell viabil-
ity, compared to 0–8% viability in grafts stored
at 4°C.

An investigation by Christy and coworkers
examined the presence and viability of
endothelial cells in rat aortic grafts stored at
4°C in a nutrient medium.8 Cells were identi-
fied as endothelial by labeling with fluores-
ceinated Griffonia simplicifolia, a lectin with
high affinity for the a-D-galactopyranosyl
residues of rat endothelial cell membranes.
Cells were assessed for viability based on exclu-
sion of propidium iodide, a fluorescent dye that
binds to nucleic acids but is unable to penetrate
the intact cell membrane. Flow cytometry was
used to evaluate thousands of cells and pre-
cisely identify viable and non-viable endothe-
lium. This study found that 95% of endothelial
cells were viable immediately after harvest.
With storage at 4°C, percentage viability
declined in linear fashion to 92% at three days,
86% at seven and ten days, 83% at 14 days and
64% at 21 days. This study demonstrated the
ability of this storage technique to preserve
endothelial cell viability but also showed that
preservation is probably limited to a relatively
short time. A subsequent study attempted to
use these same techniques to quantitate
endothelial viability in cryopreserved tissues.
No cells identifiable as endothelium were
recovered, however (unpublished reference).
Whether this finding is due to the absence of
endothelium in cryopreserved allografts or the
inapplicability of the method to cryopreserved
tissues was not known at the time. The exami-
nation of cryopreserved human tissues cited

above3,4 suggests the former explanation is
more likely correct.

Despite the general usefulness of dye exclu-
sion as a marker for endothelial cell viability,
there are limitations to this technique. Some
cells that are incapable of protein synthesis 
or replication appear to retain the ability to
exclude large molecule dyes for a certain
period of time. Thus, quantitation of cellular
viability by dye exclusion may represent an
upper limit estimate. Dye exclusion by its very
nature is based on the absence of a marker of
cell death, rather than on affirmative evidence
of life. Accordingly, a more rigorous test of
endothelial cell viability may provide more
clinically relevant observations. One such test is
the ability of endothelial cells to replicate. This
issue was addressed in this rat model of aortic
valve transplantation.9 In this study, rats that
had undergone heterotopic aortic valve 
allografting into the abdominal aorta were
administered radiolabeled thymidine. Because
actively replicating cells incorporate thymidine,
autoradiography was then used to examine the
endothelial cells of the grafts and determine
which cells contained the radiolabel. The 
presence of sufficient quantities of labeled
thymidine constituted evidence of cellular
replication. All tissues were excised for study
three days after implant, the earliest interval 
at which thymidine uptake can be practically
employed. The endothelium of the native aorta
demonstrated 0.3 to 2/3% replicating cells, a
normal finding for rats of this age and size.
Freshly implanted aortic allografts, whether
syngeneic or strongly allogeneic, demonstrated
an endothelial replication frequency of over
12%. Allografts implanted after cryopreserva-
tion, regardless of histocompatibility, exhibited
few endothelial cells, none of which were repli-
cating. This study suggests that in the earliest
observable period after allograft valve trans-
plantation, fresh grafts show an increased repli-
cation rate that is not affected by immunologic
differences between donor and recipient.
Cryopreserved valve grafts, however, show no
evidence of endothelial cell viability. This 
also leads to speculation that any endothelium
found on allograft valves subsequently is more
likely to be of recipient origin.
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Resistance to Thrombus
Formation

The normal endothelium is a powerful inhibitor
of thrombus formation. Some of the properties
of the endothelium that contribute to its 
thromboresistance include a strongly negative
electrical charge, production of prostacyclin,
binding of thrombin by synthesis of antithrom-
bin III, elaboration of tissue plasminogen 
activator, and production of plasminogen-
activator-inhibitors.10 This listing of potentially
important antithrombotic properties does not
suffice as a complete explanation for why
thrombosis does not occur on the normal, much
less the abnormal or injured, endothelium.
Perhaps the most impressive evidence for the
thromboresistance of the endothelium is the
thrombosis that occurs when endothelial injury
is severe or persistent.

In allograft valves, the thrombogenicity of
the luminal surface of the graft has not been
well characterized. The experimental evidence
cited above showing that endothelium is
seldom present in cryopreserved allografts 
at the time of implant might raise concerns 
that thrombus formation would be a common
occurrence. Clinical evidence, however, is
nearly uniform in observing that allograft
valves are quite seldom associated with throm-
boembolic complications despite the lack of
anticoagulant therapy. This suggests that the
surface of the allograft tissue retains some
important thromboresistant capacity.

Antigen Expression

The vascular endothelium exhibits constitutive
expression of class I antigens, which in the
human includes HLA-A, -B and -C antigens.
Class II antigens, in humans HLA-DP, -DQ and
-DR, are expressed in response to stimuli, such
as transplantation into an allogenic recipient.
Yacoub and co-investigators studied human
aortic valves for expression of these antigens.11

In valves studied immediately after harvest,
class I antigens were expressed but class II anti-
gens were not. After 48 hours of storage at 

4°C, valves expressed neither class I nor class II 
antigens.

Similar observations were obtained in studies
of rat aortic valves.12 Fresh grafts and grafts
sterilized and stored at 4°C for 24 hours
expressed class I antigens. All grafts were neg-
ative for class II antigens. These studies suggest
that antigen expression by allograft valves is
easily disrupted by sterilization and storage
techniques.

Expression of Inflammatory
Mediators

Endothelial cells express numerous mediators
of the inflammatory response. One important
class of mediators are the leukocyte adhesion
molecules (LAMs). LAMs are involved in a
wide variety of inflammatory conditions,
including sepsis, autoimmune disorders, and
response to allogenic tissues. Leukocytes have
specific ligands for different LAMs, which are
expressed by endothelial cells in response to
cytokines such as interleukin-1 and tumor
necrosis factor a. Thus, expression of LAMs
leads to leukocyte adhesion, diapedesis, and
inflammation. Mulligan and colleagues exam-
ined experimental aortic valve grafts in the 
rat heterotopic transplant model for the pre-
sence of LAMs E-selectin (formerly known as
endothelial-leukocyte adhesion molecule-1).13

This investigation included both syngeneic 
and strongly allogeneic grafts. Grafts were
implanted in the fresh state, following cryop-
reservation, or after storage at 4°C in a nutri-
ent medium for one to 21 days. Grafts were
retrieved from four hours to 21 days after trans-
plant. Tissues were then stained with mono-
clonal antibodies directed at each of the three
LAMs. Syngeneic grafts, regardless of storage
methods, in all cases failed to express any LAM.
This indicates that surgical trauma, ischemia
and reperfusion, cryopreservation, and cold
storage are insufficient stimuli to elicit LAM
expression. For the fresh allogeneic grafts,
expression of all three LAMs was intense,
immediate (present within four hours after
implantation), and persistent (evident as much
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as 21 days after implant). In the cryopreserved
grafts, LAM expression was absent at four
hours and two days implant but was present,
although weak, at 10 and 21 days after implant.
Grafts stored at 4°C showed similarly weak
expression at four hours and two days but
somewhat stronger expression at 10 days and
definite expression at 21 days. In a general
fashion, the intensity of adhesion molecule
expression correlated with the degree of leuko-
cytic infiltrate in the allograft tissue. These find-
ings suggest that allograft storage methods
clinically in use result in delayed and dimin-
ished LAM expression. It further suggests that
storage methods reduce endothelial preserva-
tion and function, perhaps in a way that reduces
allograft injury and improves longevity.

Recipient Sensitization

The endothelium is perhaps the most immuno-
logically potent component of allografted
tissues.14 Endothelial cells in a mixed lympho-
cyte cell culture reaction have been shown to
be two to three fold more stimulatory than
peripheral blood lymphocytes.2 Recipient sen-
sitization, therefore, might be expected to be
predictable based on antigenic properties of the
endothelium, mass of endothelium present, and
viability of donor cells.

One of the earliest studies of allograft
immunogenicity in the rat concluded that 
allograft valve immunogenicity was primarily
related to the cardiac muscle component.15

Subsequent investigations have demonstrated
recipient sensitization by allograft valve
implantation, irrespective of the nature of the
implant, subcutaneous16 or intravascular.17–19

Furthermore, these latter studies observed
similar recipient sensitization resulting from
both fresh and cryopreserved valve grafts.

Clinical observations support this interpreta-
tion. Studies by Schutz20 and Smith21 and
associates have demonstrated recipient 
sensitization by cytoimmunologic monitoring
and formation of panel-reactive antibodies in
human recipients of allograft valves. In the
latter study, the degree of sensitization was
greater in recipients of grafts not subjected to

antibiotic preservation and presumably con-
taining greater numbers of viable endothelium.
In addition, the sensitization was shown to be
donor-specific in many cases.

The balance of evidence, therefore, suggests
that endothelium contributes to recipient sen-
sitization, but that the reduction or elimination
of endothelial cells from the valve does not
achieve an immunologically inert graft. It is
clear that other components of the graft are suf-
ficient to elicit a host immune response.

Elaboration of Vasoactive
Substances

One function of endothelium that may be
important in vascular physiology is the ability
to mediate relation of the underlying smooth
muscle in response to appropriate stimuli.
Endothelial-dependent relaxation is now rec-
ognized as resulting from release of nitric
oxide, which is synthesized by endothelial cells
in response to shear forces and various phar-
macologic agents. Sjoberg and his co-investiga-
tors evaluated the ability of the transplanted
aorta to mediate endothelial-dependent relax-
ation in the rat.22 This study used syngeneic
donors and recipients, and the vascular grafts
were transplanted with a mean ischemic time of
41 minutes. Thus, this study considered the best
case situation of a graft transplanted with
minimal possibility of immunologic response or
adverse consequences of harvest, sterilization
and storage. These grafts exhibited excellent
preservation of endothelia-mediated relaxation
at both three and 60 days after implant.
Although this experimental protocol is
markedly different from the clinical situation 
of allogeneic tissue subjected to complicated
storage methods, it provides evidence that
endothelial cell function can be retained under
some circumstances. It also indicates that brief
ischemic injury and surgical trauma are not suf-
ficient to eliminate or even substantially reduce
this capacity of endothelial cells.

Altering the techniques of cryopreservation
may allow improvements to be made to
endothelial cell preservation. Feng and col-
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leagues reported marked improvement in
endothelial cell preservation in experimental
porcine aortic valves, primarily resulting from
an alteration in their controlled freezing
program.23 They used a bioassay of endothelial
cell viability based on prostacyclin release, both
in an unstimulated state and in response to
bradykinin. The authors’ newer cryopreserva-
tion methods resulted in significant increases in
prostacyclin production compared to the older
methods used. Furthermore, when the newer
method was used, the presence or absence of
fetal calf serum in the preservation media did
not affect prostacyclin production. These find-
ings suggest that in cryopreserved valves,
endothelial cell persistence and function can be
maintained at least until the time of implanta-
tion if the preservation methodology is optimal.

Summary

The endothelium of cardiac valve grafts is a
complex and dynamic tissue. It is highly vul-
nerable to commonly employed methods of
sterilization and storage. When it survives, it
may have profound effects on the immunologic
characteristics of the graft. It is intriguing to
speculate that some degree of endothelial
injury may in fact be advantageous to the
overall pathologic fate of the allograft.

References

1. Gotlieb AI. The role of endothelial cells in 
vascular integrity and repair. Cardiovasc Pathol
1992;1:253–257.

2. Simon A, Zavazava N, Sievers H, et al. In vitro
cultivation and immunogenicity of human
cardiac valve endothelium. J Card Surg 1993;8:
656–665.

3. Lupinetti FM, Tsai T, Kneebone J, et al. Effect of
cryopreservation on the presence of endothelial
cells on human valve allografts. J Thorac Car-
diovasc Surg 1993;106:912–917.

4. Lewis CF, Tsai TT, Kneebone JM, et al. Deter-
minants of endothelial cell presence in cryopre-
served human allograft valves. Surgical Forum
1993;44:228–230.

5. Yankah AC, Randzio G, Wottge HU, et al.
Factors influencing endothelial-cell viability
during procurement and preservation of valve
allografts. In Thiede A (ed). Microsurgical
models in rats for transplantation research.
Heidelberg: Springer-Verlag Berlin 1985:107–
111.

6. Yankah AC, Dreyer W, Wottge HU, et al. Kinet-
ics of endothelial cells of preserved aortic valve
allografts used for heterotopic transplantation in
inbred rat strains. In Bodnar E, Yacoub M (eds).
Biologic and bioprosthetic valves. New York:
York Medical Books 1986:73–84.

7. Yankah AC, Wottge HU, Muller-Hermelink 
HK, Feller AC, Lange P, Wessel U, Dreyer H,
Bernhard A, Muller-Ruchholtz W. Transplanta-
tion of aortic and pulmonary allografts, enhanced
viability of endothelial cells by cryopreservation,
importance of histocompatibility. J Card Surg
1987;2:209–220.

8. Christy JP, Lupinetti FM, Mardan AH,
Thompson SA. Endothelial cell viability in the
rat aortic wall. Ann Thorac Surg 1991;51:204–
207.

9. Lupinetti FM, Tsai TT, Kneebone JM. Endothe-
lial cell replication in an in vivo model of aortic
allografts. Ann Thorac Surg 1993;56:237–241.

10. Zilla P, von Oppell U, Deutsch M. The Endothe-
lium: A Key to the Future. J Card Surg 1993;8:
32–60.

11. Yacoub M, Suitters A, Khaghani A, et al.
Localization of major histocompatability
complex (HLA, ABC, and DR) antigens in
aortic homografts. In Bodnar E,Yacoub M (eds).
Biologic and bioprosthetic valves. New York:
Yorke Medical Books 1986:65–72.

12. Lupinetti FM, Christy JP, King DM, el Khatib H,
Thompson SA.Immunogenicity,antigenicity,and
endothelial viability of aortic valves preserved at
4 degrees C in a nutrient medium. J Card Surg
1991;6:454–461.

13. Mulligan MS, Tsai TT, Kneebone JM, et al.
Effects of preservation techniques on in vivo
expression of adhesion molecules by aortic valve
allografts. J Thorac Cardiovasc Surg 1994;107:
717–723.

14. Pober JS, Collins T, Gimbrone MAJr, et al.
Inducible expression of class II major histo-
compatability complex antigens and the
immunogenicity of vascular endothelium.
Transplantation 1986;41:141–146.

15. Heslop BF, Wilson SE, Hardy BE. Antigenicity
of aortic valve allografts. Ann Surg 1973;177:
301–306.



20. Schutz A, Fischlein T, Breuer M, et al. Cytoim-
munological monitoring after homograft valve
replacement. Eur J Cardio-thorac Surg 1994;8:
609–612.

21. Smith JD, Ogino H, Hunt D, et al. Humoral
immune response to human aortic valve homo-
grafts. Ann Thorac Surg 1995;60:S127–S130.

22. Sjoberg T, Massa G, Steen S. Endothelium-
mediated relaxation in transplanted aorta. Ann
Thorac Surg 1992;53:1068–1073.

23. Feng X-J, van Hove CE, Mohan R, et al.
Improved endothelial viability of heart valves
cryopreserved by a new technique. Eur J Cardio-
thorac Surg 1992;6:251–255.

12. Leaflet Endothelium 113

16. Cochran RP, Kunzelman KS. Cryopreservation
does not alter antigenic expression of aortic allo-
grafts. J Surg Res 1989;46:597–599.

17. el Khatib H, Lupinetti FM. Antigenicity of fresh
and cryopreserved rat valve allografts. Trans-
plantation 1990;49:765–767.

18. el Khatib H,Thompson SA, Lupinetti FM. Effect
of storage at 4 C in a nutrient medium on anti-
genic properties of rat aortic valve allografts.
Ann Thorac Surg 1990;49:792–796.

19. Zhao X, Green M, Frazer IH, et al. Donor-
specific immune response after aortic valve allo-
grafting in the rat. Ann Thorac Surg 1994;57:
1158–1163.



Leaflet interstitial cells (LIC) are the major cel-
lular components of cardiac valves. Historically
they have been referred to as fibroblasts,1

fibrocytes,2 interstitial cells,3 matrix cells,4

myofibroblasts5 and stromal cells.4 LIC reside
throughout the valve layers, though they are
more dense in the lamina spongiosa than the
lamina fibrosa. Because they resemble fibrob-
lasts in structure and participate in extracellu-
lar matrix turnover, their major function was
originally thought to be valve matrix synthesis.
Recently these cells have been found to possess
characteristics of both synthetic, fibroblast-like
cells and contractile, smooth muscle-like cells.
This chapter will focus on studies of atrio-
ventricular and aortic valve LIC in pig, rabbit,
hamster, rat, mouse, and human, and the struc-
tural and functional characteristics of these
cells.

Morphology

LIC are elongated cells with long cytoplasmic
processes that connect to each other in a
network throughout the valve. They can be
grown in tissue culture, and in culture they
reproduce their cell-cell connections and form
patterns of a mixed population of cells, with
most cells elongated, and others cobblestone-
like.6,7 As LIC reach confluence, different
studies have documented a variety of cellular
patterns: Johnson et al. observe ridges resem-
bling those seen in smooth muscle cell cultures,8

while others report whorl-like patterns lacking
the “hills and valleys” that are typical of smooth
muscle cells.6,7,9 Messier et al. note the lack of
“cobblestones” in the cultures; in contrast,
Zacks et al. see cobblestone morphology in a
sub-population of cells. These variations in cell
types may arise from distinctions in the cell
culture methods, which include explant cultures
and dissociated cell cultures.

Ultrastructure

LIC have adherens junctions, extensive 
desmosomal complex junctions, and inter-
cellular communicative gap junctions, similar to
those present in smooth muscle bundles.6,7,10,11

Like fibroblasts, LIC associate closely with
extracellular matrix components, and they 
are rich in cellular organelles. Some cells
possess prominent microfilaments and interme-
diate filaments, others have more prominent
rough endoplasmic reticulum and Golgi appa-
ratus, and many display both types of ultra-
structural organelles.7,11–13 Microfilaments are
typically oriented parallel to the long axis of 
the cell, and likely serve a contractile func-
tion. Many of these cells with more filam-
entous organelles also contain an incomplete
basal lamina. Together, these characteristics
suggest that LIC are contractile cells, but 
are distinct from smooth muscle cells, which
typically are surrounded by an intact basal
lamina.
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Cytoskeleton

The cytoskeleton of LIC has been character-
ized further by histology and immunocyto-
chemistry. The presence of actin filaments in
LIC has been demonstrated by immunocyto-
chemistry with various antibodies and by rho-
damine phalloidin staining, which selectively
labels F-actin in a stoichiometric manner. Since
the various forms of actin are present in differ-
ent cell types, the particular antibody employed
for identification has been important to 
note. Recent studies have utilized anti-smooth
muscle actin, an antibody directed against an
amino acid sequence found in smooth muscle
cells but not homologous with the actin in stress
fibers of fibroblasts and other non-smooth
muscle cell types, and HHF35, an antibody that
recognizes muscle-specific alpha- and gamma-
actin isotopes.14 The co-localization of anti-
myosin with rhodamine phalloidin on stress
fibers further supports a contractile function of
these cells.14 LIC also show immunoreactivity
for a number of cytoskeletal markers typically
found in fibroblasts and smooth muscle cells,
including diffuse desmin and tubulin staining,
and a characteristic web-like pattern of vimen-
tin staining, with some concentration around
the nucleus.7,14

Extracellular Matrix

Historically, a synthetic function has been
ascribed to LIC. In support of this, Messier 
et al. have shown immunoreactivity for
fibronectin and chondroitin sulfate in close asso-
ciation with cultured porcine aortic valve LIC,
suggesting that these cells synthesize extracellu-
lar matrix components in vitro. In addition,
labeling of a subpopulation of LIC for the 
procollagen hydroxylating enzyme, prolyl-4-
hydroxylase, gives evidence that LIC carry out
post-translational modification of collagen.7

Contractile Function

LIC have several properties in common with
smooth muscle cells; actin and myosin are 
co-localized, well-developed microfilament net-

works and cyoskeletons are present, the cells
stain positive for the smooth muscle cell marker
anti-GMP-dependent protein kinase, and
motor nerve terminals are closely apposed to
the cells.10 Two groups have explored these cel-
lular characteristics further and asked directly
if LIC possess another property of smooth
muscle cells—the ability to contract. For these
studies, LIC are cultured on a flexible substra-
tum of polydimethyl siloxane and incubated
with different stimuli.When the cells encounter
a stimulus to contract, their cell bodies shrink,
cytoplasmic extensions shorten, and wrinkles
are generated on the substrate surface. The
opposite effect is seen in response to a relax-
ation stimulus. LIC contract following stimula-
tion with epinephrine,7,10 carbachol, angiotensin
II, KCl, and bradykinin.7 They relax in response
to isoproterenol.7 In these experiments, most
LIC exhibited a baseline tonus, characteristic of
cells with contractile function. Those that did
not demonstrate this tonus failed to respond to
the drugs.

Conclusion: The Leaflet
Interstitial Cell as Myofibroblast

Table 13.1 provides a summary of the pheno-
typic characteristics of LIC, as demonstrated by
the work of our group and others. The results
of these studies together indicate that the
cardiac valve LIC can be designated a myofi-
broblast, that is, a cell that possesses proper-
ties of both connective tissue fibroblasts and
smooth muscle cells. LIC are not alone in this
designation. In other tissues, interstitial cells
that resemble fibroblasts have also been found
to have contractile properties.15,16 The name
myofibroblast has been given to interstitial cells
that exhibit smooth muscle cell characteristics
and function in wound contraction.16 It is of
interest to consider the dual function of the
myofibroblast LIC in the context of cardiac
valve function. Matrix production is essential
for flexibility and strength in the cardiac valve
throughout its cyclic motion. The significant 
and increasing amounts of extracellular matrix
components in cardiac valves in association
with LIC suggest that these cells have a robust
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synthetic capacity. Increasing amounts of these
molecules over time in cultures of LIC provide
further evidence of this capability. The role of
LIC contraction is not well-defined currently,
since valve leaflets were historically thought to
respond to forces passively. It has been sug-
gested that a cytoskeleton capable of respond-
ing to cyclic forces may actively anchor collagen
fibrils as valve leaflets appose each other in
diastole.17,18 It may be that, as in the case of
other tissues that undergo continuous physical
force, the cells that perceive mechanical stress
respond biochemically. For example, in
response to the load born by the articular long
bone cartilage, chondrocytes modulate their
matrix secretory rates.19 In the case of cardiac
valve leaflets, the stimulus-response effect may
involve the interaction between endothelial
cells and LIC; the degree of vascular shear
stress has been found to influence endothelial
cells’ production of endothelin I, which can
stimulate the contraction of LIC in vitro.20 In
the non-endothelial cell layers, the rate of pro-

teoglycan synthesis is higher in leaflet attach-
ment regions than in the middle of the leaflet,
whereas in contrast, collagen synthesis is more
rapid in the leaflet mid-section. These differ-
ences in extracellular matrix production may
arise from LIC responses to differing forces in
these regions. The matrix composition of par-
ticular subregions may, in turn, contribute to
the leaflets’ dual characteristics of flexibility
and strength.Thus structure and function at the
cellular level underlie the impressive abilities of
the cardiac valve to open and close efficiently
in continuous cycles throughout life.
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Cardiac valve leaflet interstitial cells (LIC)
provide the essential synthetic means of con-
tinuous matrix production and remodeling
within the valve and possess contractile func-
tions that likely contribute to the valve’s 
enormous capacity for endurance. In light of
their importance, the present chapter focuses
on these cells’ capacity to maintain a viable,
functional population, both in culture and after
typical post-harvest processing.

LIC Growth

Two studies have looked at the responses of
LIC to isolation and cell culture, including 
their characteristics at different passages and in
response to growth factors and serum. While
the studies are complimentary and together
provide an interesting study of LIC growth,
their methodologies differ somewhat and are
worth noting. Messier et al. have evaluated 
LIC isolated enzymatically from porcine aortic
valves,1 and Lester et al. have examined LIC
derived from explant cultures of porcine mitral
valves.2 For enzymatic isolation, endothelial
cells were removed by scraping, and the central
one-third of the left cusps were dissected and
treated with collagenase overnight. The re-
sulting single-cell suspension was plated and
reached confluence in 7 days. The characteris-
tics of the LIC were assessed with cells from
passages 1–3. For explant cultures, following
similar scraping removal of the endothelium,
the distal one-third of anterior mitral valve

were cut into pieces, covered with glass cover-
slips, and cultured for 3–5 weeks. At that point,
the cells that had emerged from the explants
were subcultured for up to 22 passages.

In the case of the enzymatically isolated cells,
a 3-day experiment focused on the initial pro-
liferative capacity of first passage LIC after 
isolation and culture. Second passage cells from
explant cultures were examined over a 13-day
period, testing their ability to reach confluence.
Both groups concluded that less than 5% serum
is not conducive to mitotic stimulation, and 
that 15–20% serum is optimal for cell prolifera-
tion to confluence. Passage number showed no
effect on the growth rates of explant-derived
cells from passages 1–22 cultured in 10%
serum.The effects of a variety of growth factors
on the growth of enzymatically isolated LIC
were examined. While a number of factors 
suboptimally influenced cell growth, and basic
fibroblast growth factor (bFGF) and platelet
derived growth factor (PDGF) were found to
stimulate mitosis. Each factor showed this
effect when added individually, and when com-
bined, they act in a synergistic manner, sug-
gesting that they may work at different points
in the cell cycle. Of interest for “resuscitation
studies” (see below) was the observation that
when compared to all the growth factors tested,
15% fetal bovine serum was found to be 
the best stimulus of cell proliferation. Taken
together, these studies of LIC growth suggest
that cultured LIC are not in a condition of stasis
and terminal differentiation, but rather retain
proliferative capacities (Figures 14.1 and 14.2).
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Within this chapter, we have separated the
various experiments into examinations of cell
“growth” and “recovery”; however, it is impor-
tant to note that all cultured cells must undergo
a period of “recovery” from the physical and/or
enzymatic treatments used to generate single-
cell cultures.

LIC Recovery

When human cardiac valves are procured and
prepared for use as allografts, they undergo a
series of processing stages. These include pre-
harvest ischemia (less than 24 hours in the US),
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Figure 14.1. Growth curves of enzymati-
cally isolated aortic valve leaflet interstitial
cells in response to serum concentration.
Cell counts were performed at 24, 48, 72 
and 96 hours after serum administration in
ascending concentrations. Each curve 
represents cells cultured with a specific 
concentration of serum. At baseline and 
24 hours, counts are without significant
change. 0.1% and 1.0% FBS do not stimu-
late mitosis throughout 96 hours of culture.
By 48 hours, 10%, 15%, and 20% FMS have
markedly increased growth rates. This
pattern is maintained at 72 hours. Similarly,
at 96 hours, 20% FBS has the greatest mito-
genic effect (20% > 15%, 10 > 5%, 0.1%.
p < 0.05, ANOVA).

Figure 14.2. Serum growth factor re-
sponses of enzymatically isolated aortic
valve leaflet interstitial cells. Cells were
counted at 48 and 96 hours of growth. By 96
hours, 10% FBS appears more capable of
stimulating growth than any single growth
factor or the bFGF+PDGF-BB combina-
tion, however, the latter remains more
effective than bFGF, PDGF-BB and IGF-1
alone (p < 0.05, ANOVA).



disinfection (24 hours), and cryopreservation.
This section of the chapter will review a recent
study in which valves were harvested, and 
the post-explant treatment conditions were
designed to mimic the clinical processing which
occurs in the course of organ donation, valve
harvest, and cryogenic storage. It has previously
been shown that this process leads to a reduc-
tion in cell metabolism (for review see Section
VI). The observation of this depletion in ATP
gave rise to the idea that although harvested
valves contain cells, those cells may be func-
tionally impaired or “stunned”. Messier et al.
have examined the characteristics of LIC fol-
lowing processing which approximates clinical
conditions, and have assessed the cells’ abilities
to recover.3 They evaluated this capacity by
examining cell ultrastructure, cell surface,
matrix and cytoskeletal markers, and contrac-
tile function. The hypothesis of this work is that
since LIC retain a proliferative capacity in
vitro, perhaps they can be treated following
valve harvest in such a way as to maximize their
ability to proliferate before and/or after trans-
plantation, thus ensuring a valve replacement
which has maximal functional capacity.

In the process of valve procurement, there is
a typical ischemic period of 2–24 hours in the
donor while the body cools prior to harvest.
This period of ischemia alone led to no change
in LIC number as assessed by vital dye exclu-
sion. However, the cell state appeared more
complex than dye exclusion could reveal;
leaflets exhibited sparse cellularity with tolui-
dine blue staining, as well as other ultra-
structural changes. While plasma membranes
remained intact, there was separation of
nuclear membrane layers and nuclei appeared
crescent-shaped, possibly due to osmotic imbal-
ances. All cells appeared somewhat injured in
this way. Examination of cytoskeletal compo-
nents revealed sparse vimentin immunostain-
ing, and smooth muscle actin immunoreactivity
only in one, interrupted row of cells (as com-
pared to positive actin staining throughout the
layers in normal leaflets). Evaluation of extra-
cellular matrix showed a severe reduction in
chondroitin sulfate immunostaining and a slight
decrease in fibronectin staining as compared 
to normal leaflets. Thus although LIC retained

intact cell membranes that could exclude
trypan blue dye following ischemia, a number
of significant subcellular and matrix changes
suggest that the cells were functionally
impaired.

Following ischemia, disinfection, and cryop-
reservation, LIC were in a worse state. Cell
numbers were reduced, with fewer intact cells
and more pyknotic nuclei seen by toluidine
blue staining. Under electron microscopy, in-
creases in the number of necrotic cells, myelin
figures, intracellular lipid droplets, and cells
with halos (most likely due to dissolved extra-
cellular matrix) were observed, and only a few
cells with normal ultrastructure were present.
Both vimentin and smooth muscle actin
immunoreactivity were minimal. In the 
extracellular matrix, a decrease in fibronectin
immunostaining was clearly observed, and no
chondroitin sulfate could be seen with immuno-
histochemistry.After these processing steps, the
leaflet composition was substantially changed,
with a cell population of diminished number
and functional capacity, and a matrix lacking
many essential soluble components.

To “resuscitate” the LIC, dissociated cells or
individual leaflets were placed in culture media
with 15% fetal bovine serum and incubated at
37C for 8 days. The serum concentration was
selected based on previous work showing its
optimal mitogenic capacity for cultured LIC.3

When leaflets underwent ischemia, disinfection,
and cryopreservation, followed by resuscita-
tion, LIC numbers remained the same as in
normal leaflets, with round nuclei. Ultrastruc-
tural examination showed evidence of normal
cell states, as demonstrated by mitosis, cytoki-
nesis, and intercellular junctions. Some rem-
nants of necrotic cells could be observed, but
most cells appeared healthy. Vimentin staining
was evenly distributed, and smooth muscle
actin immunoreactivity was intense throughout
the layers. Homogenous chondroitin sulfate
immunostaining was present, and an increase 
in fibronectin staining indicated fibronectin
synthesis in the leaflet tissue, presumably 
by LIC. Cultures of LIC dissociated from 
cryopreserved valves and subsequently re-
suscitated showed normal proliferation capac-
ity, positive immunoreactivity for the above
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markers, and contractile capabilities. When
assessed in terms of cell numbers and function-
ality, and matrix composition, the resuscitation
process as performed seems to have been suc-
cessful (Figure 14.3).

Native cardiac valve leaflets possess impres-
sive strength, flexibility, and durability, charac-
teristics due in part to their component cells’
abilities to synthesize extracellular matrix 
proteins in response to stress-strain stimuli.
Following the stresses of harvesting, process-
ing, and cryopreservation, small numbers of
residual surviving cells provide enough genetic
capacity to respond to mitotic stimuli, prolifer-
ate, and restore leaflet cellularity and function.

Currently used processing methods result in
allograft cardiac valves which are composed 
of a substantially altered matrix, containing
reduced numbers of cells, most of which exhibit
decreased functionality. However, even the
most severely damaged leaflets possess small
numbers of normal cells. These retain the
capacities for proliferation, synthesis, and con-
tractile function. By mitogenic stimulation of
the remaining surviving cell population, the
reduction in the number of healthy cells and
depletion of matrix proteins can be reversed to
normal levels in the intact leaflets. Post-harvest
processing that includes a period of resuscita-
tion can result in a cardiac valve with leaflets
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Figure 14.3. Cellular Restoration. Growth curves
and in situ repopulation (inset). Parent graft depicts
growth rates of cells released from aortic valve
leaflets at each interval (� = 2 hours preharvest
ischemia only [2hr Group I]; � = 24hrs preharvest
ischemia only [24hr Group I]; � = 2hrs preharvest
ischemia and fully processed [2hr Group II]; � =
24hrs preharvest ischemia and fully processed [24hr
Group II]). Regardless of ischemia or processing
aortic valve leaflet interstitial cells (AoLIC’s) retain
the ability to respond mitogenically to media sup-

plemented with 15% FBS. These retained capabili-
ties were used to bioengineer the residual population
surviving completed processing, and restore the
leaflet to normal AoLIC density. The inset depicts
the pattern of this repopulation. On each of the six
days of “restoration,” a single leaflet was weighted
and digested in 0.08% collagenase. After release of
cells, viable numbers were derived by hemacytome-
ter and trypan blue exclusion, and plotted on the
graph. These data suggest the rate of repopulation is
similar to the native growth rates in 15% FBS.



that have the biological cellular capacity to con-
tinue the important functions of growth, repair,
remodeling, and responding to varying stimuli
within the recipient, as long as an immune
response is avoided.

Development of the technique to manipulate
these cells in vitro both as cell suspensions and
within the matrix environment of intact leaflets
is an important development that portends the
ability to maintain not just cellular viability 
but also retained appropriate phenotypic
expression.
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The antigenicity of valve allografts has been a
matter of debate since their introduction for
clinical use. Fresh and cryopreserved valve allo-
grafts have classically been regarded as tissues
with low antigenicity. Indeed, long-term follow-
up studies after implantation of cryopreserved
valves showed good clinical results, especially in
adults.1,2 Nevertheless, valve allograft deterio-
ration, resulting from an intrinsic abnormality
(structural valve damage) is frequently seen,
although these findings do not necessarily lead
to valve dysfunction.3–5

Early valve allograft failure is especially
observed in young recipients.6–9 This structural
failure may have an immunologic basis, because
valve donor and acceptor are not matched 
for the Major Histocompatibility Complex
(MHC) antigens, which immunosuppressive
therapy is not routinely administered to valve
recipients.

In this chapter, we discuss the immuno-
logical aspects of cardiac valve transplanta-
tion in animal studies (sensitization of the
recipients, histological and immunohistochemi-
cal findings in vivo), the immunogenicity of
human cardiac valve allografts in vivo and in
vitro, the effect of the ABO blood group com-
patibility on graft survival, some aspects of
immunomodulation and immunosuppression,
and the potential use of cross-match proce-
dures, especially for patients who receive
second allografts, to avoid antibody-mediated
graft destruction.

Immunogenicity of Valves in
Animal Studies

To analyze the antigenicity of fresh and cryop-
reserved allogeneic cardiac valves in vivo,
various animal models have been used to study
histological signs of rejection after implantation
of allogeneic valves and on the possible corre-
lation between immunological activity in the
graft and valve insufficiency.

Mohri et al. showed that allogeneic skin
grafts were rapidly rejected when dogs were
sensitized by subcutaneous implantation of a
valve of the same donor.10 In contrast, when a
valve instead of a skin graft was transplanted 
in the orthotopic position in these sensitized
animals, no acute rejection was observed.
Histology showed only few polymorphonuclear
leukocytes and mononuclear cells in an intact
valve stroma. No significant differences were
found in the functional durability of orthotopi-
cally transplanted leaflets in either sensitized or
non-sensitized dogs. However, plasma cells and
lymphocytes infiltrating the allogeneic implants
were observed more than 2 months after trans-
plantation. The authors suggested that this late
cellular rejection could be the result of the low
antigenicity of the aortic valve. This conclusion
is however, not in line with their findings that
these valves are able to sensitize their experi-
mental animals as they showed by the rapid
rejection of skin grafts. An alternative explana-
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tion could be that these transplanted valves are
not instantly recognized, not even by a sensi-
tized immune system, suggesting that their
implantation procedure temporarily affected
the antigenicity of the valve. The relative lack
in immune response is, however, not a uniform
finding. Baue et al. examined the immunologic
response to heterotopic fresh aortic valve trans-
plants in nonsensitized calves and animals pre-
sensitized with donor skin.11 Destruction of the
allogeneic valves after 7 days of transplantation
was found in all instances. No histological dif-
ferences in the explanted valve allografts was
found between the presensitized and nonsen-
sitized animals. In this study, the histological
findings were comparable to that of rejecting
organ transplants, although the acute rejection
process did not result in dysfunction of the
transplanted valves.

Buch et al. examined the histological dif-
ferences between fresh transplanted allogeneic
valves and autologous valve allografts in dogs
after various months after implantation.12 In
the allogeneic explanted valves, structural
alterations were observed already 5 days after
implantation. Absence of endothelium and a
superficial zone of acellularity was found, while
autologous grafts retained the normal endothe-
lial lining. Three months, 6 months and 1 year
after implantation, both homologous and
autologous were moderately thickened due 
to hypercellularity. The explanted homografts
showed fibroblast hyperplasia and areas of
acellularity, but infiltrates were not detected.
Despite the histological evidence for valve
damage, these valves remained well functioning
during this experimental study.12

In a study on rats, Thiede et al. examined 
the level of sensitization after transplantation
of one versus two allogeneic valve leaflets
implanted intravascularly. One heart valve
leaflet caused strong sensitization, resulting in
accelerated skin rejection. There was no statis-
tically significant difference in the moment of
rejection between rats that received one or two
valve leaflets, showing that an overload valve
antigen was not able to either enhance or 
suppress the antigeneic process. In this report,
the degree of sensitization varied significantly
according to the degree of histoincompatibil-

ity,13 which was also observed by el Khatib et
al.14 Lupinetti et al. examined the effect of 
immunological different rat strains on aortic 
valve allograft calcification.15 Immunogenetic
factors were also of importance in a study by
Gonzalez-Lavin et al., who showed that trans-
plantation of valves between genetically related
dog combinations was associated with sig-
nificantly less degenerative changes compared
to histological findings in valves transplanted
between genetically different dogs.16

Zhao et al. examined the immune response 
to MHC antigens after implantation of an 
allogeneic valve in different rat strains.17 The
proliferative response of acceptor lymphocytes
against donor-spleen cells was measured before
and after implantation of the allogeneic valve
using mixed lymphocyte cultures. The authors
demonstrated a donor-specific stimulation one
month after implantation. The same group also
observed an increase of donor specific cytotoxic
T-lymphocyte frequencies in a limiting dilution
analysis assay of splenocytes,accompanied by an
increase in the level of anti-donor antibodies.17

In conclusion, these experimental animal
studies show that implantation of allogeneic
valves is followed by a specific donor-directed
immunological response. Histological signs 
of acute and chronic rejection, especially in 
the allogeneic grafts are generally observed,
although these findings do not correlate with
valve dysfunction. Autologous valves show less
signs of inflammation than allogeneic valves,
and the degree of the immune response is
related to the degree of histoincompatibility in
some animal models presented. These results
suggest that matching for Major Histochemical
Complex (MHC) antigens can result in a
decreased immune response against the donor
valve compared to valve donors and acceptors
who are not matched for MHC antigens.

Immunogenicity of 
Human Valves

Target Antigens

The effect of compatibility for the ABO blood
group antigens between valve donor and accep-
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tor on graft-survival has sparsely been reported
in the literature. In the only available study,
Balch et al. showed that there was no relation-
ship between ABO compatibility and long 
term valve allograft survival.18 In this study,
the majority of the patients with valve failure
(130/188) were ABO compatible. Regardless 
of this finding, the authors mentioned the pres-
ence of denuded endothelium, fibrin deposits,
calcification and mononuclear infiltrates in
unsuccessful aortic valve transplants, suggest-
ing a role for other antigens than the ABO
system in evoking an immune response.The cell
surface antigens coded by the Major Histo-
compatibility Complex (MHC) are obvious
candidates. The presence of these so-called
transplantation antigens is a prerequisite for
the initiation of an immune response against
foreign tissue. In valve transplantation, the 
viability of fibroblasts and endothelial cells is
considered an important factor contributing to
immunostimulation, because both fibroblasts
and endothelial cells cultured from valve allo-
grafts have shown to be able to express HLA
class I and class II antigens. Salomon et al.
examined the expression of HLA class II on
fibroblasts cultured from cryopreserved aortic
valves after incubation with interferon-
gamma.19 The authors observed an upregula-
tion of class II antigens on the majority of
fibroblasts. Yacoub et al. also examined the
presence of HLA-antigens. Different compo-
nents of human cardiac valves were studied 
by staining with monoclonal antibodies and 
the influence of sterilization procedures was
investigated.20 Before storage, valve allografts
showed weak staining for class I on endothelial
cells, which gradually disappeared within 48
hours during storage in Hartmann’s solution.
Within the matrix, class I positive leucocytes
were observed that had also disappeared within
48 hours. Class II staining of endothelium was
negative both before and after storage, but pos-
itive for cells just below the endothelium, pos-
sibly representing the presence of leukocytes or
dendritic cells.

As endothelial cells form the first barrier
between the allo-reactive immune system and
the donor valve, these cells could play an
important role in the initial immune response

against the donor valve. To analyze the
immunogenicity of valve endothelium in vitro,
both Simon and Hoekstra et al. cultured
endothelial cells from fresh valve leaflets,21,22

according to the isolation method of Johnson
and Fass.23 Mixed cell cultures with valve
endothelium as stimulator and lymphocytes 
as responder cells resulted in high prolifera-
tive responses when lymphocytes were mis-
matched for HLA-A, B, C and DR with the
valve donor.22,24 Schoen et al. examined cry-
opreserved valve allografts which had to be
explanted because of growth-related conduit or
valve stenosis.25 They concluded that the func-
tion of cryopreserved valves is not related to
the presence of viable cells, but to preserve col-
lagen.26 Immunohistochemical studies of these
explants showed that inflammatory cells, pri-
marily T-lymphocytes, were present in only one
valve (out of 20, while viable fibroblasts or
endothelial cells could not be detected).

Immunological Response

Yankah et al. identified activated comple-
ment (C3C) and immunoglobulins by staining
with monoclonal antibodies on the surface of
explanted allogeneic valves 4 weeks after
implantation.26,27 The immunological findings
were again not related to valve failure in these
cases. In a comparable study by Lupinetti et al.,
comparable results were reached.28 Our group
detected anti-HLA class I antibodies in 23/31
(74%) patients in the first year after implanta-
tion of an allograft valve. The HLA-type of 
the valve donor was available in 17 patients
from whom blood samples taken 4 or more
weeks after transplantation were available.
From these 17 patients, 14 (83%) showed anti-
bodies specifically directed against HLA class 
I of the donor. Among the patients examined,
significant valve insufficieny has not been
observed within 13 months after valve 
transplantation.

To follow the immunologic process after allo-
geneic valve implantation, cytoimmunological
monitoring has been used by Schutz et al.29 This
group examined 16 patients that had received
ABO compatible (n = 9) or ABO incompa-
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tible (n = 7) cryopreserved aortic valves. An
immunological reaction could be detected in 
all patients after 5 days of implantation. The
increased activation index spontaneously dis-
appeared 7 days after implantation without the
use of immunosuppression, but in the ABO
compatible group, a prolonged activation was
observed. Echocardiography as postoperative
function control 3 months after implantation
showed hemodynamically irrelevant valve
insufficiency in both groups. The authors con-
clude that allogeneic cryopreserved valve trans-
plantation leads to an immunological reaction
in the early postoperative course due to T-cell
activation, which is reversible and that ABO
incompatibility does not affect the echocardio-
graphic outcome after 3 months. Although we
think for the diagnosis of rejection after organ
transplantation,30 cytoimmunological monitor-
ing is an aspecific method, it certainly reflects
immunological reactivity in peripheral blood
after transplantation.

In allograft valves explanted because of dys-
function after 6 months to 6 years of implanta-
tion, Hoekstra et al. examined the presence of
graft-infiltrating cells by culturing small pieces of
valve in an interleukin 2 containing culture
medium. The donor specific cytotoxic capacity 
of the cell cultures obtained was measured in 
a cell-mediated lympholysis assay.31 Indeed
lymphocyte cultures could be obtained in 5/6
explants. One culture consisted of CD4 positive
lymphocytes only and lacked cytotoxic capacity.
The HLA-type of the donor was not available in
another case.3/4 cultures from valves of patients
with available HLA-type of the donor contained
CD8 positive cells with donor specific reactivity.
These data suggest that immunologic activity
against the transplanted valve may persist more
than 6 months after implantation implicating
that valve donor cells, capable of expressing
transplantation antigens remain present.

Modulation of Valve
Antigenicity

A reduction of the antigenicity of the trans-
plant could lead to a less aggressive immune
response of the acceptor. Reducing the number

of cells expressing transplantation antigens,
as mentioned on the preceding pages could be
an option, provided the function of the valve
leaflets remains unaffected. Preservation
methods could therefore be considered as a
form of immunomodulation, because this
process disturbs the composition of the cells in
the valve allograft. It has been reported by el
Khatib et al. that fresh aortic valve allografts
contain more viable endothelial cells than allo-
grafts stored at 4°C in an antibiotic solution,
leading to the loss of antigenicity.32 Transplan-
tation of allogeneic valves between rats
resulted in a shorter time to skin graft rejection
in rats when fresh valves were transplanted,
compared to rats that received an allograft pre-
served for 21 days in a nutrient medium.32 Lang
et al. detected viable endothelial cells on cry-
opreserved valves (and no viable fibroblast),33

while VanDerKamp et al. reported the presence
of viable fibroblasts and an electron micro-
scopic intact structure of collagen fibrils after
sterilization and controlled freezing of aortic
valves.34 Lupinetti et al. found by immunofluo-
rescence staining techniques that endothelial
cells were present on 16% of 131 cryopreserved
aortic valve allografts.35 Also Yankah et al.
demonstrated the presence of viable endothe-
lial cells after cryopreservation, while these
cells were absent on fresh sterilized valves.36

These studies show that the presence of
endothelium on cryopreserved valves may
vary. We think this can be explained by the use
of different freezing techniques and antibiotic
sterilization procedures. Nevertheless, the pres-
ence of endothelial cells is an important factor
to explain the immunologic processes, because
in studies on the immunogenicity of vascular
endothelium, these cells have shown to be a
major target of cell mediated immune
injury.37–41 Moreover, allo-antibodies specific
for endothelial cell surface molecules have also
been detected in explanted rejected organs.42,43

Long-term follow-up studies in the clinic
show a marked improvement with transplanta-
tion of cryopreserved versus fresh valves,1 sug-
gesting that the antigenicity of valve allografts
is altered by cryopreservation. Cochran used
Fisher rats to study the effect of cryopreserva-
tion on antigenic expression of aortic allo-
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grafts.44 Allogeneic aortic valves were
implanted subcutaneously and the rejection
times of skin grafts (first and second set reac-
tion) was compared between recipients of fresh
and cryopreserved valves, but no statistical 
difference was found for first and second 
rejection phenomena, indicating no effect of
cryopreservation.

Calhoun examined the difference between
survival of fresh and cryopreserved venous
allografts in genetically characterized dogs.45 In
contrast to Fisher, he detected early deteriora-
tion of the intima of cryopreserved veins while
fresh vein transplants were histologically
normal. It remained unclear why cryopreserva-
tion was associated with early thrombosis and
transplant failure in this study.

Jonas et al. compared the hemodynamic,
angiographic and histological findings in long-
term sheep model after implantation of a 
cryopreserved versus an antibiotic sterilized
aortic valve allograft.46 The authors found no
significant difference in transconduit gradient
or histological findings 9 months after trans-
plantation, but calcification was prominent
within the conduit wall of all animals. Hoekstra
et al. examined the proliferative response in
vitro of lymphocytes incubated with fresh
versus cryopreserved human valve pieces.47 In
this study, cryopreservation was associated with
lower lymphoproliferation, although cryopre-
served valves were still able to stimulate
immune-competent cells. Matching for HLA-
DR between valve donor and responder cells
resulted in a lower immune response compared
to the HLA-DR mismatched responders.

Modulation of alloreactivity by phenotypic
manipulation of donor endothelium has been
performed on heart allografts in rats.48 There-
fore, host endothelium was isolated and per-
fused into donor allografts. Allografts
pretreated with host endothelium survived for
12 days while untreated heart allografts sur-
vived 7 days. This method could be an alterna-
tive method to reduce the immunogenicity of
valve allografts because endothelial cells can 
be easily isolated49 and valve allografts could
remain ex vivo for more extended periods than
heart transplants to allow attachment of the
donor endothelium on the graft. Another alter-

native would be pretreatment of allografts with
cyclosporine, which has been earlier performed
on venous allografts in dogs. This treatment
resulted in an improved survival of the graft
and also less degenerative changes on scanning
electron microscopic findings.50

Immunosuppression

Immunosuppressive therapy is not routinely
given to recipients of human cardiac valves in
contrast to patients receiving organ transplan-
tation, although donor and recipient are not
matched for MHC antigens in cardiac valve
transplantation. The effect of immunosuppres-
sion on histologic findings of valve rejection
could be compared in patients who received
heart transplants (with immunosuppressive
therapy) and patients who received valve allo-
grafts (no immunosuppression). Schoen et al.
and the group of Melo found as a most striking
factor that there was a marked decrease in 
cellularity (fibroblasts) in the valve replace-
ment group, and T-cells were especially present
in valve allografts.25,51,52

Cyclosporine, a highly potent immunosup-
pressive drug, has been used in individual cases
in the clinic.6 The general opinion of the use of
this drug after valve implantation is to use this
drug with caution because of it’s serious side
effects. There are no reports in the literature on
controlled follow-up studies of patients with 
an allogeneic valve treated with cyclosporin or
other immunosuppressive drugs and the effect
on valve function. However,Augelli et al. exam-
ined dogs receiving venous allografts with or
without cyclosporin treatment. Dogs treated
with cyclosporin showed improved graft 
survival compared to dogs receiving no 
treatment.53

Conclusion

Many experimental animal studies and studies
on human valve allografting in vitro and in vivo
show findings of early and late allogeneic reac-
tions with deterioration of the valve leaflets.
The immunologic activity against valve allo-
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grafts is comparable to that of organ transplan-
tation. Despite the evidence of rejection, a cor-
relation between these immunologic processes
and clinical valve function remains absent in
the majority of studies. Long-term follow-up
studies comparing groups of patients with or
without HLA-DR matched valves and/or ABO
compatible valve transplants could help to
understand the clinical role of immune reactiv-
ity against the donor valve. Methods to reduce
the immunogenicity of valve allografts should
be further examined. Meanwhile, cross-match-
ing should seriously be considered in patients
operated for repeat allograft implantation, to
anticipate acute antibody-mediated tissue
destruction in sensitized patients. Low-dose
immunosuppressive drugs or induction therapy
should only be considered in high risk patients,
in case of second allogeneic transplants and
young recipients, although the potential side-
effects of these drugs may not outweigh its 
benefits.
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Section VI
Cryobiology of Heart 

Valve Preservation



The intention of this chapter is to deal with 
the issues associated with the cryopreservation
of heart valves and to review some of the
approaches taken to resolve these issues. Cryo-
preservation protocols have been developed
empirically, based upon knowledge gained from
the cryobiology of single-cell suspensions, and
these protocols have consistently provided
valves that perform adequately for extended
periods of time.1 It now becomes important to
find out why cryopreserved allogeneic valves
perform so well and to develop methods which
may lead to even better performance.

Great advances have been made in the cryo-
preservation of living cells since the pivotal
publication of Polge, Smith and Parkes in 1949.2

In this article the cryoprotective properties 
of glycerol for biological materials was first
described. Subsequently, in 1959, Lovelock 
and Bishop reported that dimethyl sulfoxide
(DMSO) was also a cryoprotectant. Since then
a variety of cryoprotective agents have been
reported and other advances have occurred
including development of controlled cooling
rate freezing equipment and cryogenic storage
freezers.

Historically, most research and technological
development has focused on the preservation
of single cell suspensions such as gametes, red
blood cells and dispersed cell suspensions.
Multicellular tissues are orders of magnitude
more complex than single cells both struc-
turally and in the requirements for cryopreser-
vation. Some cell systems such as platelets,
sperm, and embryos may be subject to thermal

or cold shock upon cooling without freezing.
Heart valves are not known to be sensitive to
cold shock. However, due to concerns that the
cryoprotectant DMSO may increase tissue sen-
sitivity to cold shock and DMSO toxicity,
DMSO is usually added to cells and tissues,
including heart valves, after an initial cooling
and prior to freezing. Frozen tissues have exten-
sive extracellular and interstitial ice formation
following use of tissue bank cryopreservation
procedures which, however, result in excellent
cell viability.After thawing, it is usually not pos-
sible to detect where the ice was present by
routine histopathology methods. Freeze substi-
tution techniques which reveal where ice was
present in tissues have, however, demonstrated
significant extracellular tissue matrix distortion
and damage.3 The extent of freezing damage
depends upon the amount of free water in the
system and the ability of that water to crystal-
lize during freezing.

Other factors, in addition to ice formation,
have biological consequences during freezing:
the inhibitory effects of low temperatures on
chemical and physical processes and, perhaps
most important, the physiochemical effects of
rising solute concentrations as the volume of
liquid water decreases during crystallization.
The latter process results in cell volume
decreases, pH changes and the risk of solute
precipitation. There have been several
hypotheses on mechanisms of freezing-induced
injury based upon such factors.3,4 Cryopre-
served tissue properties can also be modified by
events prior to cryopreservation and by the
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final processing steps in the surgical suite
leading up to transplantation.

Although many types of isolated cells and
small aggregates of cells can be frozen by
simply following published procedures, obtain-
ing adequate and reproducible results for most
tissues requires an understanding of the major
variables involve in tissue processing and 
cryopreservation (Table 16.1). Optimization of
these variables must be derived for each tissue
by experimentation guided by an understand-
ing of the chemistry, physics and toxicology of
cryobiology.

Before discussing the factors affecting heart
valve quality in detail it is necessary to consider
the meaning of “viability” with respect to heart
valve function in vivo. Viability may simply be
defined as the ability of frozen and thawed cells
or tissues to perform their normal functions.
Tissues such as heart valves may lack cellular
viability yet remain viable with respect to 
performance of their normal functions post-
transplantation. Historically, however, a viable
heart valve has been a valve which retains some
level of metabolically active (viable) cell popu-
lation at the time of transplantation. Many
means of assessing cell viability have been
described including amino acid uptake, protein
synthesis, contractility, dye uptake, ribonucleic
acid synthesis, and 2-deoxyglucose phosphory-
lation.5–10 The assay(s) used to determine cellu-
lar viability should be a clear indication that the
cells are alive and preferably should report on
functions relating to activities important for
long-term valve durability. Most such assays
attempt to measure some plasma membrane
associated function such as metabolite (i.e.
proline, glycine, 2-deoxyglucose uptake and
phosphorylation, due uptake, etc.) transport via

a membrane localized transport system. Alter-
natively, the assays(s) may measure post-trans-
port accumulation of some metabolite (proline,
glycine, etc.) into proteins or similar macro-
molecular form. These latter assays, of course,
actually measure multiple functions associated
with a metabolically viable cell such as plasma
membrane associated active transport, charging
of the amino acid onto a transfer RNA, and the
incorporation of this amino acid into proteins.

In addition, it is important that the assay con-
tribute some information as to the metabolic
viability of the total cell population of the tissue
and/or the metabolic viability of individual cells
in that total cell population. For example, rep-
resentative tissue samples, usually leaflet tissue,
may be incubated in a radiolabeled amino acid
such as proline or glycine and then either solu-
bilized for direct scintillation counting or the
tissue may be fixed, embedded, sectioned, and
then subjected to autoradiography. The former
method tends to measure the metabolic viabil-
ity of the total cell population whereas the
latter method tends to measure the metabolic
viability of individual cells in that total popu-
lation. With the former method it is difficult to
determine whether a 50% reduction in metabo-
lite transport means that half of the cells are
totally “dead” or all of the cells are half “dead.”
With the latter method, it is possible to deter-
mine a percentage of cells that are metaboli-
cally active, but not how active they are without
considerable attention to the degree of film
darkening associated with each cell after
autoradiography. Ideally, both types of assays
should be used in assessment of cellular viabil-
ity of heart valves. It is also important to 
ascertain the appropriateness of radiolabeled
metabolite used in the assessment of cellular
viability. Radiolabeled proline has traditionally
been the metabolite of choice in that it is trans-
ported across the plasma membrane of meta-
bolically viable cells via an active amino acid
carrier that is not affected by the presence of
other amino acids in the transport solution.

Metabolites such as glycine and 2-
deoxyglucose, however, are transported across
the plasma membrane via a general amino acid
and glucose transport mechanism, respectively,
and it becomes important to control for the
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Table 16.1. Factors that Affect Heart Valve Quality.

1. Donor related factors
2. Harvesting and transport of the donor heart
3. Valve preparation, low temperature-compatible pH

buffers and antibiotic sterilization
4. Selection of cryoprotectants and cooling protocol
5. Tissue storage and transportation conditions
6. Processing steps and valve handling performed in the

surgical suite



presence of potentially competitive molecules
such as other amino acids or glucose in the
transport solution. In addition, for 2-deoxyglu-
cose transport, catabolite repression of glucose
transport can occur without a long-term reduc-
tion in metabolic viability of the cell popula-
tion. The idea that cell viability is important for
clinical function is based on the observation
that fibroblasts are responsible for maintenance
of the valve matrix11 and thus by extrapolation
they must be important for long-term trans-
plant durability. O’Brien and his colleagues1

contributed to this concept by demonstrating
persistence of donor cells in explanted human
allograft valve leaflets. Subsequently there has
not been much support for donor fibroblast 
survival in human explants and it has even 
been suggested that “viable” valves may have
immunological consequences in neonates
and/or that as these viable cells die due to
induced apoptosis they release hydrolytic
enzymes which contribute to matrix degrada-
tion and subsequent calcification of the valve
tissues.12,13 Cell viability was assessed in aortic
and pulmonic allografts in a growing sheep
model.14 Viable donor cells were observed in
zero and 43% of leaflets at 8–15 months post
transplantation from aortic and pulmonary
valves, respectively. Observations such as these
cast doubt on the importance of cell viability
for long term valve durability and lead to the
suggestion that the link between the extended
performance of cryopreserved valves and vari-
ability is not persistence of donor cells in vivo,
per se, but rather that viability correlates with
gentle treatment of the valves in vitro resulting
in better in vivo function. Gentle treatment
results in better matrix preservation and thus
alternative methods of valve preservation
should focus on removal of cells from the tissue
in the presence of inhibitors of hydrolytic
enzymes such that matrix structure remains
unchanged or changed in such a manner as to
facilitate recellularization in vitro or in vivo.
There is extensive literature indicating that
changes in extracellular matrix proteoglycan
correlate with in vivo mineralization of carti-
laginous tissues.15–18 Wolfinbarger and col-
leagues have suggested that mineralization of
transplanted human aortic heart valves may 

be due to processing-induced proteoglycan
changes in a manner analogous to the “pro-
grammed” mineralization of cartilage in bone
of infants.13 Such changes in aggregate size 
of proteoglycans have been observed in the
osteoid of mineralizing bone and may also
occur post-transplantation of heart valves due
to release of enzymes by dead and dying donor
cells or invading recipient cells in a manner
analogous to new bone formation. It is impor-
tant that processing residuals, whether used 
in the cryopreservation or decellularization of
cardiovascular tissues, not induce an apoptotic
state in the infiltrating cells as these cells may
contribute to subsequent calcification of these
tissues as such dead and dying cells may con-
tribute to calcification in cryopreserved tissues
post transplantation.

Section 1

Harvesting and Transportation of
the Donor Heart

The valve leaflets consist of a cellular compo-
nent and an acellular component. The major
acellular components are collagen types I and
III, elastin and glycosaminoglycans. A network
of tropocollagen molecules covalently cross-
linked form the fibrous protein matrix of valve
leaflet tissue. Heart valves also contain acid 
glycosaminoglycans (GAGs), which consist 
of polysaccharide (about 95%) and protein
(about 5%). The main GAGs in heart valves 
are hyaluronic acid, dermatan sulfate and 
chondroitin sulfate. Small amounts of heparan
sulfate and oversulfated dermatan sulfate are
also present. These very large polyanions bind
with water and cations, thereby forming the
ground substance of the heart valve leaflet.That
these molecules are primarily in the medial
volume of conduit and leaflets of cardiovascu-
lar tissues probably have to do with the need
for such molecules to “lubricate” the differen-
tial movements of the adventitial and ventricu-
lar aspects of these tissues. With advancing age,
the proportions of hyaluronic acid and chon-
droitin 4-sulfate tend to increase, whereas those
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of chondroitin 6-sulfate, dermatan sulfate and
heparan sulfate tend to decrease.19 Overall
these GAGs decrease in concentration with
advancing age.19 If changes in proteoglycan
structure and content are indeed associated
with a tendency of transplanted valves to
calcify,13 these observed changes in GAGs with
advancing age may suggest a reason for avoid-
ing valves obtained from older donors.

The cellular composition of heart valve
leaflets includes fibroblasts and endothelial
cells. The fibroblasts are responsible for main-
tenance of the extracellular matrix and are rel-
atively insensitive to the pre-cryopreservation
processing steps. The effects of prolonged post-
procurement ischemia, in 4°C cell culture
medium for up to 113 hours, upon heart valve
leaflet fibroblast protein synthesis, ribonucleic
acid synthesis, and glucose phosphorylation
have been studied.10 These studies indicated
that there were no statistically significant
changes in fibroblast functions during the first
42 hours of post-procurement cold ischemia.

Based upon these observations the total com-
bined warm and cold ischemia tolerance time of
human heart valve leaflet fibroblasts, prior to
heart valve dissection, appears to be at least 
48 hours. The American Association of Tissue
Banks currently recommends that “Tissues
obtained from living and non-living donors shall
be retrieved and preserved within the time inter-
val compatible with intended use of that tissue.”20

The European standards for cryopreserved
heart valves currently permit a maximum of 48
hours for combined warm and cold ischemia 
providing that donor body refrigeration starts
within 6 hours of death.21 Analyses of subgroups
of patients receiving aortic valve allografts 
suggested that valves treated with antibiotics 
and stored in fresh nutrient media provided
improved durability when the period between
harvesting and storage was short and when 
the storage times were also relatively brief,
implying that cellular viability was an important
feature.1,22–25 Kadoba et al. demonstrated using a
sheep model that a 48 hour delay at 4°C from
donor death to harvesting did not have a 
significant effect on conduit function.This study
suggests that it may be possible to expand 
the donor pool for allografts providing leaflet

durability and matrix structure are not com-
promised or that there are no increased risks 
of bacterial contamination with prolonged
harvest times.

After heart valve dissection there is evidence
from several groups indicating that the fibrob-
lasts survive at least one week of refrigerated
storage.6,7 In contrast, the endothelial cells
appear to be easily dislodged during pro-
cessing—perhaps as early as at the time of pro-
curement. Hearts are typically washed in cold 
saline or lactated Ringer’s solution to remove
blood products and cool the valve tissue prior to
transport in tissue culture medium. In perfused
human hearts26 and rat livers,27 the endothelium
detaches after 3 to 8 hours at 4°C while in human
kidneys,28 dog saphenous veins,29 rabbit aortas30

and rat lungs,31 it detaches after 1 to 4 days.
Various mechanisms explaining the chilling

sensitivity of cells, which involves the cell 
membrane, have been proposed and include
increased leakage of ions due to membrane 
ion pump shutdown,32,33 membrane phase 
transition changes,34,35 decreased cell energy
charge,36 increased cytosolic free calcium,37,38

and phospholipase A2 activation.39,40 Reduc-
tion in temperature differentially affects the
sodium-potassium pump41 and cells typically
swell because of the associated ionic imbalance.
In classic experiments, Collins and associates42

reported that perfusion of dog kidneys with
solutions designed to protect cells from
swelling during refrigeration storage, contain-
ing 115mM potassium, 30mM MgSo4, 57.7mM
phosphate, and 140mM glucose, resulted in
functional kidneys. Acquatella and coworkers43

suggested that such solutions tended to stabi-
lize the water and ion content of tissues during
hypothermic storage by mimicking the intra-
cellular ion content and “protect cells from 
cell swelling at lower temperatures.” The most
popular organ procurement solution in use
today is ViaspanTM (also known as UW solu-
tion).44 This solution was designed to mimic the
intracellular electrolyte composition resulting
in a decrease in the gradient for sodium and
potassium across cell membranes. Further-
more, the presence of lactobionate, raffinose
and hydroxyethyl starch in ViaspanTM reduce
transcapillary and osmotic fluid flow.
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Washing freshly procured heart valves in lac-
tated Ringer’s or saline, rather than an organ
preservation solution designed to mimic the
intracellular environment, probably results in
swelling of the endothelial cells enhancing their
subsequent loss from the surface of the leaflet
matrix during processing. Matrix fibroblasts
may be expected to be somewhat protected by
the matrix from this swelling phenomenon,
thereby increasing their chance of survival. It
has been shown that solutions rich in imper-
meant ions and potassium provide for retention
of cellular viability after subzero storage in the
presence of DMSO, so it is suggested that if
retention of endothelial cells is desired then
organ transport solutions should be used for
both washing and transport of freshly procured
heart valves. However, it should be noted that
most processors advocate use of conditions
which do not promote survival of endothelial
cells due to concerns about tissue immuno-
genicity, which may be elevated by increasing
the number of surviving endothelial cells.

Bilayer membranes are composed primarily
of phospholipids, cholesterol and proteins 
(glycoproteins). As the temperature decreases,
the lipids tend to preferentially associate with
other lipids, excluding membrane proteins, in a
process called “lateral phase separation.” As a
result of this process, regions of the membrane
contain high densities of membrane proteins
floating like islands in a homogeneous “sea” of
lipids. Many of these membrane proteins span
the bilayer membrane, being exposed to both
the aqueous phase of the extracellular solvent
and the cell cytoplasm.As the temperature con-
tinues to decrease, the lipid components
undergo a “fluid-to-gel” transition where the
vibrational energy (and lateral movement) of
the lipids also decreases. The temperature at
which this fluid-to-gel transition occurs
depends on a number of factors, including but
not restricted to: chain length of the fatty acids
of the phospholipids (transition temperature
increases with increasing chain length); degree
of saturation/unsaturation of the fatty acids
(unsaturated fatty acids decrease the tendency
to form a “gel” at lower temperatures and thus
lower the transition temperature); heterogene-
ity of fatty acid composition and charge distri-

bution of the phosphatide group (e.g., choline,
serine, inositol); and the presence of cholesterol
(cholesterol tends to lower the phase trasition
temperature.45 The depression of transmem-
brane ionic pump activities is a function of 
both direct temperature effects and membrane
fluidity. The activities of all enzymes are 
modulated by solvent viscosity,32,46–52 and the
increased viscosity of membrane phospholipids
is thought to contribute to the decrease in 
activity of membrane bound enzymes that is
seen at low temperatures.52 The membrane
transition temperature of different cell types is
inversely proportional to their sensitivity to
hypothermia.53

Lipid modification, as a means of protecting
bull spermatozoa during cryopreservation, has
been studied with some success.54 As an addi-
tional complication, in complex tissues, cell-
to-cell contacts are made through membrane
glycoproteins (gap junctions), and thus dif-
ferent cell populations within the tissue may
experience different reactions to temperature
changes; moreover, the transmembrane junc-
tions between cells may also be variable in
terms of permitting solute movement. For a
more thorough discussion of this subject, refer
to the articles by Quinn55 and Morris and
Clarke.56

The reduction of kinetic energy which occurs
as temperature is lowered also has effects on
the rates at which biochemical reactions occur.
At 0°C biological materials metabolism is
reduced to about 5% of normal physiologic
temperature metabolism. Different biological
reactions are reduced to varying degrees. The
factor by which a metabolic reaction velocity 
is decreased for a reduction of 10°C is often
described as a Q10 effect.57 There is often a
break temperature for the membrane bound
enzymes below which the Q10 for the reaction
is magnified, i.e. the Q10 for K+-stimulated Na+
turnover in rate aorta is 2.4 over the tempera-
ture range of 17–37°C, but is 8.8 over the range
of 4–17°C. A consequence of this metabolic
activity during hypothermia is tissue acidifica-
tion due to intracellular hydrolysis of adenosine
triphosphate and accumulation of lactic acid.

The role of free radicals in the production of
damage to tissues during exposure to hypother-
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mic conditions has been reviewed.58,59 In nor-
mothermic perfused conditions free radical
production is balanced by production of perox-
idases and other antioxidants. Displacement of
the equilibrium between free radical produc-
tion and removal included by hypothermia 
can have detrimental biological consequences.
Radicals are chemical species with unpaired
electrons in their orbital shells. In the process
of restoring normal electron pairing, super-
oxide, hydrogen peroxide, and hydroxyl rad-
icals are created. These chemical species are
extremely reactive with cellular components.
Lipid peroxidation of the cell membranes
renders the cells permeable to calcium. Extra-
cellular calcium influx and redistribution of
intracellular calcium can contribute to the
development of irreversible cell injuries.

The combination of unbalanced metabolism,
generation of free radicals and consequences 
of cell specific membrane phase changes of tis-
sues exposed to hypothermia combine to give
endothelial cells and fibroblasts in heart valve
tissues very different survival periods. Endothe-
lial cells persist several hours while the major-
ity of fibroblasts can survive for at least a week.
Longer periods of storage with retention of
viable fibroblasts require the utilization of
frozen storage techniques. From an immuno-
logical perspective it is likely that the success of
allograft heart valves is in part due to the loss
of the highly immunogenic endothelial cells
prior to transplantation. Efforts to increase
endothelial cell viability by employing organ
transport solutions might result in a higher
probability of graft rejection by the valve recip-
ient’s immune system.

If heart valves are to be cryopreserved the
duration of exposure to hypothermia should be
minimized and the conditions of hypothermic
exposure should be optimized.60 It is likely that
short ischemia times and minimal handling
prior to cryopreservation result in better graft
performance. Perhaps the least controlled vari-
able in valve preparation is the first step of har-
vesting. During harvesting, subcellular changes
may alter the sensitivity of the cells to subse-
quent processing steps.60–62 Historically, strate-
gies for minimizing injury have been derived
from studies using relatively crude markers of

injury, and the experimental tissues were typi-
cally exposed to minimal ischemia, unlike most
clinical situations, and were unlikely to detect
synergistic causes of injury.63,64 More recent
studies indicate that inhibition of adenosine
deaminase and nucleoside transport in heart
valves immediately after harvest or incubation
of heart valves after hypothermic exposure, but
prior to cryopreservation, at 37°C in nutrient
media may prevent or correct reversible meta-
bolic deficiencies.65,66

Section 2

Valve Preparation, pH Buffers
and Antibiotic Sterilization

Valve Preparation

Valve dissection technique is discussed in
Chapter 28. During valve dissection it is im-
portant to both maintain sterility by dissection
under appropriate conditions and to keep the
tissues both moist and cool. This will prevent
tissue dehydration and help in maintenance 
of fibroblast viability. An excellent means of
keeping tissues cool during dissection is to
employ a dissection tray with a cooling system
built into the base.

Hearts for heart valve isolation are usually
shipped on ice and exposed to antibiotics at 4°C.
Cells that are metabolically depressed after
tissue processing may not recover sufficiently to
survive transplantation into a recipient. Simply
incubating the heart valves at 37°C prior to cry-
opreservation results in higher levels of meta-
bolic activity following cryopreservation and
thawing. This process known as revitalization
results in increased 2-deoxyglucose phosphory-
lation in allograft heart valve leaflets during the
initial hours after thawing.66,67 Alternatively,
administration of the nucleoside transport
inhibitor p-nitrobenzy-thionosine and the
adenosine deaminase inhibitor erythro-9-
(2-hydroxy-3-nonyl) adenine at procurement
prevents loss of high energy phosphates during
subsequent processing steps.65 It would be 
interesting to learn what role induction of heat
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shock proteins due to fluctuations in tempera-
ture of such tissues have on subsequent cellular
viability via some induced apoptosis event(s).

Low Temperature-Compatible 
pH Buffers

Biocompatible pH buffered solutions should
consist of at least a basic salt solution, an energy
source (i.e., glucose) and a buffer capable of
maintaining a neutral pH at refrigerated tem-
peratures. In the blood of mammals the pH
rises in parallel with the neutral point of water
during cooling in the range of 0°C to 40°C.68

The rate of change of pH with temperature is 
-0.017 pH units/°C. This phenomenon is refer-
red to as alpha-stat regulation in recognition of
the fact that both the intracellular pH and the
blood pH buffering is dominated by the degree
of ionization of the imidazole moieties of pro-
teins.69 In contrast to the majority of mammals,
hibernating animals maintain their arterial pH
at 7.4 irrespective of systemic temperature 
(pH stat regulation). Many studies have shown
that the electrical stability, contractility, and
hemodynamics of the heart are better pre-
served during hypothermia when the a-stat
scheme is followed in contrast to constraining
pH to 7.4.70–72 Most buffer anions (such as phos-
phate and bicarbonate) in common medical use
have large temperature coefficients and acid
dissociation constants which make them 
ineffective in maintaining normal pH as tem-
perature is reduced. N-2-hydroxyethylpiper-
azine-N-2-ethanesulphonate (HEPES) is one 

of 12 buffers described by Good et al.70 where
buffer concentration, temperature, and ionic
composition of the medium have a minimal
influence on buffer dissociation. HEPES has
been documented to be highly effective in com-
bating the alterations in acid-base homeostasis
of ischemic hearts.73,74 Several of Good’s buffers
have been found to be effective in cryobiology
applications.75–78 However HEPES is the only
member of this group of buffers that has been
employed in heart valve cryopreservation 
protocols.

Antibiotic Sterilization

Early investigations of sterilization methods 
for heart valves included ethylene oxide,79 irra-
diation, and b-propriolactone80 in combination
with a variety of storage techniques.81 These
methods killed the heart valve leaflet cells,
damaged the leaflet material properties, and
resulted in poor clinical performance. Kosek 
et al.81a recognized the damaging effects of the
above sterilization methods and suggested that
the use of fresh allografts would be clinically
superior in patient outcome. Subsequently, it
was shown that antibiotic treatment of allograft
heart valves followed by short-term refriger-
ated storage82–85 or long-term cryopreserved
storage86 produced the best clinical results.

A variety of antibiotic cocktails and condi-
tions of treatment have been employed (Table
16.2). Generally, all the methods indicated in
Table 16.2 are microbiologically effective, but 
the effects on cell viability have not, in most 
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Table 16.2. Antibiotic Treatment Methods.

Duration (h) and
Antibiotic Cocktail Medium Temperature (°C)

Gentamycin, Methicillin, Erythromycin-lactobionate, Hanks Soln., TC 199 w/10% FBS, 24h at 4°C
Nystatin4,166 Hams F-10

Penicillin, Streptomycin, Kanamycin, Amphotericin B166,167 Hanks Soln. 24–72h at 4°C
Gentamycin, Azlocillin, Flucloxacillin, Metronidazol, RPMI 1640 w/20% FBS Extended at 4°C

Amphotericin B168

Cefoxitin, Lincomycin, Polymyxin B, Vancomycin, TC 199 or RPME 24–48h at 4°C
Amphotericin B167,169,170

Penicillin, Streptomycin, Amphotericin170 Eagles Minimum 24h at 37°C
Essential Medium



cases, been clearly defined. The antibiotic con-
centrations should be non-toxic to valve cells,yet
effectively sterilize the allografts.87 Certain
antibiotics (e.g.penicillin) may decrease cell via-
bility.87 Testing of new antibiotics must be per-
formed because antibiotic resistant organisms
are continually evolving. The effects of antibi-
otics(s) will be combination,concentration, time
and temperature dependent. Antibiotic incuba-
tions will probably be more effective at 37°C,but
there may be a risk of increased cell damage
versus incubation at 4°C.Amphotericin B, in the
form of FungizoneTM, has traditionally been
employed as an anti-fungal agent during treat-
ment of allograft heart valves. Hu et al.88 pro-
vided the first indication that amphotericin B 
was toxic for heart valve fibroblasts by demon-
strating that cellular viability was zero in porcine
heart valve leaflets after 12h of incubation 
with amphotericin B at 4°C. Subsequently,
Brockbank and Dawson reported that the cyto-
toxicity of amphotericin B for human valve
leaflet fibroblasts is amplified by cryopreserva-
tion.89 Autoradiographic assessment of human
leaflets treated with 10mg amphotericin B for 4
hours at 37°C demonstrated only an 11% loss in
cell viability while leaflets treated and cryopre-
served demonstrated a 53% decrease in cell via-
bility. The mechanism of amphotericin B toxicity
involves binding to cell membrane steroids.This
association results in cytotoxicity by formation of
transmembrane channels what cause cellular
ionic and osmotic alterations.90–92 The therapeu-
tic effect of amphotericin B in treatment of
fungal infections is due to stronger binding to
ergosterol, the primary fungal sterol, than to 
cholesterol the mammalian counterpart.93–95

Section 3

Selection of Cryoprotectants,
and Cooling Protocol

Cooling Protocol

An “average” adult heart valve to be cryopre-
served is typically 6cm in length from the
annulus to the distal aspect of the aortic

conduit. The valves are sized based on internal
diameter and the average thickness of the
aortic wall is approximately 1.6mm. Valves are
usually frozen in a total volume of 100ml and
the valve typically constitute 7–15% of the total
volume to be frozen.

Several considerations must be taken into
account in the cryogenic preservation of bio-
logical tissues. The rate of change from room
temperature to 1–2°C below the freezing point
of the solution may have a major effect on 
ultimate viability if the cells are sensitive to
thermal shock; that is not the case with heart
valve cells. Between -3.5 and -5°C, the sample
is induced to freeze either by the introduction
of an ice crystal, by touching the surface of the
media with a cold probe, by mechanical vibra-
tion, or by rapidly lowering the temperature
until ice nucleation occurs. The latter approach
is usually employed for heart valves. Since
freezing is an exothermic process, heat release
(known as the heat of fusion or crystallization)
during ice formation must be conducted away
from the freezing material. In the case of heart
valves this is usually done by maintaining the
freezing chamber at a much lower temperature
than the heart valves to provide a substantial
heat sink or to place the valve package between
heat conducting plates to improve heat trans-
fer. The rate of cooling from the nucleation
point of a sample to at least -40° is usually con-
trolled using a programmable freezer.

Rapid cooling is generally regarded as
harmful to the viability of cells. Rapid cooling
may conveniently be defined as a freezing rate
consistent with an absence of cell shrinkage 
due to osmotically driven dehydration. Conse-
quently, the random formation of microscopic
ice crystals during rapid freezing may occur
either within the cellular cytoplasm or in the
extracellular space. Because the volume of the
extracellular solvent is greater, nucleation pref-
erentially occurs there, and ice crystal growth
spreads rapidly. The membrane barrier sur-
rounding each cell restricts the spread of ice
into the cell, and as ice formation continues,
the concentration of solute outside the cells
increases and the cells begin to lose water by
osmotically induced shrinkage. Cells that are
rapidly cooled during freezing generally appear
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unshrunken and contain intracellular ice. The
damage to the cells caused by intracellular ice
probably occurs during thawing rather during
the actual freezing process. This is discussed in
more detail later.

Slow cooling during freezing is also harmful
to cells, albeit via mechanism(s) different from
rapid cooling. Slow cooling may be defined as
the rate of cooling during freezing that permits
significant cell shrinkage (dehydration) without
the formation of intracellular ice. As with rapid
cooling, the preferential formation of extra-
cellular ice during slow cooling increases the
extracellular solute concentration. As water is
osmotically drawn from the cells, they shrink
until their osmolality reaches that of the exter-
nal solution at each successively lower temper-
ature. For example, the NaCl concentration in
non-frozen iso-osmotic saline is 0.15M, but the
eutectic concentration (at -21.6°C) is 5.2M.
The importance of this observation lies in the
solute-induced reduction of the temperature at
which the cellular components actually solidify.
As mentioned earlier, the eutectic point is that
temperature at which the solvent and solute
mixture solidifies; the formation of natural
eutectic mixtures probably aids in cell survival
following slow cooling by avoiding the forma-
tion of intracellular ice. However, with slow
cooling during freezing, high intracellular and
extracellular solute concentrations occur, and
these conditions are the most probably cause of
cell damage. High salt concentrations are gen-
erally regarded as being disruptive to cell mem-
brane and protein structure, and certain ionic
components are more harmful than others. For
example, phosphates are stronger lyotropes
than sulfates, the latter of which are routinely
used in salt induced precipitation of proteins,
i.e. ammonium sulfate. Thus, the use of phos-
phate buffers in the cryopreservation of cells
and tissues should be avoided whenever pos-
sible, not only for their observed instability 
with respect to buffering activities but due to
their strong tendency to precipitate proteins at
elevated protein concentrations which may
occur during the freezing process.

The work of van der Berg and associates96,97

has provided phase diagrams of eutectic tem-
peratures and associated pH changes in a

variety of salt combinations.They reported that
pH changes occur with eutectic changes and are
relatively independent of temperature.

It is well known that calcium and potassium
precipitate during the initial stages of freezing,
and sodium ions cause considerable fluctuations
in pH during freezing. Potassium ions, to the 
contrary, cause little change in pH during 
freezing. The temperature and concentration
dependence of phosphate buffers, associated
with the appropriate activity coefficient (0.98 
at 0.001M H2PO4 versus 0.74 at 0.1M H2PO4)
readily explains the dramatic pH changes
observed.

The cell damage occurring during freezing
correlates with solute concentration changes is
supported by the work of Lovelock98 in which
hemolysis produced by freezing red blood 
cells could also be produced by exposing these
same cells to salt concentrations equivalent 
to those experienced at successively lower 
temperatures.

Alternatively, Schneider and Mazur99 sug-
gested that eight-cell embryos were not
affected by the high concentrations of salts
produced by freezing. They suggested that 
cellular survival may be determined by that
fraction of extracellular solute that remains
unfrozen, and that cellular distortion may cause
significant damage to cells.

Studies on the survival of various cell types
frozen at a variety of cooling rates suggest 
that optimal survival occurs at a cooling rate
somewhere between fast and slow. For most
mammalian cells frozen either in glycerol or
dimethylsulfoxide, the optimal cooling rate
usually lies between 0.3 and 10°C per minute.
This optimal rate varies with different cell types
(i.e., different volume-to-surface areas and 
different solvent permeabilities of membranes)
and appears to correspond to those rates at
which intracellular ice just begins to form.
Indeed, Leibo and associates100 and Rall101

reported that the cooling rate that produces a
reduction in survival of mouse embryos was the
same rate that produces intracellular ice crys-
tals in about 20 percent of cells.

In general terms, each cell type has a freez-
ing “window” in which the change in tempera-
ture with time provides for optimal cell survival
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(Figure 16.1). This proposed “window” is
narrow at high temperatures and becomes
increasingly wider as the temperature de-
creases, suggesting that deviation from a given
freezing rate at high temperatures may be more
critical to cell survival than deviations at low
temperatures. The survival of cells frozen by
what is termed a two-step method, cells are
frozen to a subzero temperature (usually 
-20°C, i.e., just above a critical eutectic point)
and held at that temperature for a short period
of time prior to resumption of cooling, which
may now occur at a more rapid rate. Presum-
ably, extracellular ice crystals forming during
what is designated the freeze (0° to -20°C)
period cause a sufficiently large increase in
external solute concentration to shrink the
cells, reducing the probability of intracellular
ice forming during rewarming.

During cryopreservation of human heart
valves, a consistent phenomenon in the cooling
rate occurs at -18°C to -19°C. At this point, the
temperature of the freezing chamber must be
rapidly increased in order to prevent a dramatic
increase in the cooling rate of the valve tissue

solvent (Figure 16.2). It is presumably at this
temperature that the bulk of the extracellular
water has frozen and the remaining solute-
solvent mixture begins to solidify. Freezing 
programs presently in use by LifeNet maintain
a constant -1°C/minute decrease down to -40°
and a more rapid cooling rate down to -100°C.

As illustrated in Figure 16.2, failure to 
properly control the freezing program during
cryopreservation of a heart valve can lead to
deviation from the desired freezing rate. By
continually monitoring the process and by
proper manipulation of the chambers tempera-
ture it is possible to control the sample freezing
rate to match the theoretical (or desired) freez-
ing rate. A problem with existing controlled-
rate freezers, however, is a reliance on
temperature probes inserted into a control (or
reporter) pouch (which may or may not contain
valve tissues) to assess sample temperature. It
is not economical, or perhaps reasonable based
on a potential for valve contamination, to insert
a temperature probe into every valve that is
being cryopreserved. In that the temperature
probe represents an excellent heat sink, it is
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Figure 16.1. Effects of cooling rates during freezing on cell morphology and survival.



expected that heat dissipation from the control
(reporter) pouch will be more rapid than heat
dissipation from a sample pouch lacking the
temperature probe. In the absence of non-
invasive temperature assessment, the most ap-
propriate approach to successfully controlling
differential heat transfer, with respect to report
and sample pouches, may involve the use of
heat sinks such as those described by Prof. Dr.
Nikolaus Mendler (Deutsches Herzzentrum
Munchen, Personal Communication).

Cryoprotective Agents

Glycerol and DMSO are the most commonly
employed cryoprotective agents used in heart
valve cryopreservation. Fetal bovine serum
(FBS) is commonly employed in cryopreserva-
tion solutions by heart valve processors, but 
it is not a cryoprotective agent and may be an
unnecessary solution component.102 Salts such

as magnesium chloride have been reported to
be cryoprotective agents;103 Dextrans, glycols
and starches as well as sucrose and polyvinyl
pyrolidine appear to confer considerable cry-
oprotection to a variety of biologic systems.104

Many chemicals with cryoprotective activity 
for one or more biological systems have been
reported (Table 16.3). According to Mazur,104

cryoprotectants protect slowly frozen cells by
one or more of the following mechanisms: sup-
pression of salt concentrations in the unfrozen
fraction; reduction of cell shrinkage at a given
temperature; and reduction in the fraction of
the solution frozen at a given temperature.

The phase rule may apply to the major func-
tion of cryoprotective agents for protecting
cells. This rule states that the total concentra-
tion of solutes is fixed at a given temperature.
In short, a single solute system (i.e., NaCl), the
required solute concentration must arise from
that solute, whereas in a two-solute system, e.g.,
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Figure 16.2. Portion of controlled-rate freezing
curve. Note the deviation from the theoretical
cooling rate, indicating the need to rapidly rewarm

the freezing chamber when the sample temperature
approaches -18° to -20°C.



DMSO plus NaCl, the solute concentration
obtained for a given temperature is the sum of
the NaCl and DMSO concentrations. Inclusion
of DMSO in the freezing solution effectively
reduces the concentration of other solutes at
each successive temperature in the freezing
process.

Because the total solute concentration at any
subzero temperature is fixed, the higher the 
cryoprotective agent/salt ratio present at the
beginning of cooling, the lower is the concen-
tration of salt, at a given subzero temperature.
This reduction in non-cryoprotective agent
solute concentration is presumably the basis for
the reduced solute damage to cells that occurs
during slow freezing. However, studies to 
evaluate this assumption have found that re-
placement of ionic agents with an osmotically
equivalent amount of nonelectrolyte (manni-
tol) still results in cellular damage, presumably
due to the cryoprotectant.105

Although cryoprotective agents also reduce
the amount of extracellular ice at each subzero
temperature with a resultant increase in the
volume of the unfrozen fraction, it is not known
if fewer ice crystals are responsible for any of
the reduction in cell damage.99 The latter func-
tion of cryoprotective agents may also relate 
to their role in reducing membrane fusion dur-
ing cryopreservation.45 Consider, for example,
that a decrease in the volume of the aqueous

(unfrozen) component during freezing
increases the density of cells within it (cell sus-
pensions) and thus increases the potential for
cell-cell interactions. Solutions of low osmo-
lality would be expected to have a smaller 
percentage of the unfrozen fraction at each
subzero temperature than a solution of high
osmolality (i.e., presence of cryoprotective
agents) and cell-cell interactions would be
more pronounced. Pegg106 reported increased
hemolysis of human erythrocytes when they
were frozen at high densities. Cellular fusion 
at low temperatures is less of a problem during
cryopreservation of dilute cell suspensions or of
complex tissues, but may well be of consider-
able significance during cryopreservation of 
a concentrated cell suspension. For complex
tissues, the relative volumes of crystalline ice
and amorphous glass (solidified unfrozen frac-
tion) surrounding and/or encompassing the
tissue may contribute significantly to retention
of structure and function of that tissue post-
thawing and implantation. With cell suspen-
sions, as ice crystal growth proceeds, the cells
are progressively crowded into smaller and
smaller volumes. With complex tissues such
crowding cannot occur and the ice crystals must
grow into the water volume space of the tissues.
The pharmacologic effects of cryoprotective
agents such as MDS and glycerol were
reviewed by Shlafer.107
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Table 16.3. Chemicals with Demonstrated Cryoprotective Activity.

Acetamide Ethylene glycol Mannitol Pyridine N-oxide
Agarose Ethylene glycol Mannose Ribose
Alginate Monomethyl ether Methanol Serine
Alanine Formamide Methoxy propanediol Sodium bromide
Albumin Glucose Methyl acetamide Sodium chloride
Ammonium acetate Glycerol Methyl formamide Sodium iodide
Chondroitin sulfate Glycerophosphate Methyl ureas Sodium nitrate
Chloroform Glyceryl monoacetate Methyl glucose Sodium nitrite
Choline Glycine Methyl glycerol Sodium sulfate
Dextrans** Hydroxyethyl starch** Phenol Sorbitol
Diethylene glycol Inositol Pluronic polyols Sucrose**
Dimethyl acetamide Lactose Polyethylene glycol Triethylene glycol
Dimethyl formamide Magnesium chloride Polyvinylpyrrolidone** Trimethylamine acetate
Dimethyl sulfoxide** Magnesium sulfate Proline Urea
Erythritol Maltose Propylene glycol** Valine
Ethanol Xylose

** Chemicals that have conferred substantial cryoprotection in a wide variety of biological systems. (Modified from
Shlafer.107)



Combinations of cryoprotectants may result
in additive or synergistic enhancement of tissue
cell survival.108,109 However, there have been no
published studies on heart valves.

Comparison of chemicals with cryoprotec-
tant properties reveals no common structural
features. These chemicals are usually divided
into two classes: 1) intracellular cryoprotectants
with low molecular weights which penetrate
cells, and 2) extracellular cryoprotectants with
relatively high molecular weights (greater than
or equal to sucrose [342 daltons]) which do not
penetrate cells. Intracellular cryoprotectants,
such as glycerol and dimethyl sulfoxide at con-
centrations from 0.5 to 3 molar, are effective in
minimizing cell damage in many slowly frozen
biological systems.

Extracellular cryoprotective agents such as
polyvinylpyrrolidone or hydroxyethyl starch are
more effective at protecting biological systems
cooled at rapid rates.Such agents are often large
macromolecules which affect the properties of
the solution to a greater extent than would be
expected from their osmotic pressure. Some of
these non-permeating cryoprotective agents
have direct protective effects on the cell mem-
brane. However, the primary mechanisms of
action appears to be the induction of vitrification
(extracellular glass formation). When cryopro-
tectants are used in extremely high concentra-
tions (at least 50% v/v), ice formation can be
eliminated entirely, both intra- and extra-cellu-
larly.110 Vitrification techniques have not yet
been applied to heart valves, but have been suc-
cessfully applied to rabbit kidney slices, human
Islets of Langerhans, monocytes, red blood cells,
cultured liver cells, certain plants and plant
tissues, and a variety of animal embryos and egg
cells. It has been applied with partial success to

human corneas. The subject of vitrification has
been extensively reviewed110 and is not discussed
further in this chapter. Vitrification techniques
will eventually be developed to solve the 
problems associated with ice formation by 
prevention of ice formation during heart valve
preservation.

Another unexplored avenue for future re-
search in heart valve preservation is control 
of ice formation. Through millions of years 
of evolution, nature has produced several fami-
lies of proteins which help animals and plants
survive in cold climates. These proteins are
known collectively as antifreeze proteins
(AFPs). AFPs have the ability to modify ice
structure, the fluid properties of solutions, and
the response of organisms to harsh environ-
ments. The antifreeze molecules are diverse in
structure and, to date, four main types have
been characterized. The first to be discovered
were the antifreeze glycoproteins (AFGPs)
found in Antarctic fish and northern cod
species. Subsequently, additional types of AFPs
were identified (Table 16.4). Similar proteins
have also been found in a number of over-
wintering insects and plants. The fish-derived
antifreeze molecules adsorb preferentially to
the prism face of ice or to internal planes that
also result in inhibition of ice crystal growth
perpendicular to the prism face.

Conflicting results have been obtained by sci-
entists following up on the proposal of Knight
and Duman that many of the problems asso-
ciated with ice formation during cryopreser-
vation might be limited by the addition of
naturally occurring AFP. Organ preservation
experiments using AFGP at -3°C to 4°C have
yielded contrasting results.111,112 However, the
studies of Hansen, Smith and Brockbank113
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Table 16.4. Natural Antifreeze Molecules.

Characteristic AFP Type I AFP Type II AFGP

Molecular Mass 3300–4500 6500 2600–33,000
Composition Alanine-rich 11 Unit repeats General Ala-Ala-Thr repeats O-linked

disaccharide
Secondary structure a-helical b-sandwich Expanded
Tertiary structure 100% helical Not determined Not determined
Fish source Winter flounder Sculpin Ocean pout Wolf fish Antarctic nototheniids

Northern cod



demonstrated that AFP Type I inhibited ice
recrystallization in the extracellular milieu of
cells, but increased ice crystal growth associated
with the cells, and resulted in AFP concen-
tration-dependent cell losses compared to
untreated control cultures.

These AFP’s are believed to absorb to ice 
by lattice matching or by dipolar interactions
along certain axes. Fahy110 suggested that
“insight into the mechanism of AFP action
opens the possibility of designing molecules
which may be able to inhibit ice crystal growth
in complementary ways, e.g., along different
crystallographic planes.”

Synthetic ice blockers (SIBs), which modify
both ice crystal growth rates and form, are being
developed. SIBs will be combined with nat-
urally occurring AFPs and conventional cryo-
protectants to develop improved preservation
methods in which both the cells and the extra-
cellular matrices are preserved.

Section 4

Tissue Storage and
Transportation Conditions

It is well established that storage and shipping
temperatures have a major impact on mainte-
nance of product quality and can result in cell

death via ice formation. If storage temperature
is sufficiently low (below the glass transition
point of the freezing solution [approximately 
-135°C]), little, if any, change occurs in bio-
logical materials.3,4 Human heart valve leaflets
demonstrate retention of protein synthetic
capabilities for at least 2 years of storage below
-135°C.7 Degradative processes may occur at
and above the solution’s glass transition tem-
perature. For example, it has been shown that
cells in cryopreserved human heart valve
leaflets are negatively affected by storage at
temperatures warmer than -100°C.7

Immersion of cryopreserved human valves
directly into liquid nitrogen for as little as 5
minutes may result in tissue fractures (Figure
16.3, illustration of fractures).114 Therefore,
it is important to avoid submersion in liquid
nitrogen, where rapid and dramatic tempera-
ture changes can occur, either during storage 
or during transport from one storage facility 
to another. This problem came to light when 
a vapor-phase liquid nitrogen valve storage
system in a hospital overfilled during an auto-
matic refill cycle.Valves from this accident were
discovered to have numerous full thickness
fractures of the valve conduit, following normal
thawing procedures in the operating room.115

Kroener et al.116 reproduced this phenomena
experimentally demonstrating that sudden and
dramatic changes in the temperature of a cry-
opreserved heart valve resulted in the forma-
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Figure 16.3. Fracture formation
when human tissue is immersed
directly in liquid nitrogen. Cryop-
reserved valves must remain in
the vapor-phase of a liquid nitro-
gen valve storage system.



tion of stress fractures in the ice/amorphous
glass materials. The rationale for development
of stress fractures in frozen matrices appears to
relate to differential expansion/contraction of
ice versus the amorphous glass phases in the
solidified matrix and a presumptive “sliding” of
one phase across the “face” of the second phase
can lead to abrupt changes in the physical prop-
erties of the solidified tissue matrix-stress frac-
tures. Kroener and Luyet117 described abrupt
temperature-dependent changes in aqueous
glycerol solutions. Subsequently, they re-
ported117 that the formation and the disap-
pearance of cracks depended on the interaction
of several factors, in particular the mechanical
properties of the material, the concentrate of
solute, the temperature gradients, the overall
temperature, and the rate of temperature
change. Differential contraction and expan-
sion coefficients for ice versus amorphous glass
phases in a cryopreserved tissue can be
expressed as stress in the solidified matrix 
and this stress is frequently relieved by a sud-
den and dramatic fracture along the stress
plane.114,115 Where this stress fracture cuts 
across tissues, a distinct cut or small abrasion
will occur in the tissue post-thawing. Such
events have been described as full thickness- or
micro-fractures in cryopreserved heart valves

and other cardiovascular tissues.114,115,118 Studies
of frozen biological materials have also sup-
ported the presence of mechanical forces in 
cryopreserved tissues.119,120

Cryopreserved tissues are frequently stored
in the vapor phase of liquid nitrogen in 
commercially available storage systems. Such
systems are typically provided with a simple
storage rack which sits above the liquid nitro-
gen on which items to be stored are placed.
Such systems are to be avoided in that they
provide a storage space which will be warmer
than minus 130°C at heights greater than 12–14
inches above the liquid nitrogen. In addition,
such systems experience sudden and dramatic
changes in temperature during a refill cycle 
and it is possible that with improperly stored
tissues, i.e., not in an insulated container, stress
fractures can occur following repeated refill
cycles. Liquid nitrogen storage freezers without
a proper racking system for storage of the
tissues can result in undesirable temperature
gradients and fluctuations (Figure 16.4).121,122

In an un-racked system the average tempera-
tures were -72.40 ± -10.96°C near the top of
the chamber, -115.46 ± -10.00°C near the 
mid-level of the chamber, and minus 158.75 ±
-10.00°C just above the liquid nitrogen in 
the chamber.
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Figure 16.4. Liquid nitrogen storage freezers with
proper racking result in undesirable temperature
gradients from the top of the chamber (upper line)
through the mid-level (middle line) and lowest

(bottom line). Note the marked fluctuation associ-
ated with a refill cycle and the different rates of
homeostasis for each of the different positions within
the chamber.



Thus, the system presents a temperature 
gradient of 86.36°C over the approximately 
20 inches from the top to bottom of the freezer
storage compartment. Only the lower levels 
of the freezer consistently maintain tempera-
tures below -130°C. In addition, the sudden and 
dramatic temperature fluctuations which can 
be experienced by tissues in the upper and
middle levels of the freezer can be similar to
plunging of vapor phase stored tissues into
liquid nitrogen, the latter of which has been
shown experimentally to produce tissue frac-
tures.114 Use of a racking system or employment
of a mechanical freezer results in more stable
storage conditions with consistent maintenance
of tissues below -135°C (Figure 16.5). Use of a
heat sink in the form of a racking system for
tissues, such that the rack is partially immersed
in the liquid nitrogen, results in minimal tem-
perature gradients from top to bottom of the
storage chamber and as a result of such minimal
temperature gradients, tissues experience far
less extremes of rapid and sudden changes 
in temperature during a routine filling cycle.
Mechanical freezers are far superior to liquid
nitrogen storage systems in maintenance of 

a stable temperature. However, mechanical 
ultra-low freezers have been notoriously 
unreliable and can represent considerable ex-
pense during establishment of a cryopreser-
vation storage facility. One of the authors, L.
Wolfinbarger, has had excellent experience
with the Cryostar® mechanical ultra-low
freezer provided by Revco/Lindberg. As illus-
trated in Table 16.5 and Figure 16.6, this
mechanical storage system provides extremely
stable ultra-low temperatures.
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Table 16.5. Temperature Related Data for Ultralow
Temperature Storage Systems.

Warmest Coldest Difference

Mechanical Freezer -144 -153 9
Liquid Nitrogen -147 -191 44

(Racked)
Liquid Nitrogen -72 -159 87

(Un-racked)

Values in table expressed as °C. The value indicated as 
“difference” illustrates the average temperature from the
bottom to the top of the storage chamber. (Data provided
by Vicki Sutherland.)

Figure 16.5. Racking system in which the lower
portion of the rack is partially immersed in the liquid
nitrogen results in minimal temperature gradients

and more stable tissue temperatures. This system
consistently maintains sample temperatures below 
-130°C.



Section 5

Processing Steps and Valve
Handling Performed in 
the Surgical Suite

Thawing of Cryopreserved Tissues

It is generally accepted that rapid thawing of
cells enhances survival. This observation is
especially important for rapidly cooled cells
and has been suggested to favor cell survival 
by suppressing the phenomenon known as re-
crystallization (the thawing and re-freezing 
of water molecules which may occur during
warming).

Recrystallization is a phenomenon common
to solutions that have been frozen under non-
equilibrium conditions. Slow cooling typically
results in the formation of large crystals,
whereas rapid cooling produces smaller crys-
tals. Small ice crystals are unstable because of
their high surface energy, and they tend to re-
form into large crystals to improve their ther-
modynamic stability. Such transitions readily
occur during the warming and may result in cell
damage that was not present during the actual
freezing event (although recrystallization could
occur at the time of freezing). Cells frozen by a
slow cooling process have fewer intracellular
ice crystals and larger crystals, and thus are pre-
sumably less sensitive to the rate of thawing.

Rapid thawing is the preferred route for
rewarming cryopreserved heart valves, as it
restricts recrystallization. The process is nor-
mally accomplished by first warming the tissues
to approximately -100°C, to restrict formation
of stress fractures, followed by rapid immersion
of the frozen valve in a large volume of water
warmed to 42°C. Thawing is normally com-
pleted in less than 6 minutes; and so long as 
care is taken during packaging and when hand-
ling the valve during the thawing process, little
mechanical damage occurs.

Slow thawing may better preserve the viabil-
ity of certain cell types. Mammalian embryos
and red blood cells appear to do better with 
a slow thawing rate.123,124 This observation 
is probably explained by solute effects and
solvent movements. Consider, for example,
during freezing a cell that is slowly cooled has
minimal intracellular ice and is considerably
shrunken in volume. During rapid thawing,
these cells experience considerable differences
in solute concentrations and rapid rehydration
by solvent (water).84 Because red blood cells
typically lack microvilli, the expandability of
their surface area is limited, and they would be
expected to be more sensitive to rapid osmotic
changes (volume changes) than a typical mam-
malian cell. A slower thawing rate would tend
to minimize osmotic imbalances by providing
time for the rehydrating solvent to enter the
cell. Conversely, rapidly cooled cells would be
expected to contain intracellular ice and not be
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Figure 16.6. Mechanical freezer storage system is an alternative to the racked vapor phase system with
maintenance of stable ultra-low temperatures.



shrunken in volume. During rapid or slow
thawing, these cells would not be expected 
to experience dramatic osmotic imbalances or
solute toxicity, and recrystallization would pre-
sumably be the major cause of cell damage. It
is for this reason that it is best to always add
(slowly) cryoprotectant solutions to cells or
tissues than to add cells or tissues to cryopro-
tectant solutions.

The warming rate may also play a major role
in the formation of tissue fractures or cracks.
Traditionally, most valve processors have incor-
porated safeguards in their warming proce-
dures to reduce the initial warming rate of their
tissues, for instance the valve is removed from
the storage freezer or shipper at some distance
from the operating room and is wrapped in a
towel and carried without additional cooling if
the distance is short, shipped on dry ice, or
placed on dry ice if the distance is more than a
couple of rooms away. Alternatively, a set time
before initiation of the rapid thaw can be deter-
mined such that the tissue reaches approxi-
mately -100°C before placing the tissue in a
water bath. Wassenaar et al.125 demonstrated a
correlation between the formation of cracks in
cryopreserved aortic grafts and rapid initial
thawing.

Cryoprotectant Removal

After thawing cryopreserved tissues, current
opinion is that the cryoprotective agents must be
removed. Although the mechanism for DMSO
toxicity has not been determined, its ability to
affect membrane fluidity,126 induce cell differen-
tiation127 and modify cell structure by induction
of changes in cytoplasmic microtubules has 
been well documented.128,129 DMSO also forms
stable coordination complexes with metals.107

Cryoprotective agents are generally removed by
a stepwise dilution procedure. Measurements of
cell volume changes during this process clearly
demonstrate that the cells undergo dramatic
volume changes at each dilution step.104,130,131

Cells embedded within a tissue matrix may
survive step changes more readily than cell sus-
pensions because of the restricted movement of
solutes through the ion-exchange action or vis-

cosity of the macromolecular matrix or through
a mechanism similar to that afforded by
removal of the cryoprotectant in the presence
of a non-permeating solute such as sucrose.
Both conditions may restrict cell swelling, as
the cryoprotectant diffuses out of the cells
along its concentration gradient.

Until recently, following thawing,heart valves
have been placed, in a stepwise manner, in seri-
ally diluted cryopreservation medium solutions
prior to a final rinse in 300–320mOsm/Kg
medium without DMSO. Cryoprotectants have
been removed gradually by changing the con-
centration (osmolality) of the extracellular 
solution in a stepwise fashion because DMSO
enters and leaves cells at a slower rate than water.
Therefore, there is a tendency for cells to 
swell as its environment returns to isotonicity.
Even though the cell volumes will return to
normal as the DMSO equilibrates, excessive 
volumetric excursions and the associated
osmotic water fluxes can result in cell damage.
However, the benefits of slow, stepwise cryopro-
tectant removal must be weighed against the
increased exposure times to DMSO.

Modeling of cryoprotectant transport in
tissues has been performed in several model
systems. However, these studies usually follow
cryoprotectant loading, not removal. Borel
Rinkes et al.132 assessed DMSO diffusion
through a collagen matrix containing a hepato-
cyte monolayer. Using mathematical equations,
which described the coupled diffusion of 
multiple chemical species through an intersti-
tial matrix,133 it was found that the DMSO con-
centration achieved by diffusion was 95% after
15 minutes of exposure at 22°C.133 Direct meas-
urement of DMSO penetration of tissues has
been measured using both nuclear magnetic
resonance spectroscopy134,135 and high pressure
liquid chromatography.88,136 Specific diffusion
times may vary from minutes to hours depend-
ing upon the composition and geometry of 
the tissue, however Hu and Wolfinbarger88 de-
monstrated that tissue DMSO approximated
equilibrium conditions after as little as 80–100
minutes of incubation in medium made with
10% (v/v) DMSO. Mass transport limitations in
tissues may create concentrations gradients.136
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Obviously, these tissue conditions also exist
during cryoprotectant removal.Thus, there may
be large differences in DMSO concentration
between the surface and interior of tissues even
after prolonged incubation in DMSO removal
medium.88 In such cases cells in the interior of
tissues may still be exposed to toxic concentra-
tions of DMSO in spite of the ability to achieve
non-toxic DMSO concentrations in the surface
layers.

In addition, it has been reported137,138 that
many cell types tolerate cryoprotectant removal
better at 37°C than at 0°C. Thus, the osmotic
imbalances may be more quickly restored, and
the cell(s) may more easily repair the damaging
effects incurred by cryopreservation.

In 1992, Carpenter and Brockbank139 intro-
duced a one step method of cryoprotect
removal from cryopreserved cardiovascular
tissues. Cell viability results following cryopro-
tectant elution by one step methods in heart
valves139 and blood vessels140 demonstrated
that single step methods yielded essentially 
the same viability results as the historically
employed multistep approach. An explanation
for cell survival in heart valves thawed by the
one step method is that cells embedded within
a tissue matrix may survive large osmotic
changes in environments into which a valve 
is placed more readily than cell suspensions 
or cells on the surface of a tissue because 
the movement of solutes may be restricted
through the ion-exchange action of the macro-
molecular matrix. The addition of an imperme-
ant solute may also help to reduce the risk of
osmotic shock to heart valve cells during one
step cryoprotectant removal protocols.139 In
contrast, studies in other tissue models, such as
that of Taylor using a corneal model, have indi-
cated that serial dilution of DMSO was pre-
ferred to one step removal.141 Furthermore, the
one step method was not found to be very
effective at removing DMSO from cryopre-
served heart valves. This formulation can be
used in the one step dilution process over at
least about a five to ten minute period to reduce
a pre-dilution DMSO tissue concentration of
about 10% (v/v) to a pre-transplant DMSO
tissue concentration of about 5% (v/v) or

lower.139 The major advantage of the one step
method appears to be that it is easier for the
operating room staff to perform than the mul-
tistep procedure in which the valve must be
moved to the next step in the dilution process
every few minutes. The major theoretical dis-
advantage of the one step method is that more
residual DMSO will remain in the valve result-
ing in an increased risk of patient reactions to
the DMSO and exhaled DMSO breakdown
products and the patient may experience local-
ized cell and tissue damage.

A method of cryoprotectant removal,
AlloFlowTM, recently developed for and used
by LifeNet (US Patent π 5,879,876) combines
positive features of both the multistep and the
single step methods. From the perspective of
tissue handling this method is simple since it
involves only “one step.” However, the method
is essentially composed of many dilution steps
performed in a continuous manner with the
resulting reduction in risk of osmotic shock
associated with both the single and multistep
methods (Figure 16.7). Using the AlloFlowTM

technology, a thawed valve is placed, with its
freezing solution, into a Continuous Perfusion
Chamber, and the continuously flowing dilu-
tion solution is perfused in a circular motion
through and around the tissue before exiting
the chamber to waste. The tissue DMSO gradi-
ent is thus maximized by the continuous clear-
ance of the DMSO as it is eluted from the
tissue. Like the single step process, the contin-
uous process incorporates a non permeating
solute in the wash solution and results in heart
valve tissues containing approximately 2% (v :
v) DMSO after as little as 7 to 10 minutes. An
additional benefit of the continuous process is
that wash-out is performed at room tempera-
ture to permit more rapid restoration of meta-
bolic imbalances and the process proceeds
without continual monitoring or handling. At
completion of the process, the valve remains in
a volume of washout solution and is ready for
transplantation. Thus, in tissues treated by the
continuous elution AlloFlowTM method, the
osmotic imbalances may be quickly restored,
and the cell(s) may more easily repair the dam-
aging effects incurred by cryopreservation.
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Conclusion

In this chapter we have reviewed the biology 
of heart valve preservation and indicated some
of the pitfalls associated with cryopreserva-
tion and, where possible, the means to over-
come them. Some of the more exciting areas of
future research indicated were in tissue extra-
cellular matrix preservation, decellularization
of tissues, and in new preservation methods
employing vitrification and molecules which
modify the way ice forms by binding to ice
nuclei. However, this review would not be 
complete without some discussion of the im-
mune response to cryopreserved allogeneic
heart valves.

Freedom from tissue failure for cryopre-
served valves in adults is excellent and it aver-
ages about 80% at 10 years.142,143 In contrast to
adult valve recipients, young recipients have a
significantly higher failure rate.144–146 Freedom
from allograft failure in patients less than three
years of age at operation is only 45% at 6
years.12 A marked diminution of the cellular
component has been observed in explanted

valves with progressively severe loss of normal
layered structure and connective tissue cells.147

Neither the structural basis of performance 
nor the pathophysiology of failure are under-
stood.148 Controversies are ongoing concerning
the contribution of cryopreservation variables,
immune responses, cellular viability, durability
of the extracellular matrix and modes of
failure.146,147

Allograft valves are usually used without
HLA-ABO matching of donors and recipients.
There is no direct evidence of a linear correlation
between immunologic response and late valve
failure.147,149,150 Both HLA-specific antibody 
and T-cell activation have been demonstrated 
in patients, but the clinical performance of the
viable allografts was not affected.151–153 However,
Clarke and colleagues12,146 clearly believed that
the cause of allograft failure in young children
may have involved an immune response. The
only non-calcified explant of six explants from
children contained lymphocytes. Four children
not requiring valve explantation received post
operative treatment with anti-inflammatory
agents and one child was receiving cyclosporin
therapy with the original valve. There have 
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been several reports with experimental allograft
valves supporting the hypothesis that allograft
valves retain their ability to stimulate an im-
mune response following cryopreservation in
animal models154–156 and recent studies, stimul-
ated by the observations of Clarke,12,146 have
demonstrated the development of donor 
specific HLA antibodies in pediatric recipients 
of cryopreserved heart valves.157,158 Both human
valve endothelium and fibroblasts have been
shown to be immunogenic in vitro, however 
in contrast to endothelial cells, fibroblasts
induced only a limited proliferation of peripheral
blood mononuclear cells and CD4+T cells did
not respond to MHC Class II bearing fibrob-
lasts.159 Even though it has not been demon-
strated that the immune response causes
allograft valve failure, HLA sensitization of 
allograft heart valve recipients has at least 
the potential of limiting the future opportunity
for heart transplantation in these patients. A
search of the literature on cryopreserved tissue
transplantation reveals many suggestions that
processing steps can be introduced in tissue
preservation procedures which may reduce
tissue immunogenicity including decellulariza-
tion. Immunologic tolerance induction has 
been attempted by both graft treatment prior to
implantation and by subsequent treatment of the
graft recipient.160,161 Both skin grafts and Islet 
of Langerhans grafts have been shown to have
better survival as allografts when cryopreser-
vation protocols designed to reduce dendritic
cells are utilized.162,163 Cryopreserved veins have
reduced immunogenicity when compared with
fresh allografts.161,164 Mulligan et al.165 reported
decreased expression of leukocyte adhesion
molecules by allogeneic rat aortic valves in vivo,
suggesting that cryopreserved valves may have 
a diminished immunological response. It is 
clear, however, that there is a need for develop-
ment of tissue preservation protocols which 
alleviate concerns regarding the immune
response in young children. 166–170 At present, the
most likely method of tissue preservation
involves the removal of the cellular elements
from tissues with either none or minimal changes
in matrix structure.

Finally, this chapter would not be complete
without a brief introduction of new technolo-

gies under development by a number of heart
valve providers. These new technologies almost
universally involve the removal of the cellular
components from the heart valves. They differ
in the methods by which these cells are
removed, but most involve some use of surfac-
tants (detergents) in solubilization of the
plasma membranes of cells and inhibitors of
hydrolytic enzymes. Most methods are claimed
not to alter the matrix structure of the valve
and such acellular technologies may ultimately
provide heart valves which can be repopulated
by recipient cells either prior to or after trans-
plantation, which are non-immunogenic (even
in children), which may originate from animal
sources other than human, and which may not
require cryopreservation. As with most tech-
nologies, a primary ingredient to any decellu-
larization technology lies in the appropriate
choice of process and in not leaving residuals 
of processing reagents or a matrix structure 
that restricts recellularization or that induces
an apoptotic response in the cells infiltrating
the acellular matrix with subsequent probable 
calcification. Such acellularization technologies
have been developed and are being applied to
a variety of soft tissues (cardiovascular and
musculoskeletal), but as this chapter is on cry-
opreservation, will not be discussed. As we
enter into the next millennium, we should
expect much from development of new tech-
nologies as we finally begin to understand exist-
ing technologies.
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A series of valid but limited observations
shaped the initial thoughts about viability of
homograft valve transplants. First, the resist-
ance to hypoxic injury by fibroblasts and 
fibroblast-like cells was well appreciated. It was
repeatedly demonstrated that viable fibroblast
cells could be harvested from cardiac valve
leaflets for days following death of the donor,
particularly when cold storage of the cadaver
had been accomplished relatively soon follow-
ing demise.1 Additional studies demonstrated
that these cells could be harvested and grown
in the laboratory as well as demonstrating
metabolic activity.2 Thus the clinical usage
during these early days of cold/wet storage of
harvested valves was supported by the concept
that these cells were alive and were protected
by the cold storage and tissue culture media as
long as they did not become infected. And, to a
great extent, these observations were true. In
addition, since the very first implants in 1962,
the fact that these transplants had such good
performance characteristics and durability
implied to the clinicians that there must be
some element of viability. However, the ex-
plant studies ultimately failed to support that
concept. While the 1986 paper by O’Brien pur-
ported to demonstrate at least one cell that 
was of donor origin (based on chromosomal
studies of different sex, donor and recipient)
the images published in the paper actually
demonstrate a matrix fairly barren of cells.3,4

There was also the concept of immune privilege
in which clinicians felt that because the leaflet
matrix cells were buried in a collagen matrix

that they weren’t necessarily exposed to the
blood stream and immune attack. However,
clearly the base of the leaflets were revascular-
ized and the wall of the conduits underwent
immune rejection and foreign body-type reac-
tion with ultimate fibrosis and calcification.
The concept that the immune response did 
not routinely destroy the leaflets became well
entrenched as a peculiar advantage of un-
matched allograft valve transplants. In sum, the
operating concepts of the 1980s incorporated
the following thoughts:

1. When cardiac valves were harvested within
a reasonable time after death and particularly
with good cold storage of the cadaver,there were
viable cells at the time of implantation.

2. Formal DMSO cryopreservationenhanced
viability at the time of implantation.

3. Viability was a good thing in that it appar-
ently (in most cases) did not engender an
immune response, yet teleologically, seemed to
be advantageous for valve durability.

The alternative theory was suggested that the
valve leaflet viability at the time of implanta-
tion suggested excellent handling of the tissues
with perhaps better retention of the cellular
matrix components and that it was not the via-
bility per se that confirmed medium term dura-
bility characteristics. Evidence for this was that
no study suggested that increased quantitative
viability had any kind of positive correlation
with durability and the limited explant studies
which were available did not seem to support
long-term cell survival.5–10 In addition, studies
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by a number of groups suggested that the 
cryopreservation process, while effective in
maintaining significant population of seemingly
“viable” cells, was not really innocuous and did
exact a tremendous metabolic toll. Thus viabil-

ity at the time of implantation would not 
necessarily correlate with prolonged donor cell
viability.

During this era, many different tests of via-
bility were used, each of which had its own
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Table 17.1. Tests for Cell Viability.
Test

Test Characteristics Determinants of Test Advantages of Test Disadvantages of Test References

Light Observe cells with Cell volume changes Easy, cheap, can assess Potentially transient 11–13

Microscopy light microscope can indicate death, living cells, can observe nature of morphological
cytocellular changes state of each cell changes, need dispersed
also indicate damage cells

Electron Examine cell Ultrastructural Can observe state of Need to assess many 14

Microscopy ultrastructure via characteristics each cell cells, only for fixed cells,
transmission associated with may not reflect subtle
electron reversible and changes until late.
microscopy irreversible injury,

including mitochondrial
flocculant densities,
karyolysis, membrane
disruption

In Vitro Observe cells in Ability to reproduce Simple, sensitive, easy Need single cells, sterile 15–19

Proliferation culture, count cells in culture to quantify cultures. Need to wait
Studies days/weeks to assess

Dye Exclusion Damaged Exclude dyes (Trypan Rapid evaluation, large Membrane damage is 20–23

Test membrane allows blue, Propidium iodide) numbers, good not always the first sign
large charged = viable statistical accuracy of damage. Doesn’t 
molecules that cell detect damage until overt
normally excludes membrane damage has 
to access inside of occurred.
cell

Dye Inclusion Molecules quickly Undamaged cells retain Rapid evaluation, large Membrane damage is 24

Test diffuse in; are labeled molecule numbers, good not always the first sign
cleaved to an (fluorescein diacetate) statistical accuracy of damage. Doesn’t
impermeable, detect damage until overt
charged molecule membrane damage has

occurred.

3H Thymidine Autoradiography of Number of silver grains Can observe status of Can only measure in 25

Incorporation liquid scintillation per cells reflect DNA groups or individual reproductively dividing
counting synthesis cells populations

3H Autoradiography of Number of silver grains Can observe status of Can only measure in 26

Hypoxanthine liquid scintillation per cells reflect RNA groups or individual reproductively dividing
Incorporation counting synthesis cells populations

Glucose Measure glucose Viable cells utilize Rapid, no specialized Indirect assessment of 26,27

Metabolism incorporation or glucose equipment, non- one molecule used by
2-Deoxy-D- destructive, quantifiable the cell; cell may not
Glucose synthesize all other

necessary molecules

Amino Acid Protein synthesis Cells that synthesize Rapid, no specialized Indirect assessment of 2,17,19,25,26,28–30

Incorporation proteins (with proline) equipment, non- one molecule used by
are deemed viable destructive, the cell; cell may not

quantifiable, prolene is synthesize all other
found in collagen necessary molecules

Intermediate NMR, HPLC used ATP, TAN levels Can evaluate overall Decreased levels do not 31–34

Metabolism to measure ATP, compared to known metabolic state of a necessarily mean dead
TAN healthy tissue group of cells in one cells. Cannot tell which

experiment cells are affected.



advantages but none were perfect in terms of
defining an ultimate or true viability. Tests
which were used are listed in Table 17.1.

Each of the tests of viability had distinctive
advantages and disadvantages and clearly, to
obtain a coherent picture, multiple tests would
be required. In addition, tests of viability at the
time of implantation of a valve do not neces-
sarily predict prolonged cell survival.This ques-
tion can only be answered by chronic implant
studies, both animal and human. The retention
of the full phenotypic expression capacity of
these cells, now known to be myofibroblasts,
obviously requires multiple tests as a retention
of fibroblasts capable only of scar formation
(collagen type III). Secretory function, no
matter how many cells are present, would not
be retention of a native population with leaflet
characteristics.

Ultimately, our own definition of viability
includes the following components:

1. Morphologic cellular integrity retained.
2. Characteristic phenotypic expression of

the cells appropriate to their location in 
the valve leaflet cell retained, including 
secretory and contractile components of the
myofibroblasts.

3. Mitotic potential in individual cells.
4. Retained ability by the population of cells

to regenerate an appropriate cell density, tissue
morphology and functional capacity.

5. Ability of the cell population to accom-
plish growth of the tissue (size and density) and
to remodel the tissue in response to appropri-
ate stimuli (e.g. changing hemodynamics of
hypertension resulting in thicker leaflets due to
increased collagen synthesis).
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Extensive clinical durability of allograft valves
has long been suggested to be linked to cellu-
lar viability and extracellular matrix integrity 
at the time of implantation.1–3 Efforts to stan-
dardize processing procedures for valve trans-
plantation and optimize the longevity of the
valves provided the original impetus for re-
searchers to examine the effects of each pro-
cessing step. This chapter focuses on the series
of studies that resulted from this work. As
reviewed in the previous section, viability can
be evaluated in a number of ways, depending
on which parameters are of interest for the
study. In this chapter, we summarize the results
using various methodologies to assess the
health of leaflet cells following pre-
implantation processing.

Porcine Cardiac Valve 
Leaflet Studies

Initial studies noted that clinical harvesting of
allograft heart valves necessitates a time period
of warm ischemia, corresponding to the time
from cessation of donor heartbeat to the time
of transport. Leaflet cell metabolic response to
varying warm ischemic time intervals was 
characterized in porcine aortic valve leaflets 
by magnetic resonance spectroscopy (Figure
18.1).4 Two hours following donor death,
aerobic metabolism ceased, as evidenced by
total depletion of adenosine triphosphate
(ATP), no phosphorus production, and signifi-

cant lactate accumulation; these results sug-
gest that oxidative phosphorylation stopped,
high energy phosphate stores were depleted,
and metabolism was converted to anaerobic
processes. At 24 hours, proline incorporation
ended, signifying that protein synthesis had
ceased. Between 24 and 36 hours after death,
lactate production ceased, showing that anaer-
obic metabolism had stopped, and most cells
exhibited ultrastructural evidence of irre-
versible cellular injury.

Initial ischemia may be only one factor in the
series of valve preparation steps that leads
cumulatively to interstitial cell injury. After
variable ischemic times, cardiac valves undergo
two additional steps prior to transplantation:
antibiotic disinfection and cryopreservation.
Early metabolic markers of cellular injury were
assessed biochemically via high performance
liquid chromatography (HPLC) analysis of
components of the adenine nucleotide pool.5

This cascade of high-energy phosphates and
purine byproducts is a dynamic metabolic
pathway with elements that react quickly to
metabolic changes and respond with substrate
deprivation or enzymatic inhibition. The aims
of this study were to define the reduction in
energy reserves of leaflet cells during the initial
phases of processing-associated injury, and to
determine if such damage might be reversible.
These changes in phosphate metabolism may
ultimately lead to changes in energy-dependent
cell functions including proliferation, protein
transport, and synthesis (Figure 18.2). While
variable periods of ischemia were examined,
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the maximal 24-hour period of harvest ischemia
did not fully deplete ATP or total adenine
nucleotides (TAN). Subsequent pre-implanta-
tion processing steps of disinfection and cryop-
reservation decreased ATP and TAN following
any ischemic interval, with the greatest damage
following the longest ischemic time of 24 hours.
However, even under the most stressful condi-
tions, leaflet cells maintain significant metabolic
capacity, as evidenced by residual high energy
phosphate reserves.

A subsequent series of experiments was per-
formed to separate out further the individual
effects of the warm ischemic time, cold ischemic
time, antibiotic treatment, and cryopreserva-
tion steps on cells’ metabolic states (Table 18.1)
(Figure 18.3). 6 As demonstrated in the previous
study, warm ischemic times up to 24 hours 
did not appear to have significant detrimental
effects on porcine aortic valve leaflet cells.
Following an additional 24 hour cold ischemic
time, there was a 17% reduction in ATP, and
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Figure 18.1. Progression of
porcine aortic valve leaflet
metabolic state in response 
to increasing ischemic time.
Phosphorus accumulates signifi-
cantly following 40 minutes post
harvest warm ischemia. Metab-
olism becomes anaerobic after
two hours, as shown by deple-
tion of ATP reserves and accu-
mulation of lactate. Viable cells
persist with anaerobic metabo-
lism, up to 24–36 hours.

Figure 18.2. Total adenine nucleotides ([TAN] =
[ATP] + [ADP] + [AMP]) of control leaflets
(exposed to cadaveric ischemia only) and cryopre-
served leaflets (cadaveric ischemia and cryopreser-
vation processing). At each ischemic time, antibiotic
treatment and cryopreservation lead to dramatic
reduction in TAN. TAN of control leaflets are signif-
icantly higher after 24 hours; this accumulation may

reflect ATP degradation or partial metabolic restora-
tion through other salvage pathways. Leaflets under-
going 24hrs ischemia and cryopreservation exhibit
the largest reductions. (*P < 0.05 control versus cor-
responding ischemic time cryopreservation groups;
**P < 0.05 control versus 2 hr controls; ***P < 0.05
in 24hr cryopreserved versus 2 and 6hr cryopre-
served groups). CRYO, cryopreserved.



evidence that ATP degraded only to ADP and
AMP, perhaps because ATP was not broken
down completely or was partly restored
through other pathways. Cold antibiotic disin-
fection reduced the leaflets’ ATP by almost
50%, while increasing purine byproducts 55%;
thus, half of the ATP was broken down to ADP
and AMP, and the TAN partly degraded to
adenosine, inosine, hypoxanthine, and xanthine.
These results suggest that most of the degraded
ATP was broken down in a reversible way; this
is important since maintaining total high energy
phosphates (not just ATP) is crucial to a cell’s
basal functional capacity. Of all the process-
ing steps, however, cryopreservation is respon-
sible for the largest reduction in ATP (74%).
The consequences of the cryopreservation step

augment the effects of cold ischemic and anti-
biotic disinfection. Therefore, in the effort to
balance beneficial processing steps with detri-
mental ones, antibiotic treatment appears to be
a useful step; it does not have a high relative
metabolic cost in the overall cryopreservation
process. All steps in the processing were 
synergistic in their reduction of the adenine
nucleotide pool. However, even after the com-
plete harvesting and cryopreservation process-
ing, some leaflet cells maintained quantifiable
high-energy phosphates. This correlated with
the morphologic studies in suggesting that
some cells were able to tolerate processing-
related stresses.

Because leaflet cells appeared to retain some
metabolic capacity following processing, treat-
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Table 18.1. Levels of Metabolites (nmol/mg Protein)a Following Each Leaflet Processing Phase.

Group II Group III Group IV Group V
(WIT + (WIT + 24h 4°C (WIT + 4°C (WIT + 4°C

Group I 24h 4°C Antibiotic Ischemia + Disinfection +
(WIT only) Ischemia) Disinfection) Cryopreservation) Cryopreservation)

ATP 1.78 ± 0.25 1.48 ± 0.12 0.91 ± 0.13b 0.46 ± 0.11b 0.25 ± 0.04b

ADP 0.59 ± 0.07 0.55 ± 0.05 0.33 ± 0.07 0.27 ± 0.05 0.25 ± 0.03
AMP 0.40 ± 0.10 0.78 ± 0.21 1.00 ± 0.40 0.14 ± 0.07 0.18 ± 0.07
Adenosine 0.18 ± 0.06 1.20 ± 0.29 6.10 ± 3.50 0.52 ± 0.10 3.10 ± 0.70
Inosine 1.50 ± 0.30 0.72 ± 0.20 0.87 ± 0.20 0.50 ± 0.50 0.71 ± 0.13
Hypoxanthine 1.70 ± 0.25 0.78 ± 0.16 0.73 ± 0.24 0.12 ± 0.06 0.07 ± 0.03
Xanthine 0.00 ± 0.00 1.10 ± 0.63 0.10 ± 0.08 0.09 ± 0.08 0.05 ± 0.04
NAD+ 0.50 ± 0.04 0.33 ± 0.04 0.29 ± 0.12 0.07 ± 0.04 0.23 ± 0.04

a Adenine nucleotide metabolite concentrations (± standard error of the mean) existing at the completion of each step
of preimplantation processing. b p < 0.05 vs, group I by analysis of variance. ADP = adenosine diphosphate; AMP = adeno-
sine monophosphate; ATP = adenosine triphosphate; NAD+ = nicotinamide adenine dinucleotide, oxidized form; WIT =
warm ischemia.

Figure 18.3. Total adenine
nucleotides ([TAN] = [ATP] +
[ADP] + [AMP]) measured after
each step in leaflet processing; (I)
warm ischemia, (II) cold transport,
(III) antibiotic disinfection, (IV)
cryopreservation, and (V) cryop-
reservation with antibiotics. (*P <
versus groups I, II, III.)



ment with inhibitors of adenosine deaminase
and nucleoside transport was explored in an
attempt to salvage adenosine pools and as val-
idation of the degradation observations (Figure
18.4 and 18.5).7 HPLC showed that with
minimal ischemic times (40 minutes) the pro-
cessing steps of disinfection and cryopreserva-
tion independently disrupt the ATP-ADP cycle.
However, treatment with restitution therapy
maintained nucleotide levels at baseline har-
vest concentrations, and so such agents may be
able to protect leaflet cells from catabolism, as
is possible in myocardium. This study provided
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Figure 18.4. Adenine nucleotide levels in control
valves and in valves treated with restitution therapy
consisting of the nucleoside transport inhibitor p-
nitrobenzy-thioinosine (NBMPR) and the adenosine
deaminase inhibitor erythro-9 (2 hydroxy—3-nonyl)
adenine (EHNA). (A) ATP levels. Significant reduc-
tions are seen following disinfection (control group
III), cryopreservation after warm and cold ischemia
only (control group IV), and cryopreservation after
warm ischemia and cold disinfection (control group
V). EHNA/NBMPR-treated groups showed preven-
tion of ATP loss (*p < 0.05 versus control group I and
corresponding EHNA/NBMPR-treated group). (B)
Total adenine nucleotide levels ([TAN] = [ATP] +
[ADP] + [AMP]). Disinfection processing (group
III) did not result in significant depletion of TAN as
it did with ATP. This likely reflects an early phase of
processing-associated damage with respect to phos-
phorylated adenine nucleotides. Processing steps in
groups IV and V did lead to significant losses in 
TAN, which were prevented by EHNA/NBMPR
treatment (*p < 0.05 versus control group I).

further evidence that although injured, the
entire valve leaflet cell population does not
become metabolically inert following ischemia
and processing, and in fact, cumulative meta-
bolic damage may be minimized via adenine
nucleotide protection.

The HPLC series of experiments served to
demonstrate profound energy store depletion
yet some potential for manipulation of the
metabolic pathways. Without such protection
and in fact by using the harvesting and pro-
cessing protocols contemporary in the 1980s
and 1990s, these experiments suggested that



while many cells might be morphologically
intact at the time of implantation, they were
likely “doomed” to early death simply from
metabolic depletion.

Human Cryopreserved Cardiac
Valve Homografts

To determine if the response of human leaflet
cells to clinical pre-implantation processing was
similar to that observed in porcine valves, a
series of human valves was subjected to the fol-
lowing: a warm ischemic interval in the donor
of between 0 and 20 hours, followed by 24 hours
of cold antibiotic disinfection, then cryopreser-
vation. It is important to note that each human
valve was originally intended for transplanta-
tion, and was included in the study only when
it was deemed unsuitable, typically for anatom-
ical reasons. Because of its initial designation,
each valve in the study underwent the complete
series of cryopreservation processing steps, in
contrast to the processing in much of the com-

parative work on porcine valves. The effects of
these processing steps on cell metabolic state
and ultrastructure were assessed with HPLC
and electron microscopy (Figure 18.6).8,9 Warm
ischemic intervals of less than 2 hours resulted
in virtually no evidence of damage at the 
ultrastructural level. Generally, the longer the
ischemic time interval, the greater the extent of
cellular injury. Ultrastructural changes provid-
ing evidence of damage gradually increased
over time from endoplasmic reticulum dilata-
tion, cytoplasmic edema, and mitochondrial
swelling, to mitochondrial flocculent densities,
karolysis, and plasma membrane disruption. Up
to 12 hours of warm ischemia, cells exhibited
morphology reflecting mostly reversible cellu-
lar injury, with minimal ultrastructural evidence
of irreversible injury. However, after 12 hours,
evidence of irreversible damage increased dra-
matically, and the amount of injury correlated
with increased warm ischemic time. Following
20 hours of warm ischemia, 80% of the cells
were injured. In contrast, in porcine valves sub-
jected to warm ischemia but no other pro-
cessing, ultrastructural evidence of irreversible
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Figure 18.5. Diagram of biochemical pathways and
active sites of EHNA/NBMPR. Nucleoside transport
protein (NTP) facilitates adenosine and inosine
export. NBMPR allows intracellular retention of
adenosine. EHNA competes with adenosine deami-

nase to inhibit it both within the cell and extracellu-
larly. Adenosine hydrolysis to adenosine is almost
completely prevented, leading to “restitution”:
increases in phosphorylated adenine nucleotides by
reversal of the degradation pathway.
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Figure 18.6. Percentage of human aortic valve
leaflet cells exhibiting normal ultrastructure of evi-
dence of reversible or irreversible cellular injury.
Time intervals of warm ischemia for each group 
are noted on the x-axis. Cochran-Mantel-Haenszel

trend analysis demonstrates a positive correlation
(*p < 0.0001) for reversible injury during the first 12
hours of warm ischemic time and a positive correla-
tion (**p < 0.001) between 12 and 20 hours of warm
ischemia for irreversible cellular injury.

cellular injury manifested later than in this
study’s human valves—detectable only after 
24 hours of warm ischemia. Taken together,
these studies suggest that post-ischemia pro-
cessing steps contribute substantially to cellular
damage in human cryopreserved homografts.

The total adenine nucleotide depletion was
substantial at harvest ischemic times greater
than 2 hours (Table 18.2; Figure 18.7).9 ATP
depletion was similar to that observed in
porcine experiments, and in 76% of the valves,
ATP, ADP, and AMP were undetectable.
Increased levels of catabolites confirmed that
energy consumption was extremely high, and
depletion occurred predominantly during pre-
implantation processing rather than during
harvest associated ischemic time.

Another assay of membrane integrity and
metabolic activity, measurement of 3H-
2deoxyglucose phosphorylation, has been used
to evaluate human leaflets after cryopreserva-
tion.10 Cryopreservation processing steps as
described above resulted in a 30% decrease 
in phosphorylation as compared to fresh 

valves.This decrease could be partially reversed
by incubating the valves at 37°C prior to 
transplantation.

These experiments supported the concept 
of a “stunned” leaflet cell population follow-
ing processing, a population of cells devoid of
energy reserves and thus at high risk for cell
death, during the stress of transition following
implantation. These findings possibly explained
the potentially conflicting data that purported
to show excellent cell “viability” as defined by
morphology but contrasted with sparse cellu-
larity at leaflet explants.2,11

Resuscitation of Leaflet Cells

Taken together, the work of other researchers
and our own studies of porcine and human
valves provided evidence that pre-implantation
processing had significant detrimental effects
on leaflet interstitial cell viability and func-
tionality. The work also demonstrated consis-
tently that a few robust cells remain following
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Figure 18.7. Depletion of adenine nucleotide pool
in cryopreserved human valves. Major high energy
phosphates and catabolites are only slightly retained
at shorter ischemic time intervals (x-axis). This graft
suggests that processing contributes more than

ischemia to leaflet energy losses. Key: S[ATP] +
[ADP] + [AMP]; TDP, S[adenosine] + [inosine] +
[xanthine] + [hypozanthine]. Front bars,ATP; middle
bars, TAN; rear bars, TDP.

ischemia, disinfection, and cryopreservation.
Yet, the presence after processing of even a
small number of live leaflet cells with metabolic
reserves and intact healthy ultrastructure led
investigators to hypothesize that perhaps leaflet
cells could be resuscitated prior to implantation
(for review see Chapter 14). In fact, incubation
of cryopreserved porcine aortic valves in organ
culture (37°C, media with 15% serum) for 8
days prior to implantation was able to restore
the normal LIC population and matrix compo-
sition to the leaflets (Figure 18.8).12

Ovine Implant Model

The preceding body of work has provided 
a careful analysis of the effects of pre-
implantation processing on various aspects of
leaflet viability, and furthered our understand-
ing of the state of the leaflet at the time of im-
plantation. Of ultimate importance is the state
of the valves, especially the state of the cells 

and matrix, while in the recipient. Another
recent study has examined leaflet cellularity
after implantation into a chronic ovine model,
with a specific focus on the mechanisms respon-
sible for cell loss.13 This study has specifically
addressed the hypothesis that apoptosis may be
the mechanism underlying the acellularity seen
in implanted aortic allograft valves. In an ovine
model, fresh and cryopreserved aortic valves
were examined following implantation times
ranging between 2 days and 20 weeks. Leaflet
interstitial cells exhibited losses in proliferat-
ing cell nuclear antigen (a marker of mitotic 
function) as well as positive nick end labeling,
nuclear condensation, pyknosis, and formation
of apoptotic bodies containing remnants of
nuclear material. This evidence of mitotic ces-
sation and apoptosis was detectable by 2 days
following implantation. It reached a peak at
10–14 days, and by 20 weeks, grafts were com-
pletely acellular.

The cell state of human cryopreserved allo-
graft valves and valves of transplanted hearts



that did not undergo cryopreservation have
recently been compared by Mitchell et al.,
1998.14 Explanted allograft valves displayed
decreased cellularity, with morphological simi-
larities to the valves of this study. In distinct
contrast, aortic valves of orthotopically trans-
planted hearts maintained normal cellularity
and morphology. Pre-implantation processing
of allograft valves differs from that for heart
allografts in that it contains periods of hypoxia,
disinfection, and cryopreservation; this work
gives further support to the idea that valve pro-
cessing contributes to the loss of leaflet cellu-
larity and the development of apoptosis, as well
as possibly implicating an immune component.

Conclusion

The metabolic and morphological studies from
the our laboratory have defined a severely
stressed population of donor cells. Such meta-
bolic “stunning” is by itself likely inconsistent
with survival for a large fraction of the cell pop-
ulation unless some intervention is made prior,
during, or after transplantation. The apoptosis
findings suggest that this stress could result in
limited long-term viability by two mechanisms.
First, the early phase cell survival is likely low
following transplantation due to the limited cel-
lular energy reserves. Second, either the stress
of pre-implantation processing or the abnormal
environment in which the injured matrix cells

find themselves following transplantation (in
particular, no native endothelium) triggers the
apoptosis sequence. This could fit with some
observations of moderate matrix and cellular
viability early after implantation. Means by
which to promote and augment valve viability
in the recipient remain to be fully developed,
and successful initial efforts at resuscitation
through organ culture lend an optimistic note
to these efforts. However, mere retention of
donor cells may allow for preservation of syn-
thetic function for a time following transplan-
tation.These retained cells could restore matrix
components and thus initially enhance physi-
cal leaflet characteristics and by this actually
improve durability. This potential value of
retained donor cells has to be balanced against
the negative effects of provoking an immune
response (vida infra). Cell loss by apoptosis
may be preferable to necrosis as the former
process is by definition non-inflammatory while
necrotic cell debris are both extremely inflam-
matory and antigenic and could lead to accel-
erated degeneration, fibrosis and calcification
of the transplanted allograft valve tissues.
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Efforts in preservation of allograft heart valves
aim at remaining cellular viability. Viability in
this respect always means fibroblast viability 
as endothelial cells are almost completely lost
in the sequence of dissection, sterilization,
cryopreservation, thawing and implantation.1,2

Cryopreservation is now considered to be the
method of choice of allograft heart valve
preservation and banking. Cellular viability
after cryopreservation has been well docu-
mented.3–5 The length of donor ischemia time is
one of the factors that influence the quantity
and quality of remaining viable donor cells.6,7

Cytotoxicity of antibiotics and DMSO, and to a
lesser degree cryopreservation itself also are of
negative influence on cellular viability.8–10

The fate of the donor cells after allograft
implantation has been object of discussion. It
has been stated that the presence of viable
donor cells after implantation is essential for
graft function and longevity. Viable donor cells
were believed to play a key role in maintaining
the integrity of matrix and fiber structures in
the valve leaflets.3,11 The number of publications
contradicting this theory is increasing. Explant
studies commonly show little or no cellular-
ity.2,12,13 Furthermore, the presumed presence of
viable donor cells increases antigenicity, which
is thought to be detrimental to allograft func-
tion and longevity.13–15

Cellular elements presenting in explanting
allografts may be of donor or recipient origin.
Before questions concerning the role of surviv-
ing donor cells can be answered we must be
able to distinguish between donor and recipi-

ents cells. The origin of fibroblasts and other
cells in allograft explants can be determined if
a sex difference between donor and recipient is
present. Many techniques are dependent on
tissue culture. Demonstration of Barr bodies 
in cultured fibroblasts is another sex-related
technique that has been used to demonstrate
the presence of remaining donor fibroblasts.11

DNA fingerprinting is a third method to distin-
guish between donor and recipient cells. DNA
fingerprinting can distinguish between cells
without the need of a sex difference.2 These
three techniques (Barr body demonstration,
chromosome banding and DNA fingerprinting)
share one major disadvantage: They cannot be
used to determine cell origin on location. Thus,
the presence or absence of donor and recipient
cells can be confirmed in allograft explants but
morphology, number distribution and localiza-
tion of these cells will remain unknown.

The above listed disadvantages can be over-
come with the aid of in situ hybridization. If a
sex mismatch between donor and recipient is
present, DNA in situ hybridization for the Y
chromosome can reliably distinguish between
donor and recipient cells on location, that is in
the tissue sections. Sensitivity and specificity of
this technique are high. As this method can be
applied on location, the morphology and distri-
bution of donor and recipient cells can be
established.

Semi-quantitative estimation of both donor
and recipient cell populations can be obtained.
Using a DNA probe for the porcine Y chro-
mosome we were able to determine accurately
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the origin and localization of both donor and
recipient porcine cells in explanted porcine
cryopreserved aortic allograft valves.16 Analysis
of human allograft explants with the aid of in
situ hybridization for the Y chromosome has
started more recently in our department.

The technique of ISH in itself cannot deter-
mine whether a cell is viable or not. Hybridiza-
tion requires an intact DNA, but the fact that
hybridization occurs does not necessarily mean
that the cells are capable of protein synthesis.
In our studies, cellular morphology was used to
support the probability of viable cells.

Technique of DNA In Situ
Hybridization for the 
Y Chromosome

In situ hybridization, which has its roots in the
field of pathology, allows the detection of spe-
cific nucleic acid sequences in histological sec-
tions.17 All chromosomes contain nucleic acid
sequences in histological sections.17 All chro-
mosomes contain nucleic acid sequences that
are specific for that chromosome. Detection by
ISH of such Y-chromosome specific sequences
in a cell nucleus demonstrates the male origin
of that specific cell.

The principles of ISH are schematically out-
lined in Figure 19.1. DNA consists of two com-
plementary strands of nucleic acids. First, these
strands have to be separated to expose the spe-
cific nucleic acids complementary to the target
sequence. Given the right circumstances, the
probe DNA will bind (hybridize) to the target
DNA. After this hybridization step has taken
place, actual demonstration of probe presence
can be achieved in several ways; we have
chosen a fluorescent technique for practical
purposes. First, a detectable reporter molecule
has to be incorporated into the probe before
starting ISH. This reporter molecule carries a
protein that can be detected using specific anti-
bodies, which in turn are coupled to a fluores-
cent molecule. Finally, a dye that binds to all
chromosomal DNA is applied to the tissue
section thereby revealing all nuclei present in
the section. In our experiments we have used a

green fluorescent molecule to demonstrate the
Y chromosome and a red dye for nuclear coun-
terstaining. The tissue sections can then be 
analyzed using a fluorescence microscope.
Presence of the fluorescent signal in a cell
nucleus indicates the presence of the Y chro-
mosome specific probe and consequently that
of the Y chromosome, thereby affirming its
male origin. When a cell does not contain the
fluorescent signal, it should be considered as of
female origin. Further technical details have
been described by Braun and Hazekamp.18

Tissue sections can be subjected both to ISH
as to normal HE staining. In this way, both
origin and morphology of the cellular elements
can be determined on location.

The technique has proven its reliability in
terms of sensitivity and specificity, which theo-
retically may both reach 100%. In practice, for
each application of ISH, optimal conditions
have to be established empirically to obtain
high values for both parameters.

Cell Origin in Porcine
Cryopreserved Allograft
Explants

Before examining human allograft explants, we
studied the feasibility of establishing an ISH
protocol to determine cell origin in allograft
explants in a experimental setting, using a
porcine model.16 Previous experience con-
vinced us of the usefulness of the growing
young pig model for valve research purposes.19

In a small series, three aortic grafts—one from
a male pig donor, two from female pigs—were
cryopreserved according to the standards for
human allografts, and then implanted in the
subcoronary mode in pigs of opposite sex.After
five months, the animals were euthanized and
the allografts were explanted, together with 
the native pulmonary valves that were used 
as a control. All valves were examined macro-
scopically and were then prepared for micro-
scopic studies. The consecutive frozen sections
that were made from each cusp were paired 
and alternately used for conventional 
haematoxylin-eosin staining and ISH.
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Apart from a distinct thickening of the
leaflet, which was more pronounced at the
hinge area, the allograft explants in our series
did not show macroscopic abnormalities.

Light microscopic evaluation of the explants
revealed the presence of young, star-shaped
fibroblasts located in the cuspal hinge area. In
all cases, a fibrous sheathing had formed over
the graft wall, extending onto the leaflets to a
certain extent, being more prominent on the

inflow side. Cellularity in the cusps had dimin-
ished when compared to the aspect of a 
native porcine aortic valve. All cusps contained
several areas of varying sizes that were totally
devoid of cellular components. Endothelial
cells were not discovered on the leaflet surfaces.

After we had established the optimal condi-
tions for ISH using a porcine Y chromosome
specific probe, we were able to attain levels of
sensitivity and specificity.
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Figure 19.1. Schematic representation of the in situ hybridization technique.



We then examined representative sections
made from all aortic allograft explants, where-
after we were able to make a reliable distinc-
tion between cells that did or did not contain
the Y chromosome. The presence of Y-positive
and Y-negative cells was subsequently marked
in schematic drawings, two of which are shown
in Figures 19.2 and 19.3. Using these maps, we
could establish the distribution of host and
donor cells throughout the allografts. After we
had studied the explants, some observations
were found to be consistent as they occurred in
all allografts in our series.

Five months after implantation, all cryopre-
served porcine allograft explants still contained
cells of donor origin, although their number

had decreased considerably. Most of these
donor cells were found in distal parts of the
leaflets; some leaflets also contained small iso-
lated foci of donor cells located more proxi-
mally. When studying the same explants with
HE staining techniques, we found that the
donor cells all had the appearance of fibrob-
lasts. There were no morphologic signs of 
cellular or nuclear lysis. In contrast to the
observations made in the graft leaflets, we did
not discover persisting donor cells in the graft
walls.

Recipient cells were detected in all explants.
They were observed to occupy the full 
thickness of the graft wall—apparently having
replaced the donor cells—with large extensions
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Figure 19.2. Schematic drawing of a longitudinal
section through the non-coronary cusp of a porcine
allograft explant (male donor, female recipient).
Graft wall is shown on the right side, leaflet on the
left. Dark shaded areas represent Y-positive (donor)
cells, light shaded areas represent Y-negative (recip-
ient) cells. White areas do not contain cellular ele-
ments. From Hazekamp et al.,16 by permission of
Mosby-Year Book, Inc.

Figure 19.3. Schematic drawing of a longitudinal
section through the left coronary cusp of a porcine
allograft explant (female donor, male recipient).
Graft wall is shown in the right side, leaflet on the
left. Dark shaded areas represent Y-positive (recipi-
ent) cells, light shaded areas represent Y-negative
(donor) cells.White areas do not contain cellular ele-
ments. From Hazekamp et al.,16 by permission of
Mosby-Year Book, Inc.



into the hinge area. In this area, we also found
evidence of recipient originated neovasculariza-
tion in some cases. Host cells were also seen in
the fibrous sheathing; other cells were found to
penetrate from these sheaths into deeper layers
of the leaflet tissue, occasionally even reaching
full thickness of the cusp (Figures 19.4 and 19.5;
see color insert). We repeatedly observed the
presence of superficially located foci of recipient
cells that did not make contact with the afore-
mentioned extensions, neither those extending
from the graft wall nor those from the fibrous
sheath. The location of these cells, which on
routine light microscopy appeared to be a
mixed population of fibroblasts and mononu-
clear cells, suggests that they may have been
blood-borne. Other host cells were fibroblasts in
most cases. Mononuclears were also detected,
but to a considerably lesser extent.

With this experimental study, we have estab-
lished a new, reliable and reproducible method
for determination of cell origin in allograft
explants. Obviously, our next project focused on
the adaptation of the ISH protocol to provide

a comparable tool for the study of explanted
human cryopreserved allografts.

Cell Origin in Human
Cryopreserved Allograft
Explants

The study of human allograft explants with the
aid of the in situ hybridization technique for 
the Y chromosome is still under way. At the
moment of writing the number of studied
explants is too small to allow for definite 
conclusions.

To illustrate the value of DNA in situ
hybridization (ISH) the preliminary results of
ISH analysis of five human allograft explants
will be discussed. Except for one, these cryop-
reserved aortic and pulmonary allograft valves
were explanted because of dysfunction. Mal-
function was due to technical failure with para-
valvular leakage in 2 explants (A and B) that
were removed 6 months and 2 weeks after
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Figure 19.4. ISH photomicrograph of a longitudinal
section through the right coronary cusp of a porcine
allograft explant (female donor, male recipient).
Detail from the leaflet surface, showing a sheath of
green, Y-positive recipient cells growing red Y-
negative remaining donor cells. Original magnifi-

cation ¥ 250. Reprinted from Journal of Thoracic and
Cardiovascular Surgery, Vol 110, Hazenkamp et al,
“In situ hybridization: a new technigue to determine
the origin of fibroblasts in cryopreserved aortic
homograft valve explants,” 248–257. © 1995, with
permission from Elsevier.



implantation. One pulmonary valve with
important insufficiency was replaced 2 years
and 4 months after first surgery (C). Non-
cardiac death led to explantation of an aortic
allograft that had been in situ for 5 months (D).
The fifth explant (E) was a stenotic and insuf-
ficient pulmonary allograft that had been
implanted for 3 years and 10 months. In all
cases a sex mismatch between donor and recip-
ient existed. Radial tissue sections were made
of allograft wall and leaflet. These sections
alternately underwent HE staining for routine
histologic examination and the ISH procedure.

Explant A

Explant A is an aortic allograft from a female
adult (heart beating) donor. Cryopreservation
was with DMSO 10% after antibiotic steriliza-
tion. The allograft was used for subcoronary
aortic valve replacement in an adult male recip-
ient with aortic valve stenosis. Six months later

the allograft was explanted because of para-
valvular leakage.

Macroscopy showed slightly thickened leaf-
lets and an elastic aortic wall without calcifica-
tions. Routine HE histologic examination
showed a variable but still prominent cellular-
ity and a layer architecture that had almost 
disappeared. The cells appeared to be mainly
myofibroblasts. Lymphocytic cellular infiltra-
tion was observed near the donor/host interface
in the allograft aortic wall and leaflet base.
Donor cells were strongly reduced in number
and the majority of cells appeared to be of
recipient origin. ISH demonstrated Y-positive
(male, recipient) cells in a variable amount
throughout the allograft aortic wall and in the
proximal two thirds of the leaflet. On the leaflet
surface and in the deeper layers areas with
80–90% of the cells showing Y-positive signals
(male, recipient) could be observed. Some areas
in leaflet and aortic wall, particularly those with
poor cellularity, were completely Y-negative
(female, donor).
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Figure 19.5. ISH photomicrograph of a longitudinal
section through the left coronary cusp of a porcine
allograft explant (female donor, male recipient).

Detail from the cuspal hinge area, showing ingrow-
ing Y-positive recipient cells amidst some Y-negative
remaining donor cells. Original magnification ¥ 640.



Explant B

Explant B is an aortic allograft from a male
adult (heart beating) donor. The allograft 
was DMSO cryopreserved after antibiotic 
sterilization. It was used for subcoronary
replacement of the aortic valve in a female
adult patient and had to be explanted after 2
weeks because of technical failure (paravalvu-
lar leakage).

The allograft appeared normal at macro-
scopic examination. Histology showed a slightly
decreased cellularity with some acellular parts
in the aortic wall.Trilaminar leaflet architecture
has already started to blur. Some small areas on
leaflet and aortic wall surface presented an
increased cellularity with recipient inflamma-
tory cells (mostly lymphocytes and macroph-
ages). ISH showed clusters with reduced
numbers of Y-positive (donor) cells in the
leaflet and sporadically Y-positive cells in the
aortic wall.

Explant C

Explant C is a pulmonary allograft from a male
adolescent (heart beating) donor. It had 
been cryopreserved with DMSO 10% without
previous antibiotic treatment. The allograft 
was used as a conduit from right ventricle to 
pulmonary artery in a 9 year old girl with
Tetralogy of Fallot. The graft was explanted
after 2 years and 4 months because of valvular
insufficiency.

The arterial wall and leaflet appeared rather
normal, pliable and without calcifications. The
leaflets were slightly thickened and retracted,
causing valvular insufficiency. The collagen was
completely homogenized with disappearance
of the normal layer structure. Cellularity in the
atrial wall was strongly reduced.The leaflet was
acellular, except for an endothelial-like mono-
layer of Y-negative recipient cells covering the
leaflet surface. ISH showed no Y-positive (male,
donor) cells. Remaining cells were of recipient
origin.

Explant D

Aortic allograft explant D originated from a
female adult (heart beating) donor. It was cry-
opreserved with DMSO 10% following antibi-
otic treatment and implanted in the aortic root
of a male adult because of prosthetic valve
endocarditis. It was explanted 5 months later,
after the patient died in a car accident.

No allograft aortic wall tissue was available
for study as only the leaflets were explanted.
The leaflets were thickened but pliable with a
smooth surface. Histology showed a slight
increase in cellularity due to some inflamma-
tory infiltration of the whole leaflet with lym-
phocytes and granulocytes. Fibroblasts in a
layered architecture could still be recognized,
although the interstitium showed homogenized
collagen and was thickened due to some
edema. Gram staining failed to show any bac-
teria. ISH demonstrated the inflammatory cells
to be of male, recipient origin, with the major-
ity of the fibroblasts also staining Y-positive
(male, recipient-derived). The number of donor
cells was strongly reduced.

Explant E

Pulmonary allograft E was derived from a male
adult (heart beating) donor. Cryopreservation
was with DSMO 10% without antibiotic treat-
ment. This allograft had been implanted as a
conduit in the right ventricular outflow tract of
a 14 year old girl with Tetralogy of Fallot. After
3 years and 10 months, it was explanted because
of stenosis and valvular insufficiency.

The arterial wall of the allograft was thick-
ened but without macroscopic calcifications.
The leaflets appeared thin, small and retracted.
Histology showed a reduced cellularity in the
arterial wall and an almost acellular leaflet.
Layer structures had disappeared. No inflam-
matory cells were noticed. The allograft arterial
wall showed some sclerotic alterations. ISH
failed to demonstrate Y-positive (male, donor)
cells. All cells were of recipient origin.
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Comments

Despite the sometimes excellent harvest and
cryopreservation techniques, most studies
underline that before implantation there is at
least some loss of cellular viability. This is con-
sistent with the also common finding that cel-
lularity in clinical allograft explants is highly
variable but always less than before implanta-
tion. It is the consensus that there is always
some loss of (viable) donor cells. Furthermore,
substantial loss of endothelial cells pre- and
post-implantation has been described in several
studies.1,2,6,8,12,20

When inflammatory cells can be distin-
guished in allograft explants they are presum-
ably of recipient origin although macrophages
can be present in the normal, unimplanted
valve.2

From remaining (myo)fibroblast populations
it is difficult to say whether they are from donor
or recipient origin, especially because in most
cases trilaminar architecture of the valve tissue
is disturbed or totally absent.2,12 In some
studies, DNA fingerprinting techniques showed
that these remaining fibroblast populations can
be of donor and/or recipient origin.2

Current techniques, first culturing cells from
the valve tissue before testing, leave uncer-
tainty about the quality of donor or recipient
cells, and the finding of one population does not
exclude the presence of the other. Furthermore,
the current techniques give no insight into the
question of where the remaining cell popula-
tions are localized in the valve.

The discussion about cell fate and origin is
still open; first because of the proportionally
few explants that have been examined on this
issue and second because the examined valves
were in great majority explanted because of
dysfunction, leaving us uninformed about the
valves that perform well.

The DNA in situ hybridization technique for
the Y chromosome, as described previously,
gives more insight into the quantity and distri-
bution of donor and recipient cell populations
in tissue sections of allograft explants. Applied
on a series of explants, these data can be related
to preimplantation condition, implantation

time and clinical performance. It may enable us 
to draw conclusions about the significance of
donor and recipient cell populations.
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A large body of evidence has shown that fol-
lowing current methods of processing allograft
heart valves, modest populations of viable 
cells persist within the leaflet tissue. However,
the ability of cryopreservation to maintain a
normal cellular state in processed valves for
transplantation is a myth. Whether trans-
planted cryopreserved allograft valves are in
fact normal and, indeed, how “normal” is
defined, are important questions to resolve.
Recent studies have examined these issues,
following transplantation either into human
patients or into juvenile sheep. Together, they
suggest that cryopreserved allograft cardiac
valves do not maintain the characteristics of
native valves after processing and subsequent
transplantation.

Review of Current Studies

The recent work of Mitchell et al.1 augments
the in vitro work demonstrating that few allo-
graft valve cells are able to tolerate the pro-
cessing steps involved in cryopreservation nor
retain healthy metabolic status and ultrastruc-
tural characteristics. This study compared the
post-transplantation states of allograft valves
that were implanted either as cryopreserved
valve replacements or within orthotopic heart
replacements. Cryopreserved valves showed
early cell ultrastructural degeneration with
complete acellularity at later time points, and
morphological alteration of matrix. In contrast,
aortic valves of orthotopic heart transplants

retained near-normal cell and matrix morphol-
ogy with no evidence of the injury exhibited by
cryopreserved valves. None of the valves from
either group showed evidence of immune-
mediated injury, suggesting that this is not the
underlying mechanism of cellular degeneration
in these valves. Thus, these results point to 
preimplantation processing as a cause of the
acellularity of valve tissue, since valves within
the orthotopic heart transplants, that did not
undergo cryopreservation processing, displayed
healthy cellularity.

Examining how valve cells tolerate transplan-
tation on a molecular and cellular mechanistic
level, Hilbert et al. have recently investigated
the fate of cells within cryopreserved allografts
post-transplantation.2 As early as 2 days after
transplant into a juvenile sheep model, allograft
cells began to develop evidence of cessation 
of mitosis, leading to apoptosis. These states
were characterized by the loss of proliferating
cell nuclear antigen, the presence of nuclear
condensation, pyknosis, nick end labeling, and
apoptotic bodies. Changes peaked at 2 weeks
and no cells populated the allografts by 20
weeks, the longest time point observed. This
work suggests that apoptosis contributes
directly to the acellularity of allografts following
transplantation.

The recipient reaction to implanted allograft
valve tissue has included a distinct ensheathing
response. Hilbert et al. have observed a layer 
of connective tissue ensheathing the allograft
cusps of valves transplanted into a Hufnage
sheep model.3 This fibroelastic sheath was of
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host origin, and contained proteoglycans, colla-
gens, interstitial myofibroblasts, and surface
endothelial cells. The presence of sheathing
tissue correlated with cuspal thickening and
contraction. We have observed a similar phe-
nomenon in our own 20 week sheep implants.
Fibrous sheathing has also been seen in
xenograft bioprosthetic valved conduits in
young baboons.4 Past reports of cryopreserved
valves retrieved from human patients at the
time of reoperation for valvular dysfunction 
did not show extensive sheath formation.1,5–8

However, in recent studies of explanted 
antibiotic-treated human valve allografts,
approximately half the cusp was covered by
fibrous sheathing.9

After observing and beginning to under-
stand the mechanisms of processing-associated
damage, the obvious question arises of whether
it can be prevented and/or reversed. Current
studies indicate that valve leaflet interstitial
cells of cryopreserved allografts can be “resus-
citated” both in dissociated cell culture and in
organ culture within intact leaflets (Chapter 4,
this volume).10 Incubation with 15% fetal
bovine serum restores normal cell number,
ultrastructure, and functional markers to valve
leaflets.

Comprehensive Definition of
Post-Transplantation Leaflet
Cellular Viability

As discussed earlier in this section, a thorough
definition of functional cell viability would
include the following: the presence of cells
whose morphologic integrity is intact and which
express phenotypic markers appropriate to
their location, including the specific dual secre-
tory and contractile characteristics of myofi-
broblasts. Thus, theory proposes that viable
cells would retain the capability of mitosis for
regeneration of cells at densities appropriate
for tissue function. Finally, these cells would be
able to grow and remodel their tissue appro-
priately in response to stimuli generated by the
body of the patient.

Current Theories: Stunning,
Apoptosis and Prolonged Donor
Cell Viability

The first great mythology of the cryopreserva-
tion era for allograft valve transplantation has
been that donor leaflet cells remain viable and
persist for years, replicating and functioning as
typical matrix cells and providing a substrate
for normal re-endothelialization. This has been
shown by many studies to not be the natural
history of these cells and that the mythology of
prolonged viability is just that—a mythology. In
fact, efforts to enhance viability of the matrix
cells may actually have been counterproductive
when it extended to the donor endothelial cells.
It is likely that endothelial cells have greater
antigenic potential, have more exposure to 
the blood stream and thus would provoke 
an enhanced immune response, whereas with
deliberate stripping of the endothelium during
preimplantation processing, the donor cells
which definitely retain antigenic potential,
would have a more limited exposure and
perhaps some limited viability.

It is our belief that as currently practiced, cry-
opreservation of heart valves with subsequent
unmatched allograft transplantation does not
result in donor cells that survive in large
numbers for a prolonged period of time (i.e.
years). Studies reviewed in this book indicate
that a significant loss of cellular morphologic
integrity with irreversible cell death occurs
during harvesting and processing. However, at
the time of implantation, there are indeed a sig-
nificant number of intact cells that are viable by
morphologic criteria. The intermediate metab-
olism studies suggest that a large percentage of
these are severely depleted metabolically and
thus doomed to early death as a consequence
of metabolic stunning. Further, the Hilbert
paper2 suggests that the stress inherent to the
entire process initiates apoptosis and that, even
if the transplanted cells survive and regain
metabolic activity following implantation, they
are unable to enter the regenerative cell cycle,
and thus are not viable in the sense of our com-
prehensive definition. At best, these cells may
provide some transitional secretory (and thus
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matrix sparing) function which could be very
helpful in the short to medium term.

Immune Response

The other major myth of the cryopreservation
era was that these homografts were essentially
“immunologically privileged” in part because
the myofibroblasts were buried within the
matrix. This mythology led to commercial pro-
cessing by some companies of human homo-
grafts with modifications in the technique to
enhance viability, ultimately not only of fibrob-
lasts, but also of endothelium. This enhanced
viability was “marketed” without any evidence
that this retained viability actually contributed
to prolonged durability. In contrast, valves
processed by the techniques of at least one not-
for-profit tissue processor were intentionally
exposed to solutions to remove endothelium,
while the remainder of the processing steps
were kinder to myofibroblasts. The decreased
durability of cryopreserved allografts in
younger children (especially in neonates) has
been consistently attributed to an immune
response-mediated accelerated valve failure.
Both T cell and B cell infiltration has been
demonstrated11,12 as well as a persistence of
human leukocyte antigen (HLA) antibodies in
children receiving cryopreserved allografts.13–16

Proliferative and inflammatory responses have
also been demonstrated with intimal prolifera-
tion which may be the passive sheathing phe-
nomenon we have noted (vida infra) or it 
has been attributed to a low grade immune
response.11,14,17 Shaddy and coworkers did not
find ABO compatibility to be associated with
shortened durability in their study of homo-
grafts in the pulmonary position,12 but others
have.19 Work by Hoekstra,20,21 Smith22 and
Shaddy13,23 have demonstrated persistently 
positive panel reactive antibodies suggesting 
a significant HLA antibody response to 
implantation of allograft valves in both children
and adults. The Geneva group reported a 91%
durability at 5 years with ABO compatible
homografts in RVOT reconstructions in chil-

dren versus 69% for incompatible transplants
and concluded ABO immunogenicity plays a
significant role in accelerated homograft fibro-
calcification.19

Thus, the concept of immune privilege has
been shown to be untrue.Any cells which might
be spared metabolic, morphologic, or apoptotic
doom are ultimately susceptible to immune
attack. As a “foreign body,” there is also risk of
non-specific inflammation and scarring. Taken
together, the variable “viability” status of the
cells at the time of transplantation and the
clearly demonstrated immune response sug-
gests that few donor cells would persist for a
prolonged period of time (i.e. years). This is
consistent with the human explant studies as
described in Section VII (Allograft Heart
Valves: Morphologic, Biochemical, and Explant
Pathology Studies).

Sheathing

The above review of the effects of stunning,
apoptosis and immune responses must be cor-
related with the actual pretty good clinical
results achieved with current cryopreserva-
tion technologies and classical implantation
methods. It is our clinical hypothesis that
patients in whom an immune response is
avoided by the lack of retention of endothelium
and the gradual death of matrix cells can
achieve durable, functional benefit from allo-
graft valves for many years based upon the
passive performance characteristics of the
retained collagen, elastin and matrix. The lack
of physical failure of the leaflets during early
and medium terms (three to fifteen years) may
also be partially a consequence of the fibroblast
proliferative sheathing response which may
either be a normal low-level immune response
or even a non-immune mediated inflammatory
response to a foreign body in the circulation.

The studies and results from our own labora-
tory’s chronic sheep implant and human explant
studies suggest that the durability of homograft
valve transplants likely depends on a passive
retention of matrix physical and chemical prop-
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erties.1,2 This may be enhanced by a transition
phase restoration of soluble proteins to the
matrix and an absence of damage to the collagen
substrate. In addition, the “sheathing” phenom-
enon which we have observed in both human
explants and chronic animal models may influ-
ence durability. In this process, the recipient
lines the donor valve leaflet (denuded of
endothelium) with recipient fibroblast and
pseudo-intima.While these fibroblasts appear to
secrete primarily Type III collagen as opposed to
Type I collagen (in the matrix of normal
leaflets), it does provide splinting and living vis-
coelastic properties to the leaflets. It is our belief
that this fibrous sheathing is important to the
long-term durability of current generation cryo-
preserved human semilunar valves,19 and when
successfully accomplished correlates with pro-
longed valve function. If there is a heightened
immune response due to the presence of
endothelium or to the neonatal transplant
setting, or for some other reason the protective
sheath does not have time to develop, then dura-
bility of the ultimately acellular valve leaflet is
likely adversely affected.

While these concepts do not invalidate the
clinical practice of fresh or cryopreserved
homograft transplantation, they do suggest that
the original theories of prolonged donor cell
viability are wrong, and that it might even be
contraindicated to attempt to maximally
enhance donor cell viability, unless the immune
response is modified. If cell necrosis could be
avoided and either immune tolerance enhanced
or antigenicity reduced, then maximizing the
cell population in the leaflets at the time of
transplantation would be very attractive.10

Alternatively, decellularization is likely pre-
ferable to donor cell retention especially if
physical integrity of the valve matrix can be
preserved and especially if recellularization
with recipient cells can be accomplished either
in vivo or with in vitro seeding.24,25 There are
certain caveats in regards to the attractiveness
of decellularization: First, the processing treat-
ment necessary must not weaken or degrade
the physical material properties (i.e. strength
and viscoelasticity) of the valve complex.
Second, all cellular debris must be removed as

residual cell remnants can be pro-inflammatory,
potentially initiating a non-specific inflam-
matory response that could then enhance an
immune reaction, causing sensitization and/or
more destruction, than the gradual ebbing of a
cell population by apoptosis. Third, the pro-
cessing must not alter or expose the structural
and matrix proteins in such fashion as to be
inflammatory or even antigenic (e.g. xenograft
decellularized tissues). And finally, the decellu-
larization process must result in a protein 
scaffold commodious to recellularization with
phenotypically appropriate cells (i.e. myofi-
broblasts and endothelial cells) and not result
in the typical fibroblastic scar response which
simply mimics the optimal scenario for cryop-
reserved allografts (see sheathing vida supra
and Chapter 65).

Current data suggest that cryopreservation
methods which maximally enhance donor cell
viability likely contribute to enhanced immune
and inflammatory recipient responses which
markedly shorten functional durability of 
homografts,especially when transplanted across
ABO and HLA compatibility. Conversely, more
aggressive cryopreservation, harvesting and
storage methods which strip endothelium and
reduce more superficially positioned interstitial
cells while leaving deeply imbedded matrix
myofibroblasts (for protein synthesis) may be
the best expression of current cryopreservation
methodologies. Such a theory could explain the
recent reports of increasingly poor results (as
measured by duration of valve durability) when
“maximum viability”processing is used.Further
complicating so-called gentle or optimal viabil-
ity cryopreservation is the issue of “cell fate”
following such processing. If “imbedded”
myofibroblasts are lost by apoptosis rather than
induced cell necrosis, then the inflammatory
response should be muted. Conversely, cryo-
preservation methods that “enhance” early cell
“viability” but which leave significant cell rem-
nants (endothelial and/or myofibroblast) and
especially when followed by matrix cell necrosis
(stunned or doomed cells) could actually poten-
tiate inflammation and immune rejection (that
older methodologies likely, and perhaps inad-
vertently, muted).
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Section VII
Allograft Heart Valves:

Morphologic, Biochemical, and 
Explant Pathology Studies



Pulmonary and aortic valves transplanted from
one human to another (referred to as homo-
grafts or allografts) have been used for valvular
replacement and ventricular outflow tract
reconstruction for approximately 40 years.1–5

Predominantly derived from cadaver donors,
allograft valves may also be taken from hearts
in which the aortic valve is explanted intact at
cardiac transplantation.

The objective of this chapter is to review the
morphological features, functional relation-
ships and explant pathology findings in aortic
and pulmonary allograft valves. This presenta-
tion will address heart valve anatomy and 
histology, biomechanics, the effects of preim-
plantation processing and storage on valvular
tissue components, and valve-related pathol-
ogy. Preclinical and clinical studies involving
porcine, ovine and human valvular tissues will
be discussed.

Allograft Valves and Other
Replacement Heart Valves

The first clinical implantation of a mechanical
replacement heart valve was performed in 1958
using a ball-in-cage valve inserted in the
descending thoracic aorta.6 The first orthotopic
valve replacements were accomplished in 1960
(aortic position)7 and 1961 (mitral position).8

Mechanical heart valve designs continued to
evolve, with the current prosthetic designs con-
sisting of ball-in-cage, tilting disk and bileaflet

valves. The occurrence of thromboembolic
events and of sudden, life-threatening modes of
structural failure9,10 have continued to stimulate
interest in the use of biologic (allografts and
autologous tissues) and bioprosthetic (glu-
taraldehyde-crosslinked porcine aortic valve
and bovine pericardial tissues) heart valves.

Bioprosthetic and biologic heart valves
became the prosthetic valves of choice during
the 1970s, since they did not require long-term
anticoagulation and demonstrated less restric-
tion of central flow through the valve orifice.
However, as long-term clinical experience
increased, the durability of biologic and bio-
prosthetic valves became a limiting factor, prin-
cipally because of primary tissue failure (e.g.,
tissue abrasion, cuspal dehiscence and calcifica-
tion) and cuspal thickening (e.g., fibrous sheath
formation) resulting in significant alterations 
in hemodynamic performance (i.e., stenosis;
regurgitation). Leaflet tears and dehiscence
have also occurred as a consequence of the
technique used to attach pericardial and
porcine valve tissue and allograft valves to
polymeric and metallic stents (Figures 21.1 and
21.2).11–16 The incidence of tissue failure sec-
ondary to cuspal calcification (Figures 21.1 and
21.3) was shown to be particularly high in
porcine aortic valve bioprostheses implanted in
children and adolescents.17,18 Currently, allo-
graft valves are used extensively for the recon-
struction of the right ventricular outflow tract
in children.19,20 The clinical modes of failure of
biologic and bioprosthetic valves are typically
more gradual and less catastrophic than those
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of mechanical valves. However, the rate of
reoperation after implantation of bioprosthetic
valves has been reported to be approximately
40% following 8 to 10 years of use.21 The cur-
rent usage of cardiac replacement valves world-

wide is estimated to be: approximately 70%
mechanical valves (predominantly the St. Jude
bileaflet valve); 28% bioprostheses (predomin-
antly porcine aortic valves); and 2% cryopre-
served allograft heart valves.22
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Figure 21.1. Gross photographs depicting biopros-
thetic valve primary tissue failure. (A) Inflow surface
of a porcine aortic valve showing cuspal dehiscence

(arrow) and calcification (arrowhead). (B) Ionescu-
Shiley bovine pericardial valve demonstrating leaflet
tears located adjacent to the commissural stent posts.

Figure 21.2. Scanning electron
micrograph of the commissural
region of an explanted Ionescu-
Shiley bovine pericardial valve.
A leaflet tear resulting from 
the use of an alignment suture
to ensure leaflet coaptation is
shown. X 15.



The development of replacement heart valves
continues to progress with the use of a variety of
biomaterials and tissues (e.g., pyrolytic carbon,
polyurethane, parietal pericardium, dura mater,
and aortic, mitral and pulmonary valvular
tissues)23–26 as well as with modifications in tissue
processing (e.g., zero-pressure tissue fixation,
anti-calcification treatments, non-aldehyde
cross-linking agents),27–37 the development of
stentless bioprostheses,36,37 and the application
of tissue engineering concepts.38,39 However,
with the exception of the use of cryopreserved
allograft valves and pulmonary autografts (i.e.,
Ross procedure), which have demonstrated a
modest increase in long-term durability,40–43 the
clinical efficacy and actuarial freedom from
primary tissue failure of the next generation of
stentless bioprosthetic and autologous tissue
valves remains to be demonstrated.

There has been a renewed interest in the 
use of allograft and heterograft mitral valves
for the replacement of atrioventricular
valves.24,44–46 However, despite optimistic initial

reports, the demonstration of long-term mitral
valve allograft function remains to be estab-
lished.46 Preclinical studies of mitral valve allo-
grafts used as mitral valve replacements in
juvenile sheep (surviving 12 to 24 weeks) have
demonstrated two distinct mechanisms of allo-
graft failure.24 Characteristic morphologic
changes occurred in the allografts depending
on whether the mitral valves where glutaralde-
hyde-treated or stored in a cold antibiotic solu-
tion before implantation. Marked calcification
and chordal rupture (secondary to calcific
deposits) were observed in the glutaraldehyde-
treated allografts, while leaflet perforations and
ruptured chordae due to connective tissue dete-
rioration were noted in the antibiotic stored
valves (Figure 21.3). Cryopreserved mitral
valve allografts have been used as either partial
or total mitral valve replacements in conjunc-
tion with the use of an annuloplasty ring.46

Clinical findings following fourteen months of
implantation are encouraging with continued
retention of valve function; however, long-term
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Figure 21.3. Transmission electron micrographs
depicting intrinsic leaflet calcification localized to the
surface of the collagen fibrils (A) and involving

entire collagen fibrils (B). Uranyl acetate/lead citrate
stain. A, X 14,000; B, X 10,000.



studies will be required to establish the effec-
tiveness of this reconstructive mitral valve 
technique.

Allograft Valve Processing 
and Storage

Sterilization and Disinfection

The disinfection or sterilization of allografts
have been accomplished by various methods,
such as exposure to gaseous (ethylene oxide) or
chemical (glutaraldehyde-formaldehyde mix-
tures, beta-propiolactone) sterilants, antibiotics
(disinfection) and gamma or electron beam
irradiation. Chemical sterilants, such as aldehy-
des, ethylene oxide and beta-propiolactone, are
considered to be less than optimal, since these
agents significantly alter the mechanical prop-
erties of the valvular tissue.47 In contrast, expo-
sure to low levels of radiation and antibiotic
solutions does not markedly alter the valvular
biomechanical properties or leaflet geometry
and does not adversely affect performance.48,49

However, allograft valves sterilized with ethyl-
ene oxide or beta-propiolactone prior to
implantation have been reported to have an
increased incidence of primary tissue failure
(e.g., cuspal tears) as compared to valves 
stored in cold, antibiotic containing solutions.
(759, 536, 318, 388) Treatment with beta-
propiolactone has also been observed to result
in cuspal thickening,50 which is believed to be
secondary to tissue shrinkage47 and may induce
regurgitation.

Storage Methods

Lyophilization (freeze-drying), storage in cold
antibiotic solutions and cryopreservation (freez-
ing and subsequent storage in liquid nitrogen
vapor) have been traditionally used as a practi-
cal means of banking allograft valves.50–55 The
majority of the valves currently in clinical use are
cryopreserved.41,42,56–58

Studies of short-term valve replacement in
animals demonstrated that the performance of
lyophilized allografts was comparable to that of
fresh allograft valves; however, an increased

incidence of cuspal tears was observed follow-
ing the long-term clinical use of lyophilized
allografts.50,59,60 These cuspal tears were located
either at the cusp-aortic wall junction or in the
free edge of the leaflet, close to the commis-
sure.50 In addition to tissue failure secondary 
to alterations in mechanical properties,
lyophilized valves also may be susceptible to
calcification.61

Storage in cold antibiotic solutions has
proven to be effective,62 without inducing sig-
nificant alterations of mechanical properties 
or morphologic changes in collagen and elastin
(the principal fibrous connective tissue compo-
nents). However, a significant reduction in the
number of viable cells has been reported in
leaflets following two to four weeks of storage
in cold Hank’s balanced salt solution or nutri-
ent media, with complete loss of viable cells
occurring after one month of storage.63 Until
recently, the majority of the allograft valves in
clinical use had been stored in cold antibiotic
or nutrient media before implantation.52,56,62

The loss of cell viability secondary to storage
in cold antibiotics or nutrient media (referred
to as “fresh” allografts) stimulated the use of
cryogenic methods for the preservation of allo-
graft valves.The objective of maintaining leaflet
cell viability at the time of implantation has
been facilitated by the use of cryopreservation
and the development of improved tissue har-
vesting, disinfection and thawing protocols.64

However, the influence of cell viability on the
long-term durability of allograft valves is un-
known, although an increase in the actuarial
freedom from primary tissue failure and reop-
eration has been demonstrated with the use of
cryopreserved allografts.
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Aortic and Pulmonary Valves

General Morphologic Features

Aortic and pulmonary valves are referred to
collectively as semilunar valves. The normal
aortic valve is non-obstructive when open, com-
petent when closed, non-thrombogenic, non-
injurious to blood cells, durable, resistant to
infection and, capable of continuously remod-
eling its extracellular matrix and repairing itself
when injured.The dilated pockets of aortic root
behind the valve cusps bulge with each systolic
ejection of blood and are called sinuses of Val-
salva.1 Normally, the three aortic valve cusps
fold back into their respective sinuses of 
Valsalva when the left ventricular (LV) pres-
sure exceeds that in the aortic root (in ventric-
ular systole).When aortic root pressure exceeds
that in the LV cavity, the cusps fall back across
the outflow tract. Prolapse into the LV is pre-
vented by their concave semilunar shape and
coaptation of cuspal free edges (in ventricular
diastole).

Aortic valve function normally relies on its 3
cusps, the annular fibrous tissue, and aortic
root/sinuses of Valsalva. The aortic valve cusps
attach to the aortic wall in a crescentic fashion,
ascending to sites where adjacent cusps are
separated by only a small distance (commis-
sures) and descending to the trough of each
cusp.1 The three commissures are spaced cir-
cumferentially approximately 120° apart and
occupy the three points of a triradiate crown.
The aortic valve cusps are named for their rela-

tionship to the coronary artery ostia; thus, a
normal valve has right, left and non-coronary
cusps.The structure of the pulmonary valve and
surrounding tissues is similar to that of the
aortic valve, except for a thinner structure, lack
of well-developed sinuses behind the cusps and
absence of coronary arterial orifices.

The three aortic cusps have a similar shape,
resembling that of a half-moon (frequently
referred to as semilunar cusps), but are usually
unequal in size. The thin, crescentic region of
each cusp between its free edge and closing
edge, termed the lunula, defines the coaptive
region of the cusps. During valve closure, the
individual halves of the lunulas of one cusp
contact the corresponding regions of both adja-
cent cusps, thereby effecting a competent seal.
A fibrous mound, known as the nodule of Aran-
tius (nodulus Arantii), is located on the ventric-
ular surface, in the middle of the free edge of
each cusp.1 Visible semilunar ridges 2 to 3mm
from the cuspal free edge define the lower edge
of the lunula and rise to meet the nodule of
Arantius. Coaptation of the three nodules
ensures complete central closure of the valve
orifice during ventricular diastole. Since the
cross-sectional area of the aortic root is smaller
than the total surface area of the cusps, normal
aortic valve cusps overlap as much as 40% of
their area in the closed position.

Although it is common to have fenestrations
(holes) near the free edges as a developmental
or degenerative abnormality, this generally has
no functional significance, since the lunular
tissue does not contribute to separating aortic
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from ventricular blood during diastole. In con-
trast, fenestrations below the lunula cause
incompetence and they suggest a previous or
active infection.

The aortic and pulmonary valves have a well
defined histologic structure1 and lack intrinsic
blood vessels, since they are sufficiently thin to
receive nutrients by diffusion from surrounding
blood. The presence of nerve fibers and nerve
terminals have recently been demonstrated in
aortic valve cusps, although the functional sig-
nificance of this finding is unknown.2

The cusps of the semilunar valves consist of
three distinct histologic layers (from the inflow
surface): the ventricularis, the spongiosa and
the fibrosa (Figure 22.1). These layers are
similar in distribution in all semilunar valves;
however, the pulmonary valve is thinner and
more delicate in appearance.1 Ultrastructural
studies of the pulmonary valve have been
limited.3 Thus, the description which follows is
based primarily on studies of the aortic valve in
humans and in various animal species.4–13

Among the latter, porcine aortic valves have
been extensively studied, due to their use as
bioprosthetic heart valves. The only significant
morphologic difference between the human
and the porcine aortic valve involves the right
coronary cusp, which in swine is larger than the

other two cusps and contains a “muscle shelf”
located in the basal one-third to one-half of the
cusp. The “muscle shelf” consists of cardiac
myocytes and their vascular supply and repre-
sents an extension of the ventricular septal
muscle into the basal region of the cusp. This
muscle layer also may be present, but to a lesser
extent, in the non-coronary cusp.6 Thus, the
hemodynamic implications of the presence of a
“muscle shelf” (such as an asynchronous,
delayed opening of the cusp), a reduced effec-
tive orifice area, and the propensity of this
region to postimplantation degenerative calci-
fication, are of no concern with the use of
human allograft valves.

Cellular Components

Four major types of cells are present in cardiac
valves: 1) endothelial cells; 2) interstitial con-
nective cells; 3) mononuclear cells derived from
the blood, and 4) interstitial dendritic cells. The
endothelial cells form a continuous monolayer
that completely lines the surfaces of the valves
and is contiguous with the endothelial cell layer
of adjacent regions of the endocardium and/or
great vessels. These cells are flattened, have
single, centrally located nuclei, contain actin-
like and intermediate (10nm) filaments and are
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Figure 22.1. Light micrograph
illustrating the characteristic his-
tologic appearance of a porcine
aortic valve.Three distinct regions
are present: the ventricularis (v),
the spongiosa (s), and the fibrosa
(f). H&E stain. ¥ 100.



connected by junctional complexes9 that
provide a permeability barrier to the diffusion
of substances from the blood into the valvular
tissue.The interstitial connective tissue cells are
present throughout all layers of the valve. Cell
counts have demonstrated a relatively uniform
distribution of cells within specific histologic
regions of porcine aortic valve cusps, (e.g., a
mean +/- S.D. of 1760 +/- 312 nuclei/mm2 of
tissue section in the spongiosa and 1960≤68
in the fibrosa).14 These interstitial cells usually
are referred to as “valvular fibroblasts”, even
though they actually show a spectrum of mor-
phologic differentiation.10–12 This spectrum
includes: 1) clearly fibroblastic cells (with rela-
tively extensively developed rough-surfaced
endoplasmic reticulum); 2) intermediate forms,
such as myofibroblasts (with less abundant
endoplasmic reticulum, more developed actin-
like filaments and peripherally located dense
bodies that serve as attachment sites for the 
filaments) and 3) typical smooth muscle cells,
with few cisterns of endoplasmic reticulum but
very abundant actin-like filaments, peripherally
located dense bodies and well developed base-
ment membranes. These cells have been shown
to form a network in which they are intercon-
nected by gap junctions.12 Small numbers of
macrophages and lymphocytes (mostly T-

lymphocytes) are also present throughout the
various layers of the valves. In addition, inter-
stitial dendritic cells also have been demon-
strated to be present in heart valves. These cells
are thin, uninucleated and have very slender,
elongated cytoplasmic processes, but lack base-
ment membranes and actin filaments. They are
similar to cells of this type that are present
throughout a variety of other tissues, including
the heart.13 By the use of immunohistochemical
techniques, they can be identified specifically
and distinguished from smooth muscle cells and
other types of connective tissue cells.15,15a These
cells are presumed to function, as they do in
other tissues, in the presentation and process-
ing of antigens.

The ventricularis is an extension of the ven-
tricular endocardium. It is subjacent to the
spongiosa and is in direct contact with the
endothelial cell layer lining the inflow surface
of the cusp. The ventricularis contains connec-
tive tissue cells (as described above), multi-
directionally oriented collagen fibers and an
extensive network of elastic fibers. The most
prominent elastic fibers are oriented perpendi-
cular to the free edge of the cusp (Figure 22.2).
The ventricularis is thickened in the region of
cuspal coaptation at the nodulus Arantii in the
aortic valve (nodulus Morgagni in the pul-
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Figure 22.2. Histologic section
of a porcine aortic valve demon-
strating abundant, radially ori-
ented elastic fibers (arrowhead)
within the ventricularis. The
inflow and outflow surfaces of the
leaflet are lined by endothelial
cells. Movat pentachrome stain.
¥ 200.



monary valve).1 As a practical note, the ultra-
structural study of cardiac valves involves a
number of unusually difficult problems, partic-
ularly the proper identification of the inflow
and outflow regions of the tissue specimen
being examined. For this purpose, an elastic
fiber stain (Kajikawa) (Figure 22.3) is prefer-
able to routine electron microscopic stains,
since it facilitates the identification of the 
ventricularis.6

The central layer of the cusp is referred to as
the spongiosa.This layer is histologically similar
in semilunar and in atrioventricular valves 
and is composed of loosely arranged collagen
fibers, fibroblasts and other types of connective
tissue cells embedded in an extracellular matrix
rich in proteoglycans. The spongiosa is par-
ticularly prominent in the basal aspect of 
the cusp and does not extend to the free 
edge, which consists of only the fibrosa and the 
ventricularis.

The fibrosa is composed of fibroblasts, other
types of connective tissue cells and dense col-
lagen bundles, which serve as the major struc-
tural component of the outflow region of the
cusp. The collagen bundles approaching the
commissures are arranged into densely packed
cords, which are integrated into the valvular

ring. A few connective tissue cells, including
elongated fibroblasts and myofibroblasts,10–12

and small numbers of elastic fibers are present
in the fibrosa. Elastic fibers are prominently
seen in the basal region of the cusp near the
outflow surface and appear as a distinct histo-
logic layer, referred to as the arterialis. A single
layer of endothelial cells lines the outflow
surface of the cusp. Reduplication of the
endothelial basement membrane is a unique
ultrastructural marker that serves to identify
the outflow surface of the porcine aortic valve
cusp (Figure 22.3).6

Morphologic studies of the aortic valve
surface have provided insights into the effects
of the physical forces (e.g., pressure, tension)
applied to the valvular tissue at the time of his-
tologic fixation.4 The inflow surface is much
smoother than the outflow surface, demon-
strating radially oriented fine striations that
correspond to the elastic fibers present in the
ventricularis. The outflow surface has a corru-
gated appearance, due to the presence of
coarse, circumferentially arranged collagen
bundles in the fibrosa (Figure 22.4). These
bundles consist of densely packed collagen
fibrils, which appear wavy or crimped when in
the relaxed state. As increasing pressure is
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Figure 22.3. Transmission elec-
tron micrograph of the outflow
surface of a native porcine
aortic valve. Note the presence
of an intact endothelial cell
layer, a cell-cell junctional
complex (arrowhead) and redu-
plication of the basement mem-
brane (arrow). Fibroblasts, col-
lagen fibrils and elastic fibers
(stained black) are seen in the
fibrosa. Kajikawa stain. ¥ 9,000.



applied to the valvular tissue, the collagen
fibrils become elongated or straightened, with
consequent loss of crimp (Figure 22.5). Polar-
ized light microscopy is particularly well suited
for the assessment of the extent of collagen
crimp (Figure 22.6). It is noteworthy that pres-
sure gradients as small as 2mmHg are sufficient

to significantly alter the magnitude of collagen
crimp (Figure 22.7).16,17

Extracellular Matrix

Cardiac valves are primarily composed of
extracellular matrix components of connective
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Figure 22.4. Scanning elec-
tron micrograph of the surface
of a cryopreserved pulmonary
valve allograft, demonstrating
the corrugated appearance
produced by the underlying
collagen bundles and the
marked retention of collagen
crimp. ¥ 750.

Figure 22.5. Transmission
electron micrograph demon-
strating the loss of collagen
crimp, as shown by collagen
fibril elongation or straight-
ening. High pressure-fixed por-
cine aortic valve. ¥ 2,900.



tissue. Maintained by the interstitial cells, these
components consist mainly of collagen fibrils,
elastic fibers and proteoglycans, which repre-
sent the bulk of the physical mass of the cusp.
As described above, the histologic organization
of these components into three distinct layers

determines the unique biomechanical proper-
ties and resultant functional characteristics of
cardiac valves.9,18–22 Type I and Type III collagen
are the most abundant extracellular proteins in
cardiac valves; however, Type V collagen is also
present as a minor component.23 Recent studies
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Figure 22.6. Polarized light
micrographs depicting the mor-
phologic appearance of the 
collagen bundles and collagen
cords of a porcine aortic valve.
(A) Characteristic birefringent
banding pattern of collagen
bundles in which crimp is
retained. (B) Loss of collagen
crimp (straightening) resulting
from tissue elongation by the
application of a 100 gram load
to the leaflet. ¥ 100.

Figure 22.7. Histologic section
illustrating the effects of pres-
sure fixation on the morpho-
logic appearance of a porcine
aortic valve. Note the presence
of three distinct histologic
regions (ventricularis, spon-
giosa, fibrosa); however, due to
the loss of collagen crimp, the
collagen bundles have become
elongated, resulting in the
overall linear appearance of
the valvular tissue. Compare
with Figure 6.4. Toluidine blue
stain. ¥ 200.



characterizing the types of collagen in cartil-
age have demonstrated that collagens may be
present as either homogeneous fibrils or as
mixed fibrils.24 Similar studies of cardiac valve
collagens have not been made.

The functional effects of proteoglycan-
collagen interactions may involve the regula-
tion of extracellular polymerization of collagen
fibrils.25,26 Domains of high positive charge
density are located within the collagen fibril 
at sites of overlap of adjacent collagen mole-
cules (i.e., carboxyl- and amino-terminal 
end of the polypeptide chain; staggered over-
lap region). These sites are involved in the 
formation of intermolecular cross-links in the
collagen fibril. The extent of the cross-linking 
of the collagen fibrils may be regulated by 
the presence of proteoglycan glucosaminogly-
can side chains and at these cationic sites.25,26

These concepts are of theoretical and practical
significance concerning the direction of future
research on the viability of cells in cryopre-

served allografts and on the mechanisms of
renewal of the extracellular matrix of allograft
valves.

In addition to the various morphologic char-
acteristics of allograft valves, a variety of
gender and age-related anatomic and histologic
changes occur in human aortic valves. The fol-
lowing changes are most frequently observed 
in valves harvested from male donors: 1) 
degeneration of collagen fibers; 2) a fibroelas-
tic “spur” along the coaptation surface; 3) a
decrease in the number of cuspal fibroblasts
and in the amount of proteoglycans; 4) accu-
mulation of extracellular lipid (Figure 22.8) and
5) calcific deposits (Figure 22.9).27–29 Because of
the prevalence of these changes, current donor
criteria for allograft heart valves include an age
restriction and a negative medical history of
previous cardiac surgery, uncontrolled hyper-
tension, functional cardiac murmurs, rheumatic
fever and malignant, autoimmune or vascular
diseases.29
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Figure 22.8. Explanted aortic valve demonstrating
lipid accumulation, collagen fiber degeneration and
the loss of typical valvular histologic features. The

cleft-shaped inclusions indicate that cholesterol
esters were present in the valvular tissue. H&E stain.
¥ 200.



Mitral Valve

General Morphologic Features

The anterior mitral valve leaflet is significantly
larger than the posterior leaflet; in addition,
there are a few histologic differences.1 The his-
tologic appearance of the mitral valve leaflet is
similar to that previously described for the
semilunar valve cusps.

The auricularis of the mitral valve consists of
an elastic lamina with interspersed collagen
fibers and smooth muscle cells lying beneath a
continuous layer of endothelial cells. The auric-
ularis may comprise as much as 20% of the
leaflet structure and represents a continuation
of the atrial endocardium, extending over ap-
proximately 60% of the leaflet surface. At the
free edge of the leaflet, all the histologic regions
merge, and the elastic lamellae are less superfi-
cial and are covered by a layer of connective
tissue containing collagen fibers and few cells.

The spongiosa is histologically similar to that
of aortic and pulmonary valves. In contrast to

semilunar valves, this layer dips into the inser-
tion sites of the chordae tendineae.

The fibrosa contains fibroblasts and other
types of connective tissue cells, as well as a 
continuous layer of crimped collagen bundles
that are oriented parallel (circumferential) to
the ventricular surface and continue into the
chordae tendineae. The latter structures consist
of an outer layer lined by endothelial cells and
an inner core. The outer layer has a suben-
dothelial region containing a few collagen and
elastic fibers. As mentioned above, the inner
core is a continuation of the valvular fibrosa
and consists of longitudinally oriented, crimped
collagen bundles. Fibroblasts and myofibrob-
lasts are interspersed between the collagen
bundles in these areas.

The ventricularis represents a continuation
of the ventricular endocardium. It is covered by
an endothelial cell layer with a subendothelial
region rich in proteoglycans and elastic fibers.
The elastic fibers in the ventricularis of the pos-
terior cusp are shorter than those in the auric-
ularis. The ventricularis of the anterior cusp, in
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Figure 22.9. Histologic section of a calcific nodule
within the spongiosa of a porcine aortic valvular bio-
prothesis. This nodule has resulted in deformation
and disorganization of the collagen bundles in the

fibrosa. Note the loss of the histologic layering of the
valve and the insudation of plasma proteins (arrow)
and lipids (arrowhead). Toluidine blue stain. Glycol
methacrylate. ¥ 100.



contrast to that of the posterior cusp, is a con-
tinuation of the subaortic endocardium and can
be readily identified by the presence of dense
elastic fibers, which may be more prominent
than those in the auricularis.
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Aortic and Pulmonary Valves

The hemodynamic performance of the aortic
valve is determined by the dynamics of the
aortic root, the pattern of cuspal closure in
response to small changes in pressure, and the
sharing of mechanical and dynamic stresses
between the cusps and the sinuses of Valsalva.
Stresses within the valvular tissue result from
the presence of a pressure gradient across the
cusps when the valve is closed and from the
reversal of the cuspal curvature as the valve
responds to changes in pressure and flow
during the cardiac cycle. Studies of the effects
of increasing pressure applied across a closed
aortic valve, as occurs during diastole, demon-
strated that neither the commissural height nor
the length of the free edge change with increas-
ing pressure, although distension of the aortic
annulus (rarely exceeding 10%) was noted
between zero and 120mmHg.1 However,
the diameter of the sinuses of Valsalva and 
the elastic modulus increase (compliance
decreases) with increasing pressure, while a
corresponding decrease in coaptive surface
area and cuspal thickness occurs. A progressive
increase in radial (perpendicular to the free
edge) stresses is observed from the base to the
free edge, particularly near the nodulus Arantii.
The dimensional changes that occur in response
to increasing pressure serve to distribute cir-
cumferential (parallel to the free edge), uni-
form stresses along the coaptive surface.
Circumferential stresses are negligible when

the peak diastolic pressure is reached. Increas-
ing pressure also results in decreases in cuspal
thickness and in bending stresses within the
coaptive region.The bending stresses generated
during cuspal opening and closure are lower in
magnitude than the circumferentially distrib-
uted static stresses present in the tissue when
the valve is closed.1–7

The biomechanical properties of the aortic
valve correlate with and are dependent on the
unique histologic organization of the valvular
extracellular components.3 The nonlinear vis-
coelastic properties of aortic valve tissue have
been demonstrated by stress/strain studies. In
addition, the elastic modulus is greatest in 
the circumferential direction, while the exten-
sibility is greatest in the radial direction. The
anisotropic properties of aortic valve tissue
result from the circumferential orientation of
the collagen bundles in the fibrosa and the
radial orientation of the elastic fibers (primarily
in the ventricularis). The circumferential com-
pliance is determined by the extent of crimping
present in the collagen bundles of the fibrosa.
Changes in collagen crimp influence the bio-
mechanical properties, such as circumferential
compliance, of valvular tissue. The progressive
loss of collagen crimp results in a gradual re-
duction in compliance. Complete elimination of
collagen crimp (i.e., straightening of collagen
fibers) significantly alters the fatigue behavior
of valvular tissue, culminating in collagen
bundle “kinking” (Figure 23.1) and ultimately
fracture of the collagen fibers.3,8 The integration
of the cuspal extracellular connective tissue
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components into the structure of the sinuses of
Valsalva allows for the transfer of stresses from
the cusp to the sinus wall. The basal region of
the cusp at the junction with the sinus wall
undergoes extensive bending stresses during
systole. The stresses in this region are accom-
modated by an expanded wedge-shaped spon-
giosa that is rich in proteoglycans.9 The marked
expansion of the spongiosa and its increased
proteoglycan content at this site serve to reduce
the shear and bending stresses generated by the
opposing motions of the fibrosa and the ven-
tricularis. The fibrosa continues into the sinus
wall, where the collagen bundles merge into the
extracellular matrix of the aortic wall.9

It is notable that biaxial stress/strain studies
have demonstrated an age-dependent change 
in the radial extensibility (referred to as radial
stretch).A 40% decrease in radial stretch occurs
between 15 and 25 years of age; however, aortic
valve radial extensibility remains constant until
40 years of age and then decreases at a rate of
approximately 1% per year. The impact of this
observation on the selection of valve donors
based on age is unknown.10

Mitral Valve

In contrast to that of semilunar valves, the func-
tion of atrioventricular valves depends not only
on hemodynamic and leaflet biomechanics, but
also on the active contraction of the annulus and
the mitral valve apparatus (papillary muscles
and chordae tendineae).As a result of papillary
muscle contraction, the chordae tendineae elon-
gate (with loss of collagen crimp), restricting
leaflet movement and maintaining coaptation as
the ventricular pressure rises.

The principal components of the extracel-
lular matrix and their relative proportions
(reported as a percentage of leaflet weight) are
as follows: type I collagen, 60%; elastic fibers,
10%, and proteoglycans, 20%.11,12 As previously
discussed, the majority of the collagen fibrils
are arranged in dense bundles running parallel
to the free edge of the leaflet in the fibrosa. Col-
lagen has the highest elastic modulus (stiffness)
of the various extracellular matrix components.
The predominance of circumferentially ori-
ented collagen is responsible for the tensile
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Figure 23.1. Glycol methacrylate section of a commissural cord illustrating a “kink” in the collagen bundles
present in the fibrosa. High pressure fixed porcine aortic valve bioprosthesis. Toluidine blue stain. ¥ 100.



strength of mitral valvular tissue. The anterior
leaflet, which has a greater thickness and cross-
sectional area, supports a greater tensile load
than does the posterior leaflet. The unique his-
tologic structure of valvular tissue and the pro-
teoglycan-rich spongiosa greatly reduce the
bending stresses within both the anterior and
the posterior cusps. The auricularis and the
spongiosa are quite prominent in the coaptive
region of the valve and may be responsible for
the observed reduction in cuspal stresses in this
area during leaflet closure.

Finite element analysis has demonstrated
that the principal stresses within the leaflet are
oriented circumferentially, corresponding to
the principal orientation of the collagen
bundles in the fibrosa. In addition, this model-
ing technique has predicted that the com-
bination of annular contraction and increasing
tensile stress within the chordae tendineae 
(secondary to papillary muscle contraction)
facilitates the optimal distribution of stresses in
the mitral valve leaflet.12

Nonlinear stress/strain biomechanical prop-
erties have been described for both mitral valve
leaflets, as tested in the circumferential and
radial direction.13,14 The anterior and posterior
leaflets demonstrate anisotropic properties,
since the elastic modulus is greater in the cir-
cumferential than in the radial direction. A 
significantly greater change in circumferential
versus radial elastic modulus was observed in
the anterior leaflet.

The posterior leaflet is more extensible than
the anterior leaflet, although the post-
transitional elastic moduli of the two leaflets
are comparable. A comparison of uniaxial and
biaxial stress/strain studies indicates that
increasing the circumferential load markedly
influences the radial extensibility and elastic
modulus. It has been postulated that this finding
may reflect the interaction between collagen
fibers or bundles; however, additional factors,
such as the number of chordae tendineae 
insertion sites, also may contribute to this
observation.14
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Cellular Components

An increase in the actuarial freedom from
primary tissue failure and reoperation has been
reported following the use of cryopreserved
allograft heart valves.1–3 It has been hypothe-
sized that the increased durability of cryopre-
served heart valves is related to the retention
of viable cuspal cells; however, other investiga-
tors have suggested that this observation is 
the consequence of tissue processing methods
which do not necessarily preserve cell viability
but minimally damage the valvular extracellu-
lar matrix.4–9 If the retention of viable donor
cuspal fibroblasts is responsible for the noted
increase in allograft valve durability, then every
effort should be made to optimally harvest and
process allograft heart valve tissue in a manner
that ensures minimal loss of viable cuspal 
cells.

Currently, in most clinical centers, allograft
heart valves are harvested, disinfected and cry-
opreserved in the following manner: 1) warm
ischemic time (see discussion to follow) is 
generally restricted to 24 hours or less; 2) cold
temperatures (4°C) are used for dissection to
procure the allograft and for subsequent trans-
portation; 3) disinfection typically involves the
immersion of the allograft for 24 hours (4°C) in
solutions containing antibiotics (e.g., cefoxitin,
lincomycin, polymyxin B, vancomycin); 4) the
use of dimethlysulfoxide (10%) as a cryopro-
tectant, and 5) controlled-rate freezing 
(1 degree per minute to -70°C) of the allograft

valve and subsequent storage in liquid nitrogen
vapor (-170°C).

Independent of the processing method
selected, there is an obligatory interval of time,
referred to as the warm ischemic time, which
elapses from the cessation of the donor’s heart-
beat to the initial cooling of the allograft in
transport media. The duration of warm
ischemia represents a period of potential cellu-
lar injury and cell death, which significantly
alters the number of viable cells present in the
cusp at the time of implantation. Detailed ultra-
structural studies evaluating the extent of cel-
lular injury induced by increasing the duration
of the warm ischemic intervals have been con-
ducted on porcine, and human aortic and pul-
monary valves.6,7,10 Morphologic indicators of
reversible cellular injury (dilatation of endo-
plasmic reticulum, cytoplasmic edema, mito-
chondrial swelling) are observed early (e.g.,
40 minutes) after the death of the donor and
gradually progress to irreversible injury (mito-
chondrial flocculent densities, karyolysis, cell
disruption) through 12 hours of warm ischemia.
A significant increase (i.e., 10% to 25%) in the
number of irreversibly injured cells occurs
between 12 and 24 hours of warm ischemia.

Approximately 40% of the cuspal cells in
human cryopreserved allograft valves demon-
strate ultrastructural evidence of irreversible
injury following 16 to 20 hours of warm
ischemia.6 As the warm ischemic time increases,
a progressive loss of endothelial cells, fibrob-
lasts and myofibroblasts occurs. Endothelial
cell loss was most notable initially, while the
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morphology of leaflet interstitial cells began to
significantly deteriorate after approximately 12
hours of warm ischemia. Similar observations
have been made in aortic allograft conduits 
harvested 24 and 48 hours after death.11 Ex-
tensive morphologic changes (i.e., pyknotic
nuclei, cytoplasmic eosinophilia) were reported
in smooth muscle cells in these grafts.11 Flow
cytometry studies utilizing fluorescent indica-
tors of cell viability (e.g., FDA-PI) have demon-
strated a significant negative correlation
between warm ischemic time and cell viability.5

A good correlation has been observed between
estimates of the percentage of viable cells (as
assessed by flow cytometry), and ultrastructural
changes in cell integrity after 6 hours of warm
ischemia.5,7 Furthermore, the absolute number
of cuspal cells may be expected to be further
reduced as a consequence of additional pro-
cessing (e.g., disinfection, cryopreservation,
freezing and storage).

The effects of pre-harvesting warm ischemia,
disinfection, cryopreservation and thawing on
adenine nucleotide metabolism have been
recently reported.12–14 These studies indicate
that both the duration of harvest-related warm
ischemia and preimplantation processing (dis-
infection, cryopreservation, thawing) induce
marked alterations in allograft valve metabo-

lism, as shown by a decrease in adenine
nucleotides and an increase in lactate produc-
tion. An inverse relationship was also noted
between the duration of warm ischemia and 
the levels of metabolites of high-energy phos-
phates. These findings indicate that a shift from
aerobic to anaerobic metabolism occurred sec-
ondary to tissue hypoxia in an attempt to main-
tain adequate intracellular adenine nucleotide
levels.

Extracellular Matrix

Increasing the duration of the warm ischemia
or of the preimplantation processing results in
a progressive loss of proteoglycans; however,
the morphologic characteristics of the elastic
fibers and collagen fibrils are retained (Figure
24.1). Collagen crimp (as demonstrated by
polarized light microscopy) and the extent of
collagen crosslinking were unaltered by
extended periods of warm ischemia (i.e., 72
hours) and allograft processing (DG Crescenzo
and SL Hilbert [unpublished results]).

It has been suggested that the clinical per-
formance of allografts may be influenced by the
duration of the warm ischemic interval and the
method of preimplantation processing.12,13,15 It
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Figure 24.1. Transmission
electron micrograph demon-
strating the ultrastructural
appearance of a porcine aortic
valve exposed to 24 hours of
warm ischemia before process-
ing. A moderate loss of proteo-
glycans (arrow) is observed.
Collagen fibrils and elastic
fibers have retained their char-
acteristic morphology. Uranyl
acetate and lead citrate stain. ¥
14,000.



remains to be demonstrated whether or not
there is any retention of a significant number of
fibroblasts that remain viable, and whether or
not the viability of such cells can have subse-
quent effects on the long-term durability of
allograft valves. The presence of morphologi-
cally intact cellular and extracellular compo-
nents may simply be an indicator of the
adequacy of allograft valve harvesting, disin-
fection and cryopreservation protocols.
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Despite the wide clinical use of allograft heart
valves, studies of the pathological features of
explanted cryopreserved allografts have been
reported only recently. Further analysis of
explanted allograft valves is needed to clarify
the following important issues: 1) whether and
to what extent viable cells are retained in opti-
mally cryopreserved allografts; 2) what mecha-
nisms of cell death (e.g., necrosis, apoptosis)
underlie their attrition; 3) whether and to what
extent allograft cells are replenished or the
graft repopulated by cells from the recipient;
4) whether allograft cell viability at the time 
of implantation is an important determinant of
long-term function; 5) the extent to which the
integrity of the extracellular matrix, independ-
ent of cell viability, contributes to the long-
term function of the allograft and 6) whether
immune-mediated inflammatory responses play
a role in the loss of valvular function.

Preclinical Studies

Preclinical animal studies involving allograft
heart valves have been conducted predomi-
nantly in non-orthotopic models in which an
allograft valved-conduit (also referred to as an
aortic root) has been implanted in the systemic
circulation thus avoiding the need for car-
diopulmonary bypass.1,2 Reconstruction of the
right ventricular outflow tract has been ac-
complished in lambs using cryopreserved and
antibiotic-disinfected aortic valve allografts.3

To the best of our knowledge, orthotopic aortic
valve replacement in animals has been limited
by significant animal model-related adverse
events (e.g., supravalvular stenosis secondary 
to aortotomy healing). However, mitral valve
allografts and stentless porcine aortic valve 
bioprostheses have been evaluated in their
respective orthotopic sites.4–6

One of us (SLH) has been involved in the
development of a non-orthotopic allograft
model in juvenile sheep. This model is suitable
for the evaluation of aortic valve allograft
hemodynamics and morphology.1 Fresh and
cryopreserved sheep aortic valve allografts
were implanted in the mid-thoracic aorta (left
thoracotomy, 4th intercostal space) by means of
proximal and distal end-to-end anastomoses
following the temporary placement of a bypass
shunt (to prevent spinal cord ischemia/paraple-
gia). A 5mm ePTFE vascular graft served as a
shunt between the distal aortic arch (approxi-
mately 2cm proximal to the allograft anasto-
mosis) and the left atrium. The use of this shunt
raised the left atrial pressure to approximately
12–14mmHg, but did not result in the subse-
quent development of congestive heart failure
in chronic (20 weeks) animals.The shunt served
to increase the aortic pulse pressure by decreas-
ing the diastolic pressure (e.g., 10–15mmHg).
The placement of this shunt provided the ap-
propriate hemodynamic conditions necessary
to ensure the full range of leaflet motion and
coaptation, as confirmed by Doppler echocar-
diography. The leaflets were observed to simply
flutter throughout the cardiac cycle when the
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aortic-left atrial shunt was cross-clamped or
occluded.

The following histologic findings were similar
in explanted fresh and cryopreserved allograft
valves: 1) a marked reduction in leaflet cellu-

larity occurred within the first 30 days of implan-
tation (Figure 25.1A, B and C; see color insert);
2) an increase in cuspal thickness, primarily due
to the formation of a layer of fibroelastic con-
nective tissue (fibrous sheath) of recipient origin
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Figure 25.1. Histology of normal ovine aortic valve
and implanted ovine aortic valve allografts. (A)
Three distinct regions are present: the ventricularis
(v), the spongiosa (s) and the fibrosa (f). H&E stain,
¥ 100. (B) Cryopreserved ovine aortic valve allograft
demonstrating the loss of the trilaminar histologic
appearance of the cusp after 30 days of implantation.
Note the loss of endothelial cells and a marked
reduction in cuspal cellularity. H&E stain. ¥ 100. (C)

Cryopreserved ovine aortic valve allograft 30 days
after implantaion. Pyknotic nuclei and apoptotic
bodies in cells with increased cytoplasmic
eosinophilia are depicted. Note the marked reduc-
tion in cuspal cellularity. H&E stain. ¥ 100. (D) Low
magnification view of section of a fresh ovine aortic
valve allograft implanted for 20 weeks. The cusp is
essentially acellular and encased by a thick fibrous
sheath. Movat pentachrome stain. ¥ 100.



typically encased the allograft cusp by twenty
weeks (Figure 25.1D); 3) macrophages were dif-
fusely distributed in the extracellular matrix in
long-term explants (i.e., 30 days or longer); 4)
lymphocytes and plasma cells were rarely
observed; 5) loss of an intact endothelial cell
layer was consistently observed (see Figure
25.1B); 6) the characteristic trilaminar appear-
ance of the aortic valve was significantly altered
following 30 weeks of implantation, due to the
loss of distinct boundaries between the ventric-
ularis and spongiosa (Figure 25.1B); 7) cuspal
calcification was not observed following 20
weeks of implantation, although the aortic wall
was extensively mineralized (Figure 25.2) and 8)
collagen crimp was typically present in short-
term explants (i.e., less than 30 days) (Figure
25.3A), while prominent regions of collagen
straightening (elongation) were present in long-
term explants (e.g., 20 weeks) (Figure 25.3B).
Collagen fibrils were not fractured.1 In contrast
to glutaraldehyde crosslinked bioprosthetic
heart valves, extensive calcification was not
observed in allograft valve leaflets.

We have recently studied the pathologic
mechanisms responsible for the marked reduc-
tion in leaflet cellularity noted in allografts fol-
lowing 30 days or longer of implantation in the
systemic circulation. Laser scanning confocal
fluorescence microscopy methods were devel-

oped for the simultaneous detection of Factor
VIII, mitotic activity, cell density and apoptosis
in allograft valves. Mitotic activity was assessed
by an immunostaining method for the demon-
stration of proliferating cell nuclear antigen
(PCNA). Leaflet cellularity was evaluated using
4¢,6-diamidino-2-phenylindole, (DAPI), a fluo-
rescent nuclear stain.

Apoptosis, also referred to as programmed
cell death, is a selective nuclear process (e.g.,
cleavage of double stranded nuclear DNA; for-
mation of nucleosomes) responsible for cell
deletion during embryogenesis, normal cell
turnover in various organ systems as well as in
a variety of pathologic conditions.7 Apoptosis
was demonstrated by the nuclear incorpora-
tion of fluorescein-conjugated or biotinylated
deoxynucleotides by terminal deoxynucle-
otydyl transferase (TUNEL).1 In addition,
transmission electron microscopic studies were
conducted on selected tissue specimens to
determine whether or not they contained apop-
totic bodies derived from the nuclear fragmen-
tation of cells undergoing apoptosis.

The results of this investigation demon-
strated that a marked reduction in the mitotic
activity of leaflet cells occurred within two days
of implantation, as assessed by the loss of
PCNA reactivity (Figure 25.4; see color insert).
Endothelial cells are progressively lost from the
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Figure 25.2. Histologic section
of a fresh ovine aortic valve allo-
graft 20 weeks after implanta-
tion. No cuspal calcification is
apparent; however, extensive
calcification (stained black) is
present in the aortic wall. Note
the fibrous sheath on the inflow
aspect of the cusp. Von Kossa
stain, ¥ 100.



leaflet surfaces after implantation, as demon-
strated by Factor VIII immunostaining and 
by light and electron microscopy. Endothelial
cells are focally present on the leaflet surface
through 10 days of implantation, but are rarely
seen after 30 days.Apoptosis occurred in leaflet
connective tissue cells of allografts at two days
after implantation as valved conduits in the sys-
temic circulation (Figure 25.5A; see color insert).
Apoptosis reached a peak between 10–14 days
(Figure 25.5B) and resulted in the formation 
of numerous apoptotic bodies (Figure 25.5C 
and D; Figure 25.6), pyknotic nuclei (Figure 25.7)
and in the progressive loss of leaflet cellularity
following 30 days of implantation.

After twenty weeks of implantation, the fol-
lowing findings were observed: 1) the leaflets
were essentially acellular, with the exception of
rare myofibroblasts and macrophages (thought
to be of donor origin); 2) no apoptotic bodies
or PCNA-positive cells were observed; and 3)

the cusps were markedly thickened and con-
tracted, due to extensive fibrous sheathing of
host origin. The fibrous sheath consisted of a
proteoglycan-rich extracellular matrix, intersti-
tial myofibroblasts and a layer of Factor VIII-
positive endothelial cells. The reaction for
PCNA was negative in most of these cells, indi-
cating that both the endothelial cell and the
myofibroblast populations stabilize after a
rapid, initial increase in number. Significant
cuspal thickening and contraction resulted in
either valvular insufficiency or complete immo-
bilization of the leaflet against the aortic wall.

The results of this study suggest that apopto-
sis plays a major role in the loss of allograft cell
viability and the subsequent decrease in leaflet
cellularity observed in explanted allograft heart
valves. Taken together, the histologic and meta-
bolic preclinical studies reviewed in this
chapter suggest that the improved long-term
clinical performance of cryopreserved allograft
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Figure 25.3. Transmission electron micrographs of
collagen in ovine aortic valve allografts. (A) Collagen
crimp is retained in this region of cryopreserved allo-
graft implanted for 30 days. ¥ 3,500. (B) Regions of

straightening of the collagen crimp in the fibrosa of
a fresh ovine aortic valve allograft after 20 weeks of
implantation as a valved-conduit in the systemic cir-
culation. ¥ 2,900.



valves may be related to the retention of criti-
cal components of the extracellular matrix
rather than to the preservation of viable leaflet
cells capable of remodeling valvular tissue.

The histologic findings noted in cryopre-
served valves retrieved from patients at the
time of reoperation for valvular dysfunction are
similar to those observed in non-orthotopic
animal models, with the exception of extensive
fibrous sheath formation. The latter has been
previously reported in bioprosthetic valved
conduits implanted in young animals. One of us

(SLH) has observed extensive fibrous sheath-
ing in a single allograft used to reconstruct the
right ventricular outflow tract in a patient with
pulmonary atresia. The patient underwent
reoperation because of calcific stenosis of the
conduit at 5 years 9 months after implantation.
Significant cuspal thickening, leaflet contrac-
tion and marked calcification of the aortic wall
were present; however, calcific nodules were
not seen in the leaflet tissue. Histologically, the
leaflets were predominantly acellular, with 
diffusely distributed macrophages. Extensive
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Figure 25.4. Confocal images demonstrating reac-
tivity for PCNA and Factor VIII in native ovine
aortic valve (A and B) and implanted ovine aortic
valve allografts (C and D). (A) Native ovine aortic
valve showing PCNA-positive nuclei (green fluores-
cence) in myofibroblasts and endothelial cells. ¥ 400.
(B) High magnification view demonstrating the pres-
ence of Factor VIII in the cytoplasm of endothelial
cells (red fluorescence) lining the outflow surface of
the fibrosa. PCNA-positive nuclei (green fluores-

cence) are also present. ¥ 1,000. (C) The number of
PCNA-positive nuclei is markedly reduced in the
spongiosa and ventricularis of a cryopreserved ovine
aortic valve allograft following 2 days of implanta-
tion. ¥ 1,000. (D) Cryopreserved aortic valve allo-
graft implanted for 30 days, demonstrating loss of
endothelial cells from the surfaces and absence of
reactivity for PCNA in cuspal tissue. Note the low
level of autofluorescence in the extracellular matrix
of the cusp. ¥ 400.



fibrous sheathing was observed, with only the
free edge of the cusp devoid of fibrous tissue.
The trilaminar structure of the aortic valve cusp
was lost, becoming homogeneous throughout.
The incidence of fibrous sheath formation and
the characteristics of the patient populations

that may be at risk as the consequence of 
exuberant fibrous tissue response remains to 
be determined. In previous studies of human
explanted antibiotic-treated human valve allo-
grafts approximately one-half of the cusp was
covered by fibrous sheath.8
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Figure 25.5. Apoptosis in ovine aortic valve allo-
grafts. (A) Cyropreserved allograft 2 days after
implantation. Confocal image showing a single apop-
totic nucleus (nick end labeling; green fluroescence).
The leaflet cellularity is not reduced, and nonapop-
totic nuclei are demonstrated by staining with DAPI
(blue fluorescence).¥ 400. (B) Nick end labeling tech-
nique demonstrating apoptotic nuclei (black; perox-
idase method) in the spongiosa of a fresh allograft
implanted for 14 days. Nonapoptotic nuclei are coun-
terstained with hematoxylin.¥ 630. (C) Cyropreserved

allograft implanted for 30 days.Apoptotic nuclei and
apoptotic bodies are demonstrated (black) by the
peroxidase method for nick end labeling. ¥ 1,000.
(D) Apoptotic, pyknotic nuclei (nick end labeling;
green fluorescence) and intracellular apoptotic
bodies (arrowhead) are present in the ventricularis.
Cusp cellularity is decreased as illustrated by nuclear
counterstaining with DAPI (blue fluorescence).
Elastic fibers in the ventricularis show moderate
green autofluorescence. ¥ 400.



Clinical Studies

The pathologic changes that develop after
implantation in non-cryopreserved allograft
valves differ according to the method of preim-
plantation processing to which they are sub-
jected.8–13 Tissue processing, such as chemical
sterilization, lyophilization and irradiation has

been associated with cuspal rupture and calci-
fication. As mentioned previously, less harsh
methods of allograft processing, such as dis-
infection with antibiotics, storage at 4°C and
cryopreservation, have resulted in a reduced
incidence of primary tissue failure and calcifi-
cation.8,14 Cryopreserved allografts stored in
liquid nitrogen vapor can also develop macro-
scopic or microscopic cracks which appear after
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Figure 25.6. Transmission elec-
tron micrograph depicting the
ultrastructural appearance of 
an apoptotic body. Note the
presence of discrete nuclear
fragments and crescent-shaped
condensed nuclear chromatin.
Cyropreserved aortic valve 
allograft implanted for 30 days.
Uranyl acetate/lead citrate
stain. ¥ 6,000.

Figure 25.7. Ultrastructural fea-
tures of a pyknotic endothelial cell
present on the surface of the
fibrosa are illustrated in this micro-
graph. Note marked condensation
of the nuclear chromatin and con-
traction (darker staining) of the
cytoplasm. Compare with normal
chromatin and cytoplasm in adja-
cent fibroblasts. Uranyl acetate/
lead citrate stain. ¥ 4,800.



rapid thawing (Figure 25.8A; see color insert).15

The conditions which predispose to such
defects have not been completely elucidated.

A recent study done in the laboratory of one
of us (FJS) examined 33 explanted human cryo-
preserved allografts implanted from several
hours to 9 years, serves to illustrate the patho-
logical characteristics of these valves.14 Of the
explanted allografts, 20 had been used for aortic
root replacements and 13 for right ventricle to
pulmonary artery conduits. The latter were
removed primarily because of structural deteri-
oration (Figure 25.8B, C and D) of the valve,
infection or growth-related stenosis of the 
valve or conduit. Also studied for comparison
were 14 thawed cryopreserved human valves
intended for implantation, but not used at
surgery and 16 aortic valves from orthotopic
allograft heart transplants removed at either
autopsy or retransplantation. The orthotopic
allograft heart transplant series had postopera-

tive intervals ranging from 2 days to >4 years,
and included cases with fatal myocardial rejec-
tion and graft coronary arteriosclerosis. These
valves were evaluated grossly and by light and
electron microscopy and by methods for 
the immunohistochemical identification of
endothelial cells, T- and B-lymphocyte subsets
and macrophages.

Histologically, unimplanted cryopreserved
and thawed human aortic and pulmonic valves
retained their normal architecture (e.g., outflow
surface corrugations formed by collagen bundle
crimp within the fibrosa) and the trilaminar his-
tologic characteristics of the native aortic valve.
However, relative to normal valves the follow-
ing morphologic features were observed: 1)
mild autolysis with slight loss of the discrete
collagen substructure and amorphous extracel-
lular matrix; 2) variable nuclear pyknosis of the
cuspal connective tissue cells; 3) loss of an
intact endothelial cell layer lining the leaflet
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Figure 25.8. Failure modes of human cryopreserved
allograft valves. (A) Macroscopic transmural crack
in the aortic wall portion of a human aortic valve
thawed after storage in liquid nitrogen vapor. (B)
Gross photograph of an allograft valve implanted as
a right-heart valved conduit in a child and explanted
7 months later because of stenosis. The valve cusps
are thin; however the aortic wall is extensively calci-

fied. (C) Allograft valve used for right ventricular
outflow tract reconstruction and explanted 16
months later. Marked cuspal contraction and thick-
ening are shown (compare to Figure 25.8). (D)
Aortic valve allograft explanted 3 years after implan-
tation because of central regurgitation secondary to
cuspal elongation and prolapse.



surfaces; 4) a minimal number of diffusely scat-
tered mononuclear cells and 5) the absence of
necrosis, cuspal hematoma, thrombosis and cal-
cification (Figure 25.9A; see color insert).
Moreover, normal human valves prepared as
allografts have a low level, diffuse population
of macrophages and T-lymphocytes present,
perhaps as normal cellular constituents.

Cryopreserved allograft valve leaflets
implanted for up to 18 days demonstrated pro-
gressive autolysis and structural deterioration,
such as loss of distinct histologic layering, flat-
tening of the normal outflow surface corruga-
tions, and a variable, but occasionally marked,
reduction in the number of connective tissue
cells (Figure 25.9B and C). Endothelial cells
were rarely seen on the leaflet surfaces. T-
lymphocytes were the predominant type of
inflammatory cells; however, these cells were
not focally or diffusely increased in number.
Cuspal hematomas16 and superficial mural
thrombi were frequently present. Further loss
of leaflet histologic structure, fragmentation
and reduced staining of elastic fibers, and flat-
tening (thinning) of the cusps occurred in
valves implanted for 2–11 months. Stainable
residual connective tissue cells are rare. A
mixed inflammatory cellular infiltrate, includ-
ing T-lymphocytes, was prominent in those
cases in which infective endocarditis necessi-
tated explantation. A marked but unexplained
lymphocyte infiltrate was noted in a single valve
(Figure 25.10A; see color insert).

The cusps of allograft valves implanted for
1–9 years were uniformly flattened and thin,
with loss of the corrugations in the outflow
surface and an indistinct, non-layered histologic
appearance (Figure 25.11D). Nevertheless,
remnants of the normal trilaminar architecture,
such as a residual elastin network in the ven-
tricularis, could be demonstrated in most
valves. Stainable cuspal cells or endothelial cells
were rare. The progressive loss of cuspal cells
noted above is consistent with the results of
other recent studies, indicating that the
endothelial cells and the interstitial cells in cry-
opreserved allograft valves implanted for rela-
tively short periods of time (e.g., 1 to 2 months)
are nonviable. Cuspal hematomas and mural
thrombi (Figure 25.9D) were variably noted.

Focal cuspal calcification was found in some
long-term implants. In stenotic valves present in
right ventricular to pulmonary artery conduits
explanted from children, arterial wall calcifica-
tion was often extensive, but the cusps were
generally not calcified (Figure 25.10B).

Morphologic studies of explanted cryopre-
served allograft conduits demonstrated that the
pulmonary and aortic arterial walls were acel-
lular. Extensive medial autolysis and necrosis
were observed as early as 3 days after implan-
tation. In the walls of the great vessels, calcifi-
cation appeared to be initiated in nucleation
sites associated with nonviable cells and their
remnants and, to a lesser extent, elastic fibers
(Figure 25.10C) and collagen. In some cases,
calcification of elastic fibers was prominent in
conduits. These findings are consistent with 
the morphologic description of calcification
observed in native and bioprosthetic valves and
other cardiovascular tissues, including the aorta
and atherosclerotic plaques.17,18 Cuspal calcifi-
cation (Figure 25.10D) was less frequent than
arterial wall calcification, and is primarily asso-
ciated with cuspal cells rather than with extra-
cellular matrix.

The reason for the higher resistance to calcifi-
cation in the cusps of cryopreserved allograft
valves as compared to that of glutaraldehyde-
fixed porcine bioprosthetic valves is unknown.
We hypothesize that the extensive autolysis that
occurs during harvesting, preimplantation pro-
cessing, and even postimplantation, sufficiently
alters the chemical composition of the residual
cellular debris, reducing the numbers of nucle-
ation sites for calcification. In addition, previous
studies have indicated that the exposure of
valvular tissue to glutaraldehyde, as occurs
during the fabrication of bioprosthetic valves,
further alters both the cellular and extracellular
leaflet components and results in an increased
potential for cuspal calcification.19

Transmission electron microscopy of long-
term explants in our study (Figure 25.11) demon-
strated abundant degenerated and fragmented
cuspal cells,with focal microcalcifications (largely
associated with cell membranes and organelles).
Collagen bundles were preserved; however, a
marked loss of collagen crimping was noted.
Calcification of cuspal extracellular matrix
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Figure 25.9. Histology of unimplanted and
implanted human aortic valve allografts. (A) Unim-
planted cryopreserved and thawed aortic valve allo-
graft. Note the infolding (corrugations) of the
fibrosa, the distinct histologic regions and the extent
of cuspal cellularity. H&E stain. ¥ 33. (B) Cryopre-
served human aortic valve allograft implanted for
eight days. The trilaminar histologic structure is
retained; however, red blood cells are seen within 
the spongiosa and ventricularis. H&E stain. ¥ 33.
(C) Cryorpreserved human aortic valve allograft
implanted for 18 days shows loss of distinct histologic

layers and the lack of stainable cuspal cells. Sparse
macrophages are present. An intracuspal hematoma
is also present (right edge). Note the reduced
eosinophilia of the extracellular matrix. Compare to
Figure 6.22A&B. H&E stain. ¥ 33. (D) Low magni-
fication view of an allograft implanted for 7 years as
a right-heart valved conduit. The cusp is essentially
acellular, with pale staining of the extracellular
matrix and loss of discrete trilaminar structure. Note
the absence of endothelial cells. A mural thrombus
is present on the outflow surface (top). H&E stain.
¥ 33.



components, such as collagen and elastic fibers
was not observed.

The mode of late failure and its associated
gross findings differed among valves implanted
in the right and the left ventricular outflow
tracts of the heart. Right ventricle-to-
pulmonary artery conduits explanted from chil-
dren typically demonstrated heavy calcification
within the arterial walls (Figure 25.10B) and
were stenotic; however, cuspal calcification 
was rarely observed. In contrast, flattened and

thinned noncalcified cusps were noted in regur-
gitant allograft valves explanted from the left
side of the heart in adults. Fibrous sheathing
was prominent only in a few of these valves. As
in valves explanted from the right side of the
heart, gross calcification of the cusps was rarely
observed.

The postimplantation changes noted above,
including loss of cellularity and cell viability,
occur in the absence of significant mononuclear
inflammatory cell infiltrates, even though
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Figure 25.10. Inflammation and calcification in allo-
graft valves. (A) Atypical histologic findings, demon-
strating a marked inflammatory infiltrate (consisting
predominantly of T-lymphocytes) are found in an
explanted human aortic valve allograft. No histologic
evidence (eg, bacteria; PMNs) consistent with endo-
carditis was noted. Immunohistochemical staining
for T-lymphocytes (UCHL-1 antibody). Hema-
toxylin counterstain. ¥ 50. (B) Radiograph demon-
strating extensive calcification within the aortic wall
of an allograft that was used to reconstruct the right
ventricular outflow tract in a child and was explanted
after 7 months because of conduit stenosis. The cal-

cification does not involve the aortic valve cusps. (C)
Micrograph showing a calcific nodule and extensive
calcification of the elastic lamellae in the aortic
media of the wall of an explanted human aortic valve
allograft that was implanted for 6 months as a pul-
monary valved conduit.The media is essentially acel-
lular. Von Kossa stain. ¥ 33. (D) Low magnification
view of two calcific nodules present within the cusp
of a cryopreserved aortic valve allograft implanted
for 5 years. Note the loss of the distinct histologic
layers typical of an aortic valve cusp and the com-
plete loss of cellularity. H&E stain. ¥ 33.



patients are generally not immunosuppressed
and the valves are implanted without regard 
to HLA or blood group status. The fact that
inflammatory cells are rarely observed in ex-
planted allograft valves suggests that immune-
mediated mechanisms are not generally
responsible for the loss of cell viability and
marked reduction in cellularity. The paucity of
inflammatory cells observed in our study does
not support the concept presented by other
investigators, who have hypothesized that the
failure of cryopreserved allografts may have 
an immunologic (generally considered to be
humoral) basis.20,20–24

In contrast to the significantly altered 
morphology of explanted cryopreserved allo-
graft valves, aortic valves from long-term or-
thotopic cardiac transplants were essentially
normal (Figure 25.12A and B; see color insert).
Neither cuspal hematomas, mural thrombi or
valvular calcification were noted in our study.
Similar findings have been reported by other
investigators in valves from transplanted hearts.20

The morphologic findings in the valves of trans-
planted hearts failing due to severe rejection
(Figure 25.12C) and transplantation-associated
coronary arteriosclerosis (i.e., conditions in which
a substantial mononuclear infiltrate is present)
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Figure 25.11. Transmission
electron micrographs depicting
cellular remnants and focal
microcalcification in a long-
term explanted aortic valve
allograft cusp. Light micro-
scopic study of this cusp did 
not demonstrate either cuspal
cells or mineralization. (A) 
Cellular remnants (open arrow)
and microcalcfication (solid
arrow). (B) Collagen fibrils 
and cellular remnants (arrow).
Note the loss of collagen 
crimp and the straightening 
of the collagen fibrils. Uranyl
acetate/lead citrate stain. ¥
10,000. Reprinted from Journal
of Thoracic and Cardiovascular
Surgery, Vol 115, “Pathology of
explanted cryopreserved allo-
graft heart valves: comparison
with aortic valves from ortho-
topic heart transplants,” 118–
127. © 1998, with permission
from Elsevier.



were not different from those in valves
explanted from patients in whom immunologi-
cal processes did not contribute to their demise.
These findings further support the hypothesis
that immune-mediated inflammatory mecha-
nisms are not typically responsible for the loss
of allograft valve cellularity following their use
in patients or animals. The comparative histo-
logic characteristics of cryopreserved allograft
valves and aortic valves in orthotopic heart
transplants are summarized in Table 25.1.

We also have examined three pulmonic-
to-aortic autografts (Ross procedure) explanted

after 18 days, 2 years (Figure 25.12D) and 6 
years of function, respectively. The normal 
histologic structure of the cusps was retained in
all three autografts. The pulmonary valve auto-
graft that was explanted 6 years after im-
plantation demonstrated a mild decrease in
interstitial cellularity with an intact endothelial
cell layer; focal intimal thickening of the pul-
monary artery, without calcification, was also
observed. In contrast to these findings, the cry-
opreserved allografts explanted 18 days and 2
years after use as a replacement for the auto-
transplanted pulmonary valve were acellular,

228 S.L. Hilbert et al.

Figure 25.12. Histologic findings in valves (A and
B) and myocardium (C) from human orthotopic
cardiac allografts and after autotransplantation of
aortic and pulmonary valves (Ross procedure) (D).
(A) Micrograph demonstrating essentially normal
aortic valve histology. Note the extent of cellularity
and the presence of endothelial cells lining the
surface of the cusp. H&E stain.¥ 25. (B) Higher mag-
nification view demonstrating preservation of the
endothelium on the surface of the fibrosa. Immuno-
histochemical staining for endothelial cells (CD31).
Hematoxylin counterstain.¥ 50. (C) Histologic section

of myocardium from an orthotopic cardiac allograft
demonstrating dense infiltration of T-lymphocytes,
consistent with myocardial rejection. Compare with
Figure 25.10 A&B, noting that an inflammatory infil-
trate is not present in the cuspal tissue in this trans-
planted heart. Immunohistochemical stain for
T-lymphocytes (UCHL-1 antibody). Hematoxylin
counterstain. ¥ 50. (D) Pulmonary valve that was
used in a Ross procedure and was explanted after 2
years. The histologic findings are essentially normal.
H&E stain. ¥ 25.



hyalinized and showed moderate loss of its tril-
aminar structure.
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As described above, our collective preclinical
and clinical experience has served to identify
clearly the pathologic changes that occur fol-
lowing the implantation of fresh and allograft
heart valves in the systemic circulation in juve-
nile sheep and in human patients. The morpho-
logic findings in this series of investigations
demonstrate that a marked reduction in mitotic
activity occurs in both the endothelial cells and
connective tissue cells of the allografts within a
few days of implantation. The allograft valve
cusps become acellular within one to two weeks
of implantation. We have provided evidence,
based on animal studies, that apoptosis is a
major cause of the loss of cell viability in allo-
grafts during the first 30 days after implanta-
tion. We have shown that these changes occur
in optimally harvested and processed fresh and
cryopreserved allograft valves. The documenta-
tion of apoptosis by histochemical staining and
by the ultrastructural demonstration of apop-
totic bodies within allograft leaflets will have to
be confirmed in clinically explanted allograft
valves. These findings are in conflict with the
expectation that viable cells are retained and
are capable of replicating and participating in
the remodeling of the allograft cusp.

The temporal evolution of the microscopic
appearance of explanted cryopreserved allo-
grafts following implantation suggests that
changes related to harvesting, handling,
ischemic time, freezing and thawing are the
factors which are most responsible for the loss
of donor cell viability. Moreover, excessive 
neutrophilic and/or mononuclear inflammatory

cell infiltrates are absent in most explanted 
cryopreserved valves at all time points, includ-
ing those concurrent with histologic deteriora-
tion and loss of cellular staining. This leads to
the conclusion that immunologic phenomena
cannot be causally implicated in the processes
involved in allograft degeneration. Moreover,
evidence of immunologic injury to the valves 
is not seen (i.e., no valvular scarring or loss 
of cellularity) even in heart transplant patients
in whom immunologic phenomena caused
cardiac allograft failure, or in patients who 
sustained multiple episodes of parenchymal
rejection.

Collectively, these results suggest that despite
the demonstrable ability of allograft valves to
induce a detectable humoral and/or cellular
allogeneic response, some valves, depending on
yet defined processing or innate variables,
may be relatively resistant to immune injury,
perhaps due to some combination of high 
flow, lack of valvular microvasculature, or low
alloantigen expression, and/or lower expression
of relevant adhesion or co-stimulator molecules.
However, a recent study showed that all the
aortic valve allografts explanted from infants
had failed due to aortic insufficiency.1 Intimal
hyperplasia, extensive fibrous sheath formation
and focal infiltrates of B-lymphocytes (CD20-
positive) and T-lymphocytes (CD43-positive)
were observed in the allografts retrieved 
from the infants.We are not aware of any inves-
tigations which have clearly demonstrated
immunologically mediated allograft dysfunc-
tion, although many studies do indicate that
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transplanted allograft valves are immunogenic
(e.g.—endothelial cells express HLA, MHC 
I and II antigens). Marked fibrous sheath 
formation is routinely observed in explanted
xenograft bioprosthetic valves and conduits
which are immunogenic but do not elicit an
immune-mediated response resulting in valvu-
lar dysfunction.2 Further investigations will be
required to determine whether the early failure
(i.e., aortic insufficiency with cuspal thickening
and contraction) of some allografts explanted
from infants is immunologically mediated or
caused by a fibroelastic tissue response (i.e.
fibrous sheath formation) secondary to flow
conditions in the allograft (which may be 
exacerbated in infants and children).

It is also interesting to note that the mode of
failure of allograft valves seems to be related to
their placement in either the right versus left
ventricular outflow tract (stenosis vs. insuffi-
ciency, respectively) or humans versus juvenile
sheep (extensive fibrous sheathing develops in
the latter). Extensive fibrous sheathing has
been consistently observed in bioprosthetic
valved conduits or allograft valves implanted 
in the systemic circulation of juvenile sheep 
and baboons. Further studies involving larger
number of pediatric patients will have to be
conducted to confirm this preclinical observa-
tion and to identify patient populations that
may be at an increased risk for this failure
mode (leaflet thickening and contraction).

Despite the loss of connective tissue cells and
endothelial cells, calcification of the cusps of
allografts does not result in significant primary
tissue failure. This is in contrast to glutaralde-
hyde-fixed bioprosthetic valves in which this
complication frequently occurs. The integrity of
extracellular matrix components, primarily col-
lagen and elastic fibers, is retained in long-term
clinical explants, although collagen crimp and
the characteristic trilaminar histologic structure
of the valvular tissue are progressively lost.
In spite of these changes, these valves show a
satisfactory actuarial freedom from dysfunc-
tion and structural deterioration. The ultra-
structural appearance of the cusps of explanted
allograft valves is strikingly similar to that of
glutaraldehyde-treated porcine bioprosthetic
heart valves.3

The acellularity and the intact extracellular
matrix of the leaflets suggest that the retention
of the collagen and elastic fibers of cryopre-
served allografts serves as the major structural
basis for their long-term performance. These
observations suggest that maintenance of long-
term cell viability is not necessary for the
proper function of allografts. Therefore, the
number of potential allograft valve donors may
be increased by less restrictive tissue harvesting
and processing time constraints, which have
been designed to maintain cell viability.

Conclusions

In conclusion, this section provides a review of
allograft heart valve histology, biomechanics,
tissue processing and the pathological changes
that develop in these valves, particularly in 
cryopreserved allografts, after implantation 
in animal models and in patients. Although 
cryopreserved allograft valves have gained
increased clinical acceptance, particularly for
reconstruction of the right ventricular outflow
tract, many fundamental scientific issues con-
cerning these valves remain to be addressed,
including: 1) the mechanisms responsible for
the initiation of apoptosis of the valvular cells;
2) the development of approaches capable of
mitigating this apoptosis; 3) the development 
of tissue processing and sterilization methods
intended to enhance the long-term stability of
the extracellular matrix components and the
retention of their biomechanical properties; 4)
the identification of unique failure modes that
may be dependent on the age of the patient and
the site of implantation; and 5) the possible 
liberalization of allograft harvesting criteria
resulting in more allografts being available for
transplantation, since the long-term viability of
the cuspal cells are not maintained by current
processing methods.
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Section VIII
Allograft Valve Banking: Harvesting

and Cryopreservation Techniques



The use of human allograft heart valves for
replacement of congenitally defective or dis-
eased heart valves has become normal practice
in cardiothoracic surgery. From the early days
of using wet-stored “nonviable” homografts to
current methods of transplanting cryopre-
served “viable” allografts, the superiority of
human heart valve implants has been well doc-
umented.1–7 Clinical demand for allograft heart
valves is still growing. However, supply of this
valuable human resource has become a limiting
factor.

Donor selection and qualification is within
the statutory purview of the FDA. The allograft
tissue community has established its own over-
seeing body, the American Association of
Tissue Banks (AATB). However, this is a vol-
untary accrediting organization so it is not
mandatory. The AATB has established “Stan-
dards for Tissue Banking” (“Standards”)
reflecting the collective expertise and conscien-
tious efforts of tissue bank professionals to
provide a comprehensive foundation for the
guidance of tissue banking activities.8 These
Standards address all aspects of tissue banking,
from donor suitability to valve distribution, and
assure allograft tissue recipients of receiving
safe allograft cardiac tissue implants.

The United States Food and Drug Adminis-
tration (FDA) began regulating allograft
(human) heart valves as a Class III medical
device in December of 1990 under a previous
law aimed primarily at replacement heart valve
manufacturers (mechanical, porcine, and bio-
prosthetic valves). The U.S. allograft processors

were instructed to file for pre-market approval
(PMA) and enter into investigational device
exemption (IDE) studies to prove their safety
and effectiveness. This enforcement was with-
drawn on October 14, 1994 (see Strong vs.
FDA) and procedures were initiated to classify
the allograft heart valve as a class II medical
device. Since that time the FDA has issued
notice that the classification for allograft heart
valves will fall within the rules governing all
human tissue (proposed 21 CFR 1271). Chapter
11 covers this unique series of regulatory events
in more detail.

This review is based on the AATB Standards
and the methods and procedures of LifeNet’s
cardiovascular tissue banking services. As a
not-for-profit organization, LifeNet’s goal is to
provide the highest quality allograft heart valve
at the lowest possible cost to the recipient.
Recipient safety must be ensured through strict
heart donor screening criteria and stringent
quality control measures encompassing the
entire heart valve preparation protocol.

Heart valve preparation protocols are
divided into multiple areas: (A) donor suitabil-
ity; (B) heart procurement; (C) heart valve 
dissection; (D) heart valve evaluation; (E) 
allograft sterilization/disinfection; (F) cryop-
reservation; (G) storage; (H) transportation
and distribution; (I) thawing and dilution 
prior to surgical preparation of the allograft;
and (J) quality review systems. Each of these
areas is vital to the performance of the
implanted allograft, and strict standards must
be adhered to such that optimal replacement
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heart valves are provided for the recipient
patient population.
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Donor Suitability

Permission for heart donation is usually
obtained in writing or via a taped, documented
telephone conversation with the donor’s legal
next of kin, even if a potential donor carries an
organ donor card. Alternatively, a self-signed
donor document can be accepted as long as it
is in accordance with the Uniform Anatomical
Gift Act and applicable state and local regula-
tions. Once permission is obtained, the donor
must be adequately screened to minimize any
potential transfer of an infectious disease.

The 1998 edition of AATB Standards incor-
porated all FDA tissue donor screening criteria
which was published in a Final Rule and Guid-
ance Document for the Screening and Testing
of Donors of Human Tissue Intended for Trans-
plantation, that became effective on January 29,
1998 (21 CFR 1270). It was so mandated that
each potential donor should be evaluated indi-
vidually by obtaining and reviewing the fol-
lowing information: relevant medical records
including those describing past medical history
and current clinical course; an interview by
trained personnel with the donor’s next of kin
or other knowledgeable historian to reveal pos-
sible behavioral risk factors the donor pos-
sessed that could be associated with HIV,
hepatitis or other transmissible disease; physi-
cal evidence by examination that could reveal
a possible risk associated with HIV or hepati-
tis; and a hemodilution (plasma dilution)
assessment of the donor’s blood sample(s) used

for serological screening. In the case of pedi-
atric tissue donors who have been breast fed
within the past 12 months and/or are 18 months
of age or less, the natural mother’s risk for
transmission of disease must also be evaluated.
Screening also includes investigation for evi-
dence of malignancies, risk factors for prion-
associated disease, and systemic bacterial/viral
infection (sepsis). Additional AATB Standards
require that if an autopsy was performed, the
final report or a summary of the final report
shall be evaluated by a physician Medical
Director prior to tissue release for clinical 
distribution.

The AATB Standards for cardiovascular
tissues (CV) also stipulate that heart valve
donors shall meet the following criteria:

1. There shall be no history of bacterial
endocarditis, rheumatic fever, or semilunar
valvular disease, or a cardiomyopathy of viral
or idiopathic etiology.

2. Any history of previous cardiac surgery,
closed chest massage, penetrating cardiac
injury, or other potentially deleterious cardiac
intervention shall be evaluated on a case-by-
case basis.

3. Recovery of valves from anencephalic
infants shall begin only after asystole.

4. In the case of suspected Sudden Infant
Death Syndrome (SIDS), an autopsy should be
performed and results reviewed to confirm the
cause of death.

The donor suitability criteria must be in accor-
dance with the AATB Standards, however it is
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possible for the Tissue Bank Medical Director
to establish more stringent criteria. Note the
following differences between AATB Stan-
dards and LifeNet policy:

• Age and size limits:
(a) Lower size limit: AATB = generally 4

pounds; LifeNet = 8 pounds.
(b) Lower age limit AATB = newborn;

LifeNet = full-term newborn (36 weeks
gestational age)

(c) Upper age limit: AATB = 60 years;
LifeNet = 55 years.

As discussed by several authors,1,2 increas-
ing heart donor age may yield a corresponding
increase in calcification rates of transplanted
allograft heart valves. Various age criteria of
other programs2–4 extend up to 65 years of age
with good results, but LifeNet has set a con-
servative upper age limit of 55, as suggested by
several studies.1,2,5 Because the largest possible
allograft should be implanted that will not be
distorted within the recipient’s native annulus,
the lower age and size limits were established
with actual implantable allograft sizes in mind.

LifeNet also maintains screening criteria that
constitute the review of the donor’s risk for car-
diovascular disease. Histories which include the
following risk factors are individually and col-
lectively evaluated for acceptability: hyperten-
sion, long-term smoking, hypercholesterolemia,
hyperlipidemia, gout, morbid obesity, diag-
nosed coronary artery disease, and advanced
diabetes. If a donor presents with multiple risk
factors and the cause of death is directly related
to the risk for CV disease, those potential
donors are ruled out.

The possibility of cardiac trauma is also con-
sidered. Many deaths are due to extensive trau-
matic injuries and it is important to consider
that irreversible damage may have occurred to
the heart valves and/or their outflow tracts.
These traumas may be grossly visible or may
only be detectable by microscopic evaluation.
Crushing injuries and obvious blunt force
trauma to the thoracic cavity should be scruti-
nized. Sternal trauma, rib fractures, flail chest,
prolonged CPR, and traumatic recovery each
can cause rupture of cardiac blood vessels. The
release of heme from red cell destruction can

adversely stain cuspal tissue resulting in local-
ized areas of damage through autolytic
processes. This release of heme may also cause
moderate to severe staining of the aortic and
pulmonic outflow tracts (conduits) which may
render compromised tissue that is clinically
suboptimal.

Heart Procurement

The time period from cessation of heartbeat
until cardiac procurement as the “warm
ischemic time” and the time interval from
placement of tissue in cold transport solution 
to the beginning of disinfection as the “cold
ischemic time.” The AATB Standards permit
cardiovascular tissue recovery to be established
by each individual bank; however the following
upper time limits for completion of retrieval
and processing of cardiovascular tissues may
not be exceeded:

1. Warm ischemic time shall not exceed 24
hours from asystole (or cross-clamp) if the body
was cooled or refrigerated within 12 hours 
of asystole. The time limit shall not exceed 15
hours if the body was not cooled or refriger-
ated. Warm ischemia for cardiovascular tissue
ends when the heart is rinsed or placed into a
cold, sterile, isotonic solution.

2. Cold ischemic time should not exceed 
24 hours.

3. Total ischemic time shall not exceed 
48 hours.

LifeNet follows AATB Standards for cold
and warm ischemia with the exception that
warm ischemia time limit if the body is not
cooled or refrigerated is only 12 hours. A con-
sideration related to warm ischemia time is that
the time of death that is determined to be accu-
rate may actually be closest to the last time the
donor was seen alive, versus the “official” pro-
nouncement of death.

Studies have shown that valve leaflets recov-
ered past the 8–12 hour ischemic specification
may exhibit substantially decreased fibroblast
viability; however, these “non-viable” heart
valve allografts do have clinical applicability
because they may still outperform other avail-

240 S.A. Brubaker



able prosthetic devices.4–11 As discussed in
Chapters 4, 5 and 6, retention of normal intact
leaflet matrix structures may be a more impor-
tant factor in long-term allograft valve function.
It has been shown that extended warm ischemic
times may have an even greater damaging
effect on the non-cellular components of the
valve leaflets vs. the effect on cellular viability.
Since long-term durability may be the only
compromised factor, recipients with a short-
ened life expectancy (where the allograft would
outlive the recipient) or recipients who can be
anticipated to outgrow their valve may still
profit from the other inherent advantages of an
allograft.

Donor hearts for allograft heart valve trans-
plantation should ideally be obtained asepti-
cally in an operating room setting but may also
be recovered in less optimal arenas of recovery
such as in a medical examiner suite, a morgue
setting, or in a funeral home. Procurement tech-
niques for the recovery of hearts in an autopsy
setting have been published elsewhere.12

When the heart is to be recovered immedi-
ately following vascular organ donation, the
original surgical preparation should be
extended to anticipate a median sternotomy.As
shown by Hopkins, et al., heart valve leaflets are
relatively resistant to anoxia, but removal of the
heart within the first two hours after cessation
of heartbeat may be ideal. If the cardiectomy is
to be performed as a separate tissue donor pro-
cedure, the heart should be recovered first and
as soon after death as possible.

The key aspects of the procurement of hearts
for heart valves are aseptic technique, proper
length of the aorta and pulmonary artery (for
future conduit usage in ventriculopulmonary
artery reconstruction), and the avoidance of
valve leaflet injury.

Detailed steps for sterile cardiectomy are as
follows:

1. The general site of retrieval must be doc-
umented and area access restricted. Aseptic
technique must be followed using sterile surgi-
cal packs, instrumentation and technique. All
work surfaces to be used during the retrieval
should be cleansed using a bactericidal agent or
properly draped sterilely.

2. Shave and prepare the donor from chin
to umbilicus to bilateral nipple line.

3. Cleansing, preparing, and draping the
skin and surrounding area (steri-drape cover-
age is recommended). Persons performing the
surgical retrieval shall perform a surgical scrub
of their hands and forearms prior to retrieval.
A head cover and mask shall be worn at the
time of scrub, and a sterile gown and gloves
shall be donned after the scrub with the 
same diligence used routinely for operative
procedures.

4. The initial incision should be a median
incision over the sternum. During the initial
incision all areas of skin with abrasions or punc-
ture wounds should be avoided.

5. Divide the subcutaneous tissue to expose
the anterior surface of the sternum, xiphoid
process to sternal notch.

6. Free the pericardium from the posterior
sternum by blunt and sharp dissection. This 
procedure may need to be done intermittently
during the sternotomy.

7. Perform median sternotomy with the
Lebsche knife and mallet or sternal saw. Install
chest spreaders/rib retractors. Weitlanders can
be used for pediatric donors (position with
handle towards umbilicus). Note: For a “Y-
incision” approach, use heavy Mayo scissors 
or an automated saw to transversely cut the 
ribs at their midlength, then pull the remain-
ing breastplate up and over the donor’s head 
superiorly.

8. Incise pericardium to expose the heart
and remove pericardial fluid. Using 3–0 silk
sutures or towel clips, tack the pericardium
back to the skin, to the breast plate, or to the
spreader for full exposure. This will isolate 
the lungs from the sterile field desired for the
cardiectomy.

9. Circumferentially dissect the ascending
aorta to expose one cm of the brachiocephalic
artery.

10. Circumferentially dissect the aortic arch
to expose one cm of the left carotid and left
subclavian arteries.

11. Expose and ligate the superior and infe-
rior vena cava.

12. Expose the right and left pulmonary
arteries.
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13. Continue to dissect the pulmonary arter-
ies to their first segment branch arteries, which
requires dissection outside the pericardial
cavity. Begin to cut major vessels only after ade-
quate exposure is accomplished.

14. Transect the pulmonary arteries at their
first segmental branches.

15. Transect the superior and inferior vena
cava proximal to the ligatures.

16. Evert the heart and transect the pul-
monary veins. While incising the posterior 
pericardium, avoid entering the esophagus or
trachea, as it would grossly contaminate the
operative field.

17. Ligate the aorta beyond the left subcla-
vian artery. Do not cross-clamp the aorta any-
where proximal to this ligature, as intimal
damage may result that can render the aortic
valve unusable.

18. Transect the brachiocephalic, left carotid,
and left subclavian arteries. Transect the aortic
arch distal to its ligature.

19. Safely divide any remaining connective
tissue and remove the heart.

20. Place the heart in a large basin contain-
ing approximately 1 liter of any cold isotonic
solution (i.e. Normal saline, lactated Ringer’s
solution, PlasmaLyte, organ transplant per-
fusates, or tissue culture media)

21. The heart should immediately be rinsed
free of blood, gently massaging the ventricles to
remove as much blood as possible, and pack-
aged in cold isotonic, sterile, solution using any
acceptable organ recovery system that utilizes
double sterile bags or containers.The volume of
transport solution should be adequate to cover
the entire heart, including vessels and valves,
so that no surface area will become dry
(damaged).

22. After packaging, the heart is handed off
the sterile field, bagged, labeled, and placed in
a fluid-tight shipping container designed to
prevent contamination of the contents, and
allow for aseptic delivery of the heart at the
time of processing.

23. The heart transportation container is
transported at wet-ice temperatures and is
appropriately labeled as “Quarantined, Not
Intended For Human Use In Current 
Form”).

24. All available donor information, heart-
beat cessation time, and cardiectomy time
should be included with the heart shipment to
facilitate the valve dissection procedures and to
properly identify the quarantined tissue.

25. Following cardiectomy, the surgical site
should be surgically closed and the body 
prepared for the retrieval of other tissues or 
for transportation to an appropriate facility
(i.e., morgue, medical examiner’s office, funeral
home).
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Heart Valve Dissection

Hearts must be received at the processing facil-
ity in time to allow for completion of dissection,
evaluation and the initiation of antibiotic treat-
ment within the established ischemic time
limits.

Dissection of the allograft is performed in 
an aseptic “cleanroom” environment under
laminar flow conditions. The working area
should be sterile and draped according to
normal surgical protocol. As well as using
sterile instruments, ligatures, and grafts sizers,
LifeNet utilizes a specifically designed “cold
pan” to help keep the heart cool during dissec-
tion. This apparatus is a closed, double boiler
type of system that externally circulates 4°C
liquid that transfers and maintains cold tem-
peratures within the basin. The internal basin 
is filled with 1 liter of cold normal saline,
lactated ringer’s solution, organ transport 
solution, or tissue culture medium; and most of
the heart dissection is performed in the 4°C
bath. Maintaining the cardiac tissue in the cold
state maximizes cellular viability and matrix
integrity. The AATB Standards state that
methods and equipment shall be qualified to
maintain temperatures within the range of 1 to
10°C during heart dissection.

AATB Standards also dictate that the dis-
section and processing of cardiovascular tissue
shall be performed as stated above in a certi-
fied air quality environment found to be
cleaner than or equal to a Class 1000 environ-

ment, such as a laminar flow or cleanroom 
facility. Tissues shall be processed in an aseptic
fashion using sterile drapes, packs, solutions,
and instruments.

The heart is removed from its sterile transport
solution and placed onto the operative field
within the cold pan. Dissection is begun with 
the heart apex directed away from the person
performing the procedure, with the anterior
surface of the heart projected superiorly. The
steps involved in the dissection procedures are
as follows:

• The anterior aspect of the aortic conduit is
inspected and any gross peri-adventitial con-
nective tissue removed until an even coverage
remains over the entire length of the conduit,
from the aorta to the aortic root. Arterial
hemostats can be affixed to the most distal
aspect of the conduit to provide counter trac-
tion. Note: Beware of the right and left coro-
nary arteries and do not damage the ostia.

• Once the anterior aspect of the aorta has
been grossly cleaned, turn to the posterior
aspect of the heart. Repeat this procedure
until the entire conduit is circumferentially
cleaned from the aorta to the aortic root.
Return to the anterior aspect of the heart.

• Incise the atrial adipose tissue covering the
right coronary artery. Do not cut the artery.
Dissect free the right coronary artery until 
1cm of artery is exposed. Ligate the artery
with 3-0 silk ligature. Check this area of the
aorta and the coronary artery itself for any
nicks, holes or abrasions and make note of
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such. Also look for any anatomical abnor-
malities such as coronary displacement.

• The left coronary artery is now dissected in 
a similar manner. The dissection is carried
out just distal to the origin of the circumflex
and left descending (LAD) arteries. The left
coronary artery is ligated with a single 3-0
silk ligature at the circumflex LAD bifurca-
tion and divided. Again, make note of any
problem area.

• The entire base of the aorta can now be 
fully exposed to the aortic root-myocardial
junction.

• Divide the pulmonary artery from the aortic
arch, freeing both conduits.

• Open the right ventricle just below the right
coronary artery with a full-thickness incision.
Holding the pulmonary artery in one hand,
remove the pulmonary artery with a full
thickness cut in a circumferential manner.
Leave a minimum of 1cm of myocardium
below the pulmonary valve leaflets. Note:
Care must be taken when separating the base
of the pulmonary artery from the aorta. The
conus ligament/tendon, or the infundibulum,
is often minute, and the aortic and/or pul-
monary conduits can easily be damaged
during this step.

• With the pulmonary artery dissected free,
grossly remove the epicardial adipose tissue
and maintain the pulmonary allograft in the
cold pan solution until further dissection.

• With a full thickness cut, divide the aorta
from the myocardium beginning at the pre-
vious right ventricular incision. Continue
posteriorly through the right atrium until the
atrial septum is reached.

• Return to the anterior aspect of the heart and
transversely incise the ventricular septum.
This full-thickness incision through the
septum should be approximately midway
down the septum, below the left ventricular
mitral chordae tendineae attachments.

• Expose the entire left ventricle by making an
incision to the heart apex. Care should be
taken to stay well beyond the origins of the
aortic valve leaflets in the Valsalva sinuses.

• In the opened left ventricle, transect the
chordae tendineae of the anterior mitral
valve leaflets.

• Make longitudinal incisions at both junctions
of the anterior and posterior mitral valve
leaflets. This maneuver divides the mitral
valve.

• Remove the entire left atrial myocardium
and posterior mitral valve leaflet from the
aortic base, leaving the anterior mitral valve
leaflet attached to the aortic root.

• Transversely, divide the ventricular septum 
1cm below the aortic valve leaflets. Remove
any remaining myocardium from the aorta
and free the allograft from the heart with the
anterior mitral leaflet still attached to the
aortic conduit.

• Trim excess myocardium, adipose, and con-
nective tissue from the aortic base, leaving a
uniform thickness of 2–3mm of myocardium.
Beware of the membranous portion of the
septum near the aortic base and tricuspid
valve junction. Avoid damaging any of the
tissue in this area and leave at least 2mm of
myocardium attached.

• Return to the pulmonary valve conduit and
remove excess tissue. Avoid any unnecessary
contact with the allograft leaflets.

• The tissue shall be kept cold and moist at all
times throughout the entire dissection proce-
dure to prevent drying and possible cellular,
tissue, and matrix deterioration.

Heart Valve Evaluation 
and Examination

The AATB Standards mandate a standardized
evaluation and classification system for allo-
graft heart valves. This evaluation should
include sizing and a qualitative graft assess-
ment. A system must be in place to notify the
implanting surgeon of any graft’s condition if
requested prior to final dispensing.

Sizing the allograft is a vital aspect of the
processing procedures; consistency and accu-
racy are of the utmost importance. Incorrect
sizing of the allograft aortic root diameter could
require tailoring of the recipient’s annulus and
prolong the patient’s aortic cross-clamp time.
Adequate conduit length is also mandatory 
in ventriculopulmonary artery reconstructions
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and aortic root replacement procedures. Proper
communication between the implanting
surgeon and the processing team is essential.
All parties should be in agreement on the
mechanics of sizing and know the parameters
involved (Figures 29.1 and 29.2).

The internal diameter of the allograft root is
determined and recorded. To obtain accurate
sizing, the annulus must not be stretched or 
distorted. LifeNet uses specially designed 
sizing obturators made of high-grade stainless

steel. Each obturator measures a specific size,
from 15mm to greater than 30mm, and can be
used to obtain the annular diameter measure-
ment in a minimally invasive manner. For
smaller pediatric valves, Hegar cervical dilators
are utilized. Repeated obturator sizing of the
valve has been found to damage the leaflets
through the continued physical contact and
should be avoided.1 For this reason, each 
obturator or Hegar dilator measurement is 
confirmed using calipers. This sizing double
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Figure 29.1. Valve diameter is measured as the internal diameter at the base of the aortic root. Length of
conduit is as shown.

Figure 29.2. Pulmonary allograft
dimensions: length of allograft
and left and right pulmonary
arteries.



check helps to ensure the accuracy of the 
measurement.

It is important that the implanting surgical
team know that valve sizes are determined by
internal root diameters. Most allograft internal
roots average 3mm less than the recipient’s
annulus, as determined by preoperative echo-
cardiogram. This 3mm differentiation must 
be kept in mind when requesting a specific 
allograft. LifeNet has found the pulmonary
valve root to consistently be 2–4mm larger than
the aortic root, the differential increasing with
the size of the heart.

The lengths of the aortic conduit and main
pulmonary artery are recorded along with the
size of the right and left pulmonary artery rem-
nants. These sizes are recorded in centimeters.
During the sizing period, the allograft should be
kept cold and moist, and the leaflets should be
carefully examined for any degenerative, trau-
matic, or congenital abnormalities.

At LifeNet, every allograft is assigned a
quantifiable “categorical” rating to assess its
overall condition. The following is a list of the
qualifications and conditions observed for each
specific numerical rating:

Category 2: Perfect valve

• Valve, conduit and attachments free of any
problem area such as tears, lacerations,
fenestrations, contusions, atheroma or calcific
deposits

Category 1: Implantable valve with some
imperfections

• Atheroma noted on intimal surface of
conduit or on leaflets

• Calcific deposits not associated with leaflets,
commissure or leaflet attachments

• Contusions of myocardium near valve root
• Leaflet fenestrations noted not affecting

valve competency
• Leaflet hemoglobin staining
• Uneven collagen distribution changes on

leaflet
• Conduit damaged or lacerated not affecting

valve function

Category 0: Valve unacceptable for clinical use

• Bicuspid valve or other congenital defect
• Severe leaflet fenestrations affecting valve

competency
• Leaflets torn or abraded
• Intimal peel throughout the entire conduit

length
• Calcific deposits on the leaflet, commissures

or leaflet attachments
• Conduit cut short or lacerated affecting valve

function or commissural posts
• Severely damaged
• Severe leaflet hemoglobin staining
• Valve incompetent

When assessing graft quality, it is important
to assess the valve and associated conduit as a
single unit in regard to the graft’s intended use.
A perfect valve may have associated conduit
tissue with a qualitative assessment that may
render the graft as a whole unacceptable. Con-
versely, an incompetent valve with numerous
fenestrations, may have associated conduit
tissue which is in “perfect” condition. The pro-
cessing technician must consider these issues
when making decisions regarding acceptability
and graft production. Due to the variety of con-
genital reconstructive applications for cardiac
allografts, production options are not limited to
just aortic and pulmonary valves. Non-valved
“conduit grafts” provide the processing techni-
cian with a range of options intended to maxi-
mize this very precious resource.

Once the allograft condition is noted, all
ratings, sizes, and comments are recorded in the
donor chart along with the date and time of dis-
section.The manufacturers and lot numbers for
all antibiotics and solutions used during the
processing should be recorded. Each allograft
should be assigned a separate identification
number and all records maintained in a perma-
nent donor chart.

Sterilization and Disinfection

In order to provide a disinfected allograft for
transplantation, identification and elimination
of any potential contaminants are required.
AATB Standards dictate that processing shall
include an antibiotic disinfection period fol-
lowed by rinsing, packaging, and cryopreserva-
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tion, and that “disinfection of cardiovascular
tissue shall be accomplished via a validated,
time specific antibiotic incubation”. Disinfec-
tion involving incubation of the allograft in
low-concentration, broad-spectrum antibiotics
is well documented.2,3 Many antibiotics mix-
tures have been utilized with varying degrees 
of effect on cellular viability, host ingrowth 
rate, disinfection efficiency, and valve survival
rates.1,4–10

Just prior to exposure of the tissue to any 
disinfecting media, LifeNet performs a filter
culture of solutions used in processing and
obtains a representative tissue sample. These
cultures are aimed at identifying any potential
procurement or process-related microorgan-
isms that may remain with the processed grafts
as they enter the disinfection solution. It is
important to identify this “pre-disinfection”
bioburden to determine whether microorgan-
isms that may be isolated at this time meet
established acceptability criteria. If organisms
are isolated that are known to exhibit a high
degree of pathogenicity, or are not considered
part of the normal respiratory flora, grafts may
be discarded regardless of the results of post-
disinfection cultures.

It has been suggested that hearts recovered
from multi-organ donors are microbiologically
sterile and may be immediately transplanted 
or cryopreserved.11 However, Gonzalez-Lavin
reports that 53% of his multi-organ donors’
hearts yielded positive cultures (ibid.). At
LifeNet, we found that approximately 32% 
of our hearts received were contaminated.
LifeNet’s primary contaminating bacteria his-
torically have been Streptococcus viridans,
Staphylococcus sp., and anaerobic diph-
theroids. It is therefore suggested that all allo-
graft heart valves enter into a disinfection
program.

Varying antibiotic formulas using penicillin,
gentamicin, kanamycin, axlocillin, metroni-
dazol, flucloxacillin, streptomycin, ticarcillin,
methicillin, chloramphenicol, colistimethate,
neomycin, erythromycin, and nystatin have
been tried by several authors. These solutions
have proven unsatisfactory for a variety of
reasons including: a decrease in cellular viabil-
ity12–14 and molecular cross-linkages with colla-

gen and mucopolysaccharides inhibiting host
ingrowth into the disinfected valve leaflets.9,15

LifeNet uses a modified version of the anti-
biotic treatment regimen recommended by
Barrat-Boyes.3 The following antibiotics are
added to a sterile-filtered nutrient

Cefoxitin 240mg/ml medium
Lincomycin 120mg/ml medium
Polymyxin B 100mg/ml medium
Vancomycin 50mg/ml medium

Several nutrient media have been used,
including modified Hank’s solution, TCM 199,
MEM Eagle’s, and RPMI 1640.3,4,16,17 LifeNet
utilizes sterile filtered RPMI 1640 as a base
medium for the disinfection solution, as recom-
mended by others.16,18

The sterilization stage begins once the allo-
graft is fully dissected.All antibiotics are recon-
stituted with sterile water and pre-mixed with
the appropriate nutrient medium. This antibi-
otic solution has a shelf life of 72 hours when
stored at 4°C. Buffer may need to be added to
maintain the pH between 6.8 and 7.0. The allo-
graft is placed in a suitable sterile container,
and approximately 125ml of the antibiotic solu-
tion is added. It is important that the solution
completely covers the tissue.

The container should be large enough that
the entire allograft be freely movable within the
interior and not contorted in any way. It has
been found that distorting the tissue to fit a
small container may result in allograft conduit
cracking after the freezing and thawing process.

The allograft tissue is stored at 4°C for 24
hours immersed in the antibiotic medium. The
heart valve is then removed from cold storage,
rinsed with tissue culture medium, and asepti-
cally packaged for cryopreservation employing
controlled-rate cooling.

Nearly all allograft heart valve programs
advocate the use of antibiotics (Table 29.1).
Many different antibiotics in various tissue
culture media are being employed, but all are
in relative low-doses, and with varying incuba-
tion times and temperatures.19

O’Brien initially reported incubating allo-
grafts in a solution containing penicillin, strep-
tomycin and Amphotericin B for 24 hours at
37°C.20 More recently, however, he has changed
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to a sterilizing protocol of the gentler antibi-
otics with the complete avoidance of Ampho-
tericin B in the disinfecting solution. He now
incubates the heart valve allografts for only 6
hours at 37°C, with these changes aimed at
maximizing leaflet cell viability (M.F. O’Brien,
personal communication, 7 March 1988.) In
1988, LifeNet removed Amphotericin B from
the antibiotic incubation.

Elimination of Amphotericin B from the
antibiotics regimen used to sterilize the grafts
highlights the importance of thorough donor
screening. Permission for autopsy and obtain-
ing pertinent medical history, including detec-
tion of symptoms related to those associated
with systemic mycoses or infective endocardi-
tis, is paramount to exclusion of fungal organ-
isms originating from the donor graft. Strict
sterile technique during recovery, transport at
4°C, and cold, sterile processing are additional
measures to prevent fungal proliferation.
Approximately 15% of all cases of infective
endocarditis are due primarily to two fungal
agents, Candida sp. and Aspergillus sp.21 Histo-
plasma sp. has been implicated in rare numbers.
Actinomyces sp. and Nocardia sp. have also

been implicated in myocarditis and endocardi-
tis.22 The coexistence of a bacterial agent and an
undetected yeast infection occurs in human
endocarditis,23 so any donor history of endo-
carditis should be scrutinized. Fungal endo-
carditis is characterized by development of
mycotic vegetation commonly attached to the
aortic or mitral leaflets.23 It is apparent that the
fungal organisms have a tendency to accumu-
late on leaflets of the left heart due to the
increased oxygen tension found here. It has also
been reported that the right heart offers a more
effective host response to defend against infec-
tion.23 Most mycotic infections are acquired via
airborne spores and ultimately manifest in the
lungs, making the left heart most susceptible 
to vegetation, especially on the surface of the
leaflets. For these reasons, the optimal tissue
specimen for fungal cultures is obtained from
the posterior mitral leaflet. A specimen that is
void of bacterial contamination is preferred, as
the presence of fungus would not be inhibited
by overgrowth of competitive bacteria. Tissue
contaminated with bacteria and sent for fungal
culture may prove unsuitable for diagnostic
procedures due to autolytic processes.24 This
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Table 29.1. Allograft Heart Valve Programs.

Program Antibiotics Nutriment Medium

Yankah (et al., 1987):39 Gentamycin, Axlocillin, RPMI 1640 &
German Heart Center Flucloxacillan, Metronidazole human serum
Berlin Amphotericin B
Kirklin (et al., 1987):40 Streptomycin, Penicillin, RPMI 1640
University of Alabama Amphotericin B
Gonzalez-Lavin (et al., 1987): 41 Cefoxitin, Ticarcillin RPMI 1640 &
Deborah Heart & Lung Neomycin, Polymyxin Fetal calf serum
Center, New Jersey Mycostatin
Angell (et al., 1987):4 Colistimethate, Gentamicin, TC199
Scripp’s Clinic Kanamycin, Lincomycin
San Diego
Barratt-Boyes (et al., 1987):20 Cefoxitin, Lyncomycin TC199
Green Lane Hospital Polymyxin B, Vancomycin,
Auckland Amphotericin B
Almeida (1988):42 Cefoxitin, Lincomycin TCI199
American Red Cross Vancomycin, Polymyxin B,
Los Angeles Amphotericin
O’Brien (et al., 1987, 1988):43 Streptomycin, Penicillin Eagle’s MEM
Charles Hospital Brisbane
Ross (Khanna, et al., 1981):44 Gentamycin, Methicillin, Modified Hank’s: National Heart
Hospital Nystatin, Erythromycin,
London Streptomycin



supports the practice of obtaining the tissue
(post, mitral cusp) for fungal cultures after
antibiotic treatment, just prior to packaging and
cryopreservation of the allograft, and discard-
ing tissue when surveillance cultures are posi-
tive before or after antibiotics.

As noted by Wain and colleagues,8 antibiotics
cannot be expected to unfailingly disinfect
every allograft. Originally, LifeNet tried touch-
culturing and tissue remnant sampling (aorta
and mitral valve sections) as the mode of
testing for sterility. Of the initial 300 hearts
tested using these techniques, only one allograft
yielded a positive culture result following the
antibiotic incubation period. However, it was
determined that the touch culture and tissue
sampling techniques could yield a high inci-
dence of false-negative reports. Approximately
0.14ml of antibiotic solution was carried with
the tissue sample or transported within the
culture swab to the thioglycollate broth. This
small amount of disinfecting solution trans-
ported during the sampling procedure was
enough to restrict the growth of low concen-
trations of microorganisms during incubation at
37°C in the thioglycollate broth. Carry-over of
antibiotics would thus mask the presence of 
the low-concentration microbial contaminants
present on the allograft tissue, resulting in the
reporting of false-negative cultures. The carry-
over effect of the antibiotic solution has been
substantiated by Waterworth and associates.7

LifeNet currently utilizes a post-disinfection
sterility control procedure. Following 24 hour
incubation, heart valves are removed from the
antibiotic solution. The solution is divided into
two aliquots and each aliquot is filtered through
a 0.22mm Pall Gelman Laboratory filtration
device (47mm filter holder; Pall Gelman Labo-
ratory, Ann Arbor, Michigan 48103). The filters
(and all trapped microorganisms) are rinsed 
of residual antibiotics and placed directly onto
trypticase soy agar with 5% sheep blood
(Remel Microbiology, Lenexa, KS 66215) 
and CDC anaerobic blood agar (Remel Micro-
biology, Lenexa, KS 66215), respectively.
Culture plates are incubated at 35°C +/-1° and
then examined daily for three days. In addition,
representative tissue samples are collected 
pre- and post-processing. In the past, these

samples have been cultured using sterility test
methods recommended in USP 23. More
recently, LifeNet has validated the use of the
BacTAlert™ automated microbial detection
system (Organon Teknika Corp., Durham, NC)
for culturing these samples.

Cryopreservation

Immediately following the antibiotic incuba-
tion period, packaging and subsequent cryop-
reservation of the grafts is begun.All packaging
should be performed under strict aseptic con-
ditions within a certified and qualified Class 
100 (or cleaner) laminar flow environment.
The allograft is removed from the antibiotic
medium, rinsed in fresh antibiotic-free medium,
and packaged with enough cryoprotectant 
solution to produce a total volume of 100ml.
At the time of packaging, cultures of all 
solutions, media, and representative samples
are obtained.

The allograft and the appropriate amount of
freezing solution are placed in a sterile pouch
large enough to prevent distortions of the allo-
graft. All air is removed from within the pouch,
and it is heat-sealed. The allograft package is
inserted into a slightly larger sterile pouch and
again heat-sealed. This doubly packaged allo-
graft is then taken to the freezing chamber for
control-rate freezing. It is important to ensure
that the pouches used in packaging the allo-
grafts are able to maintain their integrity at
liquid nitrogen temperatures (-196°C). LifeNet
currently utilizes a clear silicon oxide bag as the
internal pouch (RollPrint Packaging Products,
Inc., Addison, IL 60101) and a Kapton/Teflon
bilaminate as the external pouch (American
Flouroseal, Gaithersburg, MD 20877).

The freezing medium employed by LifeNet is
similar to the solution utilized by Kirklin and
coworkers.16 RPMI 1640 tissue culture medium
is amended with dimethyl sulfoxide (DMSO) to
a 10% DMSO concentration and with a 10%
fetal calf serum (FCS). The RPMI 1640 and the
FCS may be pre-mixed and maintained at 4°C
for up to 14 days (recommendation by Gibco
Laboratories, Technical Service Department,
Grand Island, New York 14072) or purchased
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directly from the manufacturer in a premixed
condition (Bio Whittaker, Walkersville, MD
21793).

The DMSO is added to the cooled (4°C)
solution, premixed at the time of allograft 
packaging. The DMSO cryoprotectant may be
added at either room temperature or 4°C.
Although DMSO may take longer to reach
osmotic equilibration at 4°C, it results in less
cytotoxicity to leaflet fibroblasts and therefore
yields higher cell viability than addition of the
cryoprotectant at 37°C.25,26 Our studies have
shown that the added DMSO comes to equi-
librium in the freezing medium within approx-
imately 15 minutes.

The use of FCS in the freezing medium is still
the subject of debate. Most programs employ
the use of 10–20% concentrations of FCS in the
medium. The use of FCS or a high-molecular
weight colloid substitute, e.g., albumin or pas-
teurized plasma protein fraction (PPF), is well
documented.27 These large macromolecules
affect the properties of the freezing solution 
to a greater extent than would be expected
from their osmotic pressure and act directly on
the cell membrane.25 The colloid is thought to
provide a necessary balance of oncoctic pres-
sure, thereby regulating the activity of the
unfrozen water in the freezing solution and its
movement into the tissue.27

The same authors have also postulated that
the addition of FCS or a high-molecular weight
colloid to the cryopreservation solution may
help protect the cell from the damaging effect
of high concentrations of salts/solutes as they
build up within the unfrozen fraction of the 
cryomedia.25–27 FCS is also believed to minimize
the dilution shock to the allograft tissue during
thawing by restricting cell swelling.25 It is well
established that serum is a valuable additive to
nutrient media during cell culture growth, and
the addition of serum to the freezing solution
may also assist in cell preservation during the
DMSO equilibration period just prior to cell
freezing.

However, questions have been posed regard-
ing the potential heterologous antigenicity
induced in heart valve allografts by the FCS.
Bodnar and colleagues have suggested that the
calf serum content of the nutrient medium infil-

trates the aortic wall during allograft preser-
vation and that it may induce a second-set
immune reaction following transplantation.28

They believe that FCS is not necessary during
cryopreservation and have discontinued its use.
Yankah also believes that the potential anti-
genecity of FCS may play a role in the rejection
of allograft heart valves, and he is now using
human-derived serum.29 Some serum substi-
tutes and plasma extenders are on the market,
and the use of these agents may be warranted
(Serum Plus; Hazleton Biologics, Inc., Lenexa,
Kansas 66215). Nakamaya et al.30 have pre-
sented data demonstrating excellent porcine
valve cell viability in the absence of serum 
proteins.

Once the freezing medium is assembled and
the allograft is packaged, the tissue should be
cooled under defined conditions in a manner
that allows the tissue to freeze at a predeter-
mined rate with compensation for the heat of
crystallization. Surrogate packs may be used to
monitor the freezing program by insertion of a
temperature probe within the pack. The use of
surrogate packs should be validated and the use
of a tissue sample within the surrogate pack
should be considered, as this most closely 
represents the environment within the graft
pouches destined for clinical use. If tissue is not
used in the surrogate pack, the validation must
ensure that the rate of cooling documented 
by monitoring the surrogate closely mimics the
cooling rate of the grafts destined for clinical
use. If freezing surrogates are used for moni-
toring the freezing program, the AATB Stan-
dards impose regular packing inspections and
solution and tissue changes per the tissue
bank’s SOPs. In the cooling devices employed
by LifeNet, the freezing chamber of the cooling
device functions by monitoring such a sur-
rogate placed in the chamber with the 
allograft(s). Monitoring for deterioration in
freezing curve profiles is also mandated by the
AATB Standards. Some general considerations
of the freezing profile employed by LifeNet are
that cardiovascular tissues should be cryopre-
served to -100°C unless problems arise during
the freezing cycle and acquisition of an accurate
freezing profile is in jeopardy. In these in-
stances, terminating the freeze cycle at -40°C
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or colder is acceptable. The cycle is not allowed
to end before the sample temperature has
reached -40°C. No more than 5 minutes of “flat
time” is allowed at any time during the freezing
cycle. The average rate for any one minute
period between +4°C and -40°C is not allowed
to exceed -5°C/min. Furthermore, other than
during release if the latent heat of fusion, the
sample temperature is not allowed to rise for a
period exceeding one minute.

At the end of the procedure, the freezing
profile should be reviewed to make sure that
tolerance limits have been met.

The surrogate package must be assembled
using the same type of pouch materials as the
grafts intended for clinical use. This will help
ensure that the heat transfer across the surro-
gate pack and the clinical grafts is similar. The
freezing medium (RPMI + 10% FCS + 10%

DMSO) is added to yield 100ml total volume.
The control pouch must be constructed with 
an absolutely watertight portal that allows a
temperature probe to be inserted. This can 
be accomplished by utilizing a double O-ring
heparin-lock system as the portal (Figure 29.3).
The system is capped with a latex injectable 
IV-bag port; the temperature probe may be
inserted through this port, and freezing solution
can be injected or withdrawn while maintaining
the watertight integrity.

In our experience the control valve cryo-
preservation solution should be changed every
time a new allograft batch is cryopreserved.

As stated by Arminger and associates,31 acid
mucopolysaccharides are known to readily
diffuse out of tissues held in aqueous solu-
tions. LifeNet has found consistent pH and
osmolality changes within the control valve
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Figure 29.3. Control freezing pouch with temperature probe through a watertight portal.



freezing medium with repeated freezing. Small-
molecular weight solutes continually leach
from the sample tissue contained within the
surrogate pack, altering the makeup of the
freezing medium and thus changing the freez-
ing program. It should be noted however that
there is no significant alteration in the content,
molecular size, or distribution of mucopolysac-
charides in allografts cryopreserved (frozen 
a single time) for transplantation.32 It is not 
recommended that previously cryofrozen and
thawed allografts be re-cryopreserved a second/
multiple times.

If a heart valve is used in the surrogate pack,
it should be stored in the frozen state at liquid
nitrogen vapor temperatures (-190° to -150°C)
between allograft freeze runs.The control valve
is thawed just prior to its use, and freezing solu-
tion is exchanged through the latex portal prior
to its placement into the freezing chamber with
the allograft tissue. Since every effort should 
be made to keep the physical makeup of the
control sample as close as possible to the actual
heart valve being cryopreserved, the freezing
media of the control valve should be changed
with each allograft freeze.

LifeNet allografts are cryopreserved in a
freezing chamber (CryoMed Freezing Chamber
2600C, CryoMed, Mount Clemens, Michigan
48045) at the controlled cooling rate of -1°C per
minute utilizing a programmable controller
(CryoMed Micro Controller 1010). Tempera-
tures are continually monitored and recorded
with a temperature chart recorder (CryoMed
Recorder 500). AATB Standards indicate that
“the tissue shall be frozen at a specific rate 
to a pre-determined specific endpoint (a 
temperature of -40°C or cooler). The allograft 
is then transferred to permanent storage in
vapor-phase liquid nitrogen. The allograft 
valve may be stored indefinitely at these 
temperatures.2,27

Upon completion of the freezing program
employing controlled rate cooling methods, a
record of the freezing profile must be evalu-
ated, approved, and incorporated as a perma-
nent part of the processing records. Typical
freezing curves are shown in Figures 29.4, 29.5
and 29.6. Early in the freezing program, the
valves are brought slowly to freezing tempera-

tures. From the time the allograft heart valves
are placed in cryopreservation media during
packaging, until the solution and tissues begin
to freeze, 30 to 45 minutes have elapsed. During
this period, the allograft should not be allowed
to warm as it has been suggested that sub-
jecting human fibroblasts to warm temper-
atures may adversely affect their post-thawing 
viability.33

Once the allograft medium begins to freeze,
adjustments in the freezing program must be
made to compensate for the heat release that
occurs as the freezing solution begins to crys-
tallize. To compensate for this heat of fusion,
the freezing chamber must quickly be cooled to
temperatures below -100°C. Such supercooling
allows the temperature of the allograft to
decline at a steady -1°C/minute rate, avoiding
the cell damaging effects of inconsistent tem-
perature fluctuations.

Significant changes in the freezing program
can be made if a CryoSink® (Organ Recovery
Systems, Inc., Charleston, SC 29403) is
employed (Figure 29.6). LifeNet has found 
that the freezing process can be shortened 
and liquid nitrogen requirements reduced by
placing the packaged allografts between two
plates of snuggly fitted finned aluminum. Trans-
fer and dissipation of the heat of fusion is opti-
mized during ice nucleation. The inventor of
this device, Professor Mendler of the Deutsches
Herzzenentrum München, has processed 
more than 500 heart valves employing the
CryoSink® (personal communication).

As the allograft temperature approaches -
20°C, most of the extracellular water has frozen
and the release of heat associated with water
crystallization rapidly diminishes. To maintain 
a consistent -1°C/minute freezing rate, the
chamber must be rewarmed to temperatures
just below the allograft’s. From this point,
temperature declines within the chamber 
are directly reflected in parallel temperature
declines of the allograft tissue.

Different controlled cooling rates have also
been investigated. Mermet and associates
found -1°C per minute to yield a superior 
viability rate versus -0.1°C per minute or -5°C
per minute.34 VanDerKamp and colleagues also
reported that -1°C per minute as the best
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cooling rate to maximize fibroblast viability.35

LifeNet, University of Alabama, and Prince
Charles Hospital36 are currently using -1°C
per minute as their controlled cooling rate.
However, Bodnar and Ross (E. Bodnar at The
First Workshop on Homologous and Autolo-
gous Heart Valves, Chicago: Deborah Heart
and Lung Center, 5 April 1987) and Armiger
and Colleagues31 used a -1.5°C per minute
cooling rate.

Although most facilities utilize a microcom-
puter and freezing chamber37 to control the
freezing rate, Barratt-Boyes cryopreserved
allografts using insulated heat sink boxes (B.G.
Barratt-Boyes, personal communication, 5
April 1987). The heat sink method of cryop-
reservation has been shown to produce a
cooling rate which varies between -1° and -2°C
per minute.38 However, control-rate freezing
using heat sink boxes does not compensate for
the latent heat released as ice crystals nucleate
within the freezing solution.

The constituents of the freezing medium
have a profound effect on cell and tissue freez-
ing. Glycerol, DMSO, and ethylene glycol have
all been tried as cryoprotective agents for allo-
graft heart valves. Comparing DMSO, glycerol,
and ethylene glycol, VanDerKamp and asso-
ciates found that 10% DMSO yielded the

highest number of viable fibroblasts.35 They
investigated varying concentrations of DMSO
(5–20%) and found that 10% yielded superior
cell survival. Kirklin and associates,16 Karp,18

and O’Brien and coworkers36 use a 10% DMSO
freezing medium, whereas Angell’s group4

employs a 7.5% concentration. Most programs
now utilize DMSO as the cryoprotectant, with
the possible exception of Bodnar and Ross who
use a 15% glycerol formulation.

Another element in cryopreservation freez-
ing solution is the variability of nutrient media
into which the DMSO is added. Angell and
associates use TC199 with HEPES amended
with a 20% concentration of FCS.4 Kirklin and
colleagues,16 Karp,18 and LifeNet utilize RPMI
1640 tissue culture medium with 10% FCS.
Whereas Bodnar, Ross, and Yankah use human
serum to guard against the potential anti-
genicity of the calf sera (presented at The First
Workshop on Homologous and Autologous
Heart Valves. Chicago: Deborah Heart and
Lung Center, 5 April 1987).

A number of other technical variables 
may affect the freezing rate of a heart valve
allograft.

• There are several probes on the market that
indicate the temperature of the control valve
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Figure 29.6. Freezing curve for a heart valve using Kapton packaging with the CryoSink® device. Repro-
duced, with permission, from LifeNet Tissue Services.



as it freezes. Blunt-tip probes (CryoMed
Temperature Probes) can be inserted
through the control package portal and situ-
ated with the tip of the probe either in the
supraleaflet area of the control valve aorta 
or in the subleaflet area by entering through
the proximal aortic root. A needle probe
(Brymill Temperature Probe; Brymill Corpo-
ration—Cryosurgical Equipment, Vernon,
Connecticut 06066) may be embedded in the
aortic wall of the control valve or through
one of the control leaflets. Altering probe
placements affects temperature readings.

• Pouches used in packaging can be of several
varieties, each of which may exhibit different
heat transfer properties that may affect the
freezing curve if changes are not made to the
freezing program. This can be seen by com-
paring Figures 29.4, 29.5, and 4.6. Approxi-
mately 30% less chamber temperature was
required to overcome the heat release of
crystallization as the allograft was freezing
when an aluminum foil outer pouch was
used. An outer polyolefin bag required the
chamber to drop to about -140°C, whereas
the aluminum foil bag required a maximal
low temperature of only -105°C. The metal-
lic content of the foil pouch serves as a supe-
rior temperature conductor and insulator.
The Kapton pouches currently used by
LifeNet act as an insulator and thus require
greater amounts of liquid nitrogen. External
transfer devices such as the CryoSink® can
offset this need and reduce liquid nitrogen
requirements.

• The total volume of the control valve should
be maintained at 100ml. When replenishing
freezing medium, a calibrated syringe should
be used to exactly measure the amount of
medium withdrawn. Alterations in the freez-
ing curve have been observed when volume
changes of as little at 5% are made.

• The number of allograft packages placed in
the freezing chamber can also affect the
control valve freezing curve. A pulmonary
and an aortic allograft can be frozen simul-
taneously, but more than two allograft pack-
ages liberate too much heat into the freezing
chamber. The heat release of three or more

allograft packages causes a rise in the control
valve package temperature, altering the
freezing curve. A completely different freeze
program must be developed when multiple
allografts are frozen simultaneously unless a
technician is available to constantly monitor
and manually adjust the cooling rate.

• It was also found that freezing programs
were altered by using different freezing
chambers. Slight variations in door sealant
moldings, liquid nitrogen fan speeds, and
other chamber components yielded varying
freezing results; the program should be 
recalibrated when equipment changes are
made.

• Package placement within the freezing
chamber is also important. The control valve
and the allograft package should be placed
equidistant from the liquid nitrogen source.
Both packages should be situated at the 
same angle with equal package surface area
exposed to the liquid nitrogen vapor. Allow-
ing different freezing conditions to exist
between the control and allograft package
does not alter the control valve freezing rate,
but the actual freezing curve of the allograft
may not parallel that of the monitored
control valve.

• The ratio of tissue versus medium within 
the allograft package is also a variable that
affects the overall freezing program. It has
been found that the smaller pediatric-size
allografts (less tissue mass) freeze at a
slightly slower rate than adult allografts
(more tissue mass) using the same freeze
program. The pediatric valve has a larger
proportion of fluid within the total 100ml
volume, thus liberating more latent heat of
crystallization as the larger amount of fluid
freezes. It is suggested that different freeze
programs and control valves be used for
pediatric and adult allografts owing to dif-
fering amounts of tissue mass. LifeNet has
validated the use of the CryoSink® device to
overcome these differences.

• Altering the volume/surface ratio of the allo-
graft package also affects the freezing rate.
By increasing the total volume of the allo-
graft package, more heat is liberated, thereby
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increasing the amount of liquid nitrogen that
must be injected into the freezing chamber to
compensate.

Once an allograft is determined to be accept-
able for transplant, all donor and processing
records are examined and approved by the
Medical Director of the program, who should
be a physician knowledgeable in allograft tissue
banking.
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Storage

Upon termination of the freezing program at 
-40°C (or cooler), the allograft may be imme-
diately removed from the freezing chamber.
Cooling below -40°C causes no harm to the
tissue. An identifying label should be stapled to
the external pouch, affixed superior to the heat
seal line such that pouch sterility is uncompro-
mised. The label should include the individual
allograft identification number and the valve
size. The allograft package is then placed in a
pre-cooled, pre-labeled, specifically designed
cardboard storage box (Heart Valve Box;
Dillard Paper Company, Greensboro North
Carolina 27407). The storage box is placed 
in liquid nitrogen vapor-phase temperature 
(-150° to -190°C) storage. The time interval of
allograft removal from the freezing chamber to
liquid nitrogen vapor storage should be kept to
a minimum in order to avoid thermal fluctua-
tions of the tissue.

The key to long-term allograft storage is
maintenance of the frozen tissue below the
glass transition point of the freezing solution,
approximately -130°C. At temperatures above
-130°C, several changes in frozen tissue struc-
ture may occur that can affect cellular viability.
Cells frozen at the relatively rapid rate of -1°C
per minute yield small ice crystals.As the unsta-
ble small ice crystals coalesce to form larger
ones, any tissue caught between the merging ice
is damaged, and cellular viability is compro-
mised. As the frozen allograft tissue tempera-

ture rises above -130°C, the rate of ice recrys-
tallization accelerates.1

Macrocrystallization is the general phenom-
enon of small ice crystals coalescing to form
larger crystals. Thermodynamically, small crys-
tals are less stable than large ones because of
their higher surface energy.1 The small crystals
naturally fuse in an effort to minimize their
surface energies. Macrorecrystallization is of
three types.2

1. Irruptive recrystallization: the method by
which ice crystals rapidly resume their growth
within a specific temperature range during slow
rewarming and change from transparent to
opaque under normal light conditions.

2. Migratory recrystallization: the growth of
large ice crystals at the expense of small ones
during gradual rewarming until the melting
point is reached.

3. Spontaneous recrystallization: occurs dur-
ing rapid cooling as the latent heat released
during freezing is not dissipated enough to
prevent a localized rise in temperature, thus
giving rise to recrystallization within the local
affected area.

It has also been postulated that any intra-
cellular ice may recrystallize with existing
extracellular ice through pores in the cell 
membrane,3 thereby compromising cellular 
viability. Intracellular ice recrystallization 
has been detected at temperatures as low as 
-130°C,4 so temperature fluctuations above this
level are to be avoided.

30
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Below the glass transitional temperature of
approximately -130°C, molecules still vibrate
but do not move from one position to another,
thus preventing chemical reactions.5 Storage
times of 10 years 6 to 32,0005 years have been
speculated. Even though some physical7 and
chemical8 changes have been reported in cul-
tures cells at -130°C, maintenance of the allo-
graft below -130°C should ensure long-term
allograft cell viability. Brockbank et al.9 have
demonstrated maintenance of cell viability in
human heart valve leaflets for up to two years
below -135°C.

Allowing the temperature of the frozen allo-
graft to warm to temperatures of -100°C during
storage or transportation can affect the long-
term storage potential. At -100°C many cell
types have been observed to age appreciably

owing to enzymatic activity10 and physical reac-
tions,6 thereby reducing viability.

Damage to the cryopreserved allograft has
also been seen when the frozen tissue was
allowed to become immersed within the liquid
nitrogen pool. In the early days of the Univer-
sity of Alabama’s program, the frozen tissue
was routinely stored in liquid nitrogen.11 Upon
thawing, tissue fractures of the allograft were
discovered, primarily affecting the aortic
conduit. This same phenomena has been seen
by us and others following accidental immer-
sion of aortic allografts in liquid nitrogen.
Cracking can generally be avoided by storage
in vapor-phase nitrogen and by slowly warm-
ing the tissue to approximately -100°C. This
warming is performed in the LifeNet thawing
instructions by holding the graft pouch at room
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temperature for seven minutes before place-
ment in a warm bath.

Several models of liquid nitrogen vapor-
phase storage units are available (CryoMed,
Mount Clemens, Michigan 48045; Minnesota
Valley Engineering Inc., New Prague, Min-
nesota 56071; Taylor Wharton, Indianapolis,
Indiana 46224). Regardless of the size unit
employed, temperature gradients exist within
the storage area dependent on the distance
above the liquid nitrogen pool of -196°C.

In an in-house report published by Min-
nesota Valley Engineering (MVE),12 it was
determined that a maximum temperature of 
-150°C is attained at 15 inches above the liquid
nitrogen level. This study utilized an MVE 
VPS-80 storage unit (current model XLC-440)
with a storage cavity of 27 inches depth and 
18 inches diameter and a reservoir of 4 inches
of liquid nitrogen at the bottom. In a LifeNet
study using the CryoMed CMS-328 freezer, a
maximum temperature of -142°C was obtained
at 12 inches above the liquid nitrogen level.The
storage unit measured 27 inches depth and 31
inches diameter, and it contained 6 inches of
liquid nitrogen.Thus, tissue temperatures under
-130°C can easily be maintained using several
types and sizes of liquid nitrogen storage 
freezers.

To increase the allograft storage capacity of
the freezer unit, the liquid nitrogen vapor tem-
peratures (-190° to -150°C) in the lower levels
of the storage cavity must also be maintained
in the upper cavity. For holding limited quanti-
ties of a heart valve inventory, single-layer
storage on the freezer platform just above the
liquid nitrogen level is recommended. Approx-
imately 50 heart valves fit into a single storage
layer of a freezer unit with a 30-inch diameter,
and about 16 allografts can be held in an 18-
inch diameter freezer unit.

Aluminum bars (0.25≤ ¥ 1.25≤ ¥ 24≤) can be
affixed to the storage platform, with the proxi-
mal 4 inches immersed in the liquid nitrogen
pool and the distal 20 inches rising to the top of
the storage cavity. Aluminum is an excellent
thermal conductor. A LifeNet study found a
decrease of 8°C in temperatures at the top 
of the storage cavity with the use of these 
rods.

However, for larger inventories, commercial
inventory-control systems are available. Most
of these systems utilize vertical aluminum racks
to hold the cryopreserved allografts in their
storage boxes. Three or four allografts can be
held per individual rack and a standard liquid
nitrogen freezer can hold up to 44 of these sep-
arate racks. It has been validated that a stan-
dard liquid nitrogen freezer can store up to 132
single allografts, with temperatures at the top of
the unit held below -150°C.

Also, various thicknesses of styrofoam
sublids are available. These inserts fit tightly
within the diameter of the freezer unit and can
be designed to rest within the storage cavity on
top of the added aluminum bars or inventory
racks. With a combination of these items, tem-
peratures within the upper region of the liquid
nitrogen storage freezer can be lowered an
additional 10–20°C.

Transportation and Distribution

The goal of any cryogenic transport system is to
provide the cryopreserved tissue without ship-
ping damage and without subjecting the frozen
allograft to injurious thermal fluctuations.
Maintaining the biologic tissue below -130°C is
imperative. Several systems of cryogenic trans-
portation have been devised, dependent on the
distance of travel and the length of time the
tissue is subject to transfer.

In situations where the allograft processing
and storage facility is in the same complex as
the surgical suite, several options are available.
The tissue can be thawed in warm saline while
it is in transit to the surgical suite and then asep-
tically delivered to the sterile field for succes-
sive rinsing and further warming.13 The allograft
can also be transported to the operating room
in insulated containers containing liquid nitro-
gen (FreezSaf Insulated Container; Polyfoam
Packers Corporated, Wheeling, Illinois 60090).
The frozen tissue is placed on retaining racks
situated just above 4 inches of liquid nitrogen.
At room temperature transport (20°–25°C),
the entire pool of liquid nitrogen vaporizes in
approximately 30 minutes but maintains tem-
peratures below -130°C for only 10 minutes
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(in-house report: LifeNet, Virginia Beach, Vir-
ginia 23455). Thus the allowable distance from
the liquid nitrogen storage unit to the surgical
suite is limited.

In 1995 as presented at the 19th Annual
AATB Meeting in Atlanta, Georgia, LifeNet
developed a method of cryogenic transport
which would allow up to approximately 10
hours of transport at temperatures well below
-130°C. Modifying an existing 10-liter dewar
flask with a loose-fitting lid, an additional inter-
nal cavity was constructed utilizing a calcium-
based absorbent material (Kaylotm silicate).The
finished product, called a “cross-shipper,” can
be quickly pre-charged with liquid nitrogen 
and weighs only 17 pounds, yielding a safe,
nonspillable “dry-shipper.” This new method 
of lightweight cryogenic transportation can be
used for all types of cryopreserved allograft
tissue as well as human bone marrow. The
“cross-shipper” is not approved for commercial
air transport, but can safely be driven to local
areas within the 10 hour static hold time limit.

Most commercial airlines do not accept con-
tainers containing spillable liquid nitrogen or
closed pressurized systems of liquid nitrogen.
To address the issue of transporting cryopre-
served tissues over long distances, new methods
of maintaining liquid nitrogen vapor tempera-
tures (below -130°C) were developed. Several
options of long distance cryogenic transport are
available. A patented design14 utilizing solid
carbon dioxide impregnated with liquid nitro-
gen has been used to transport cryopreserved
tissues. This system maintains temperatures 
of -120°C for up to 12 hours.15 However, this
design leaves room for potential thermal
damage to the tissue as the temperature warms
above -130°C or if the transportation is
delayed longer than the 12-hour limit.

To guard against possible thermal damage to
the frozen allografts, LifeNet in conjunction
with MVE and CryoMed, has developed a cryo-
genic dry-shipper that maintains temperatures
below -130°C for up to 14 days. A large 40-liter
bulk cryoflask was developed as a dry-shipping
unit and can carry up to five allografts per ship-
ment. A calcium-based porous material was
added to the flask cavity, and liquid nitrogen is
poured directly into the material. With several

fillings, the porous material becomes saturated
with liquid nitrogen. The excess liquid nitrogen
is poured off, and the absorbed liquid nitrogen
is held in a non-spillable fashion by the calcium-
based material. A loose-fitting, well-ventilated
lid is attached, yielding a non-pressurized cryo-
genic shipper that optimizes transportation of
cryopreserved tissues. This bulk dry-shipper, is
available from CryoMed as model CMD-20.

When shipping the allografts, care must be
taken to avoid damaging the tissue. The allo-
graft packages are brittle at liquid nitrogen
vapor temperatures, and damage to these pack-
ages has been seen. Packing cotton balls, surgi-
cal sponges, or other shock-absorbent materials
around the packages within the retaining card-
board storage boxes provides some measure of
protection. Also, packing the internal cavity of
the shipper container with soft towels or other
such material offers further resistance to ship-
ping damage.

Most allograft heart valve programs in the
United States now use packaging materials 
validated to withstand liquid nitrogen vapor
temperatures. Since LifeNet began utilizing the
previously noted silicon oxide/Kapton-Teflon
pouches, very little (if any) packaging damage
has been noted. This may also in part be due to
the use of several pouch-suspension systems.
Originally trademarked as the “CryoTainer
System,” a method of cushioning and support-
ing the frozen pouches within the allograft con-
taining box was developed. The original design
utilized custom-made Styrofoam box inserts,
but LifeNet has recently validated an internal
pouch support system which uses form-fitting
foam rubber to cradle and support the fragile
cryopreserved tissue pouches.

The AATB has published the “Standards for
Tissue Banking” for labels and labeling of 
allogeneic tissues distributed for implantation
(please refer to the AATB Standards for all
details). The most recent edition of AATB 
Standards (August, 1998) is patterned after the
FDA’s Current Good Manufacturing Practices
for Medical Devices (cGMPs) and covers such
issues as:

• nomenclature and general requirements
• relabeling methods
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• label inspection
• labeling control and storage
• container visual inspections
• package insert requirements
• label content
• external shipping box requirements and 

shipments

As a general rule, each allograft intended for
transplantation should include a unique and
traceable tissue identification number. The fol-
lowing information should also be included on
the allograft container label or an accompany-
ing package insert:

— Descriptive name of the tissue;
— Name(s) and address(es) of tissue bank(s)

responsible for determining donor suitabil-
ity, processing and distribution;

— Expiration date, if applicable, including the
month and year;

— Disinfection or sterilization procedure uti-
lized (if applicable);

— Preservative (if utilized) and/or method of
preservation (if applicable);

— Quantity of tissue expressed as volume,
weight, dimensions, or combinations of such
units of measure, if applicable;

— Potential residues of processing agents/solu-
tions (e.g., antibiotics, ethanol, ethylene
oxide, dimethyl sulfoxide); and

— The statement “See package insert.”

Additional information often required by
AATB or requested by implanting surgeons
include:

— Statement limiting use to specific health
professionals (e.g., physicians);

— Statement that the tissue is intended for use
in one patient, on a single occasion only;

— Known contraindications (if any) to the use
of the tissue;

— Warnings and list of known possible signifi-
cant adverse reactions;

— Statement that the tissue was prepared from
a donor whose blood was negative or accept-
able when tested using all the tests required
by the AATB Standards;

— Statement that indicates that the tissue may
transmit infectious agents;

— Statement that the tissue may not be 
sterilized;

— Donor age (and blood type, if available);
— Date of dissection or cryopreservation;
— Donor heart warm ischemic time;
— Donor heart cold ischemic time;
— Heart valve/conduit sizes (i.e., diameter and

length);
— Heart valve/conduit physical descriptions

and evaluations, including description of
imperfections and evaluation criteria;

— Statement that it is the responsibility of the
Tissue Dispensing Service and end-user cli-
nician to maintain tissue intended for trans-
plantation in appropriate storage conditions
prior to transplant and that recipient records
must be maintained for the purpose of
tracing tissue post-transplantation.

— Statement that adverse outcomes potentially
attributable to the tissue must be reported
promptly to the tissue supplier;

— Type of antibiotics present;
— Concentration of preservatives;
— Presence of known sensitizing agents;
— The type of cryoprotectant and clear state-

ment regarding the possibility of residuals;
— A description of the temperature-sensitive

nature of the grafts, recommended storage
conditions and tolerance limits;

— Instructions for opening the package and
container;

— Warning against using a graft if there is evi-
dence that the container has broken or the
contents have thawed;

— Instructions for thawing contents, dilution of
the cryoprotectant, and restoration of the
ionic balance within the tissue;

— Expiration time following thawing; and
— Date of issue or revision of the package

insert.

AATB also requires that agencies distri-
buting allograft heart valves have in place 
procedures for the recall of an individual or
group of allografts. Also, a mechanism should
be in place for the distributing agency to
receive adverse reactions, implant compli-
cations, and unexpected patient outcomes,
as well as basic patient recipient implant 
information.
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The need for expedient transport of allog-
eneic cardiovascular tissues is obvious. Several
overnight carriers and courier services handle
non-spillable liquid nitrogen containers. How-
ever, a prearranged service agreement and some
preplanning is recommended in order to avoid
possible delays in allograft delivery to the
transplanting facility.

Thawing and Dilution Prior 
to Surgical Preparation of 
the Allograft

Preparing the frozen allograft for transplanta-
tion involves thawing the tissue at a specific
rate, diluting the cryoprotective agents, and
restoring the cryopreserved tissue to osmotic
isotonicity. Careful handling of the allograft
and strict adherence to protocols are impera-
tive. To maximize cellular viability and matrix
structure, heart valve leaflet manipulation
should be kept to a minimum. After thawing
and dilution, the “recovering” heart valve
should be kept moist and bathed in a physio-
logic solution at all times during implantation.

Heart valve allografts frozen at a rate of -1°C
per minute are considered to be slowly cooled
and should be thawed at a more rapid rate to
enhance cell survival.2,5 As discussed in Chapter
3, rapid warming serves to protect the cells that
may have any intracellular ice formation by
limiting the amount of migratory recrystalliza-
tion. Farrant and Woolgar suggested that the
injury to biologic tissue associated with intra-
cellular ice formation occurs primarily during
the rewarming phase and not during the initial
crystallization of cooling.7 Not only is cell
damage seen during rewarming (as a function
of ice recrystallization), but it has also been sug-
gested that the melting of intracellular ice and
the resultant restoration of osmotic gradients
may also cause cellular injury.7

As published by Pegg and associates in 1997
(Cryobiology, 34, 183–192), fractures in arterial
tissue are routinely seen if the initial thawing of
the cryopreserved tissue is done too rapidly. It
was found that the fractures occurred as a result
of thermal events below -100°C. Pegg found
the glass transition temperature of a standard

cryopreservation solution to be about -123°C.
Reducing/slowing the initial warming rate 
to less than 50°C/minute prevented such
thermal damage, up to -100°C. Thus, LifeNet
recommends that the cryopreserved tissue be
removed from the vapor-phase storage and sit
at room air for approximately seven minutes,
followed by pouch placement into the warm
bath. It has been validated that this initial
“room air thaw” allows the frozen tissue to
slowly come to about -105°C, thus inhibiting
the potential for thermal thaw damage.

It is generally accepted that thawing the
frozen allograft in a 37–42°C bath produces a
warming rate rapid enough to inhibit migratory
recrystallization and enhance cell survival.5,13,16

When an allograft is thawed in a constantly
maintained 40°C bath, the heart valve rapidly
warms to approximately -50°C after 1 minute
from the initial prethaw temperature of 
-100°C. The frozen tissue then warms to -30°C
after 2 minutes (30°C per minute), to -14°C
after 3 minutes (16°C per minute), and is com-
pletely thawed in approximately 4 minutes.
Allowing the bath to cool may expose the tissue
to the recrystallization effects of a slow
rewarming process (Figure 30.1).

LifeNet has investigated the thawing of non-
transplantable heart valve allografts in heated
baths in the range of 60°–80°C. Though the
thawing rate was much faster, several problems
were noted: The extra allograft freezing
medium warmed to temperatures above 10°C
while intraconduit ice was still present; and a
small percentage of the conduits developed
full-thickness cracks during the thawing
process. Therefore, thawing the allograft in a
bath above 42°C is not recommended.

The allograft should be thawed within the 
surgical suite under aseptic conditions just prior
to its use in surgery. An alternative method was
presented by Kirklin and Barratt-Boyes13 in
which the frozen tissue is thawed during its 
transport from the off-site storage freezer to the
operating room. Once the allograft external
pouch is fully thawed under these nonsterile con-
ditions, the heart valve is aseptically removed
from its sterile inner pouch and the freezing
medium dilution process is performed under
sterile conditions within the operating suite.
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Several protocols for thawing the allograft
and diluting the cryoprotectant have been
developed by Karp,17 Angell and associates,18

Kirklin and associates,19 and others. These tech-
niques involve immersion of the frozen allo-
graft (or the entire allograft pouch) in a 37–
42°C bath and then step-wise re-equilibration 
of the allograft to isotonicity over a 10- to 
15-minute period. The gradual step-wise rinses
employ an isotonic physiologic solution that
gradually allows the dehydrated cryopreserved
cells to establish osmotic equilibrium and to
rehydrate. This step-by-step protocol also
increasingly dilutes the cryoprotectant
(DMSO) employed in the freezing solution.

The procedure followed for the preparation
of LifeNet allograft heart valves is performed
entirely within the operating room and is as
follows:

Upon arrival at the operating room, assem-
ble all recommended sterile equipment on a
sterile back table (this should include a ther-
mometer, a 5-liter basin, an AlloFlowTM basin,
scissors, a clamp, and an IV tubing set).The rec-
ommended LifeNet procedure for thawing and
dilution of cryopreserved cardiac allografts is
essentially as follows:

1) Using insulated gloves, the circulator
retrieves the boxed graft from the liquid nitro-
gen freezer or cryoshipper. Remove the graft
from the box. Check for package integrity.
Return the graft pouch to the fiberboard box and
let the box sit at room temperature for 7 minutes
(this step is crucial—see above explanation).

2) Place the thermometer in the large basin
and add 2 liters of warm saline. Add room 
temperature saline to bring the temperature to
37–42°C. Caution: exceeding 42°C may damage
the tissue.

3) After the initial seven minutes of “room
temperature” thaw, remove the graft from the
box and dry off any condensation thoroughly.

4) The circulating nurse opens the outer
pouch by grasping the angled edge between
thumb and forefinger and peels apart until the
inner pouch is retrievable. Be careful not to
contaminate or damage the inner sterile pouch.
Note: Make sure to initiate the peeling
sequence at the corner labeled “peel.”

5) Present contents to the scrub nurse who
will retrieve the inner sterile pouch with the
clamp. The scrub nurse shall be double-gloved.
Note: Do not puncture inner pouch.

6) Place the inner pouch in the large basin
and gently agitate the pouch for 5–7 minutes.

7) Continue to add warmed saline to the
large basin as needed to maintain the temper-
ature at 37–42°C. Do not pour the warm saline
directly on the pouch.

8) While the graft is thawing, attach the
wash solution in-flow IV line to the lower port
of the AlloFlowTM basin and place the
AlloFlow™ basin in to the second large basin.
The AlloFlowTM procedure is a continuous gra-
dient cryoprotectant removal process described
in more detail in Chapter 3. Make sure that the
stopcock is fully closed and positioned on 
the IV line near the point of attachment to 
the AlloFlowTM basin.

9) After 5–7 minutes, when the ice has
melted and the graft is freely movable, remove
the pouch from the saline bath and dry the
outside thoroughly. Do not palpate the graft to
see if the ice has melted.

10) Open the pouch with sterile scissors and
pour the entire contents in to the AlloFlowTM

basin. Discard the outer gloves. A loose-fitting
lid may be placed on to the basin.

11) Pass the inflow line to the circulator.
12) Circulator will attach the spiked inflow

IV line to a one liter bag of LRD5 wash solution.
13) The scrub nurse will open the stopcock

to allow the wash solution to run wide open in
to the AlloFlowTM basin. The stopcock should
be allowed to remain open once the LRD5
begins to flow.

14) Once the entire liter of LRD5 has
emptied the graft is ready for implantation.The
stopcock can now be closed and the IV line cut
away if desired.

15) Keep the graft completely immersed in
LRD5 solution until needed for implantation.
Heparinized blood from CPE line can be added
to bowl after 15 minutes.

The dilution process may be carried out at
either 4° or 37°C.16 Several cryobiologists
believe dilution at 37°C enables cells to toler-
ate osmotic stress better than dilution at the
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colder temperatures.5 However, prolonged ex-
posure of the heart valve to the cryoprotectant
at the warmer temperatures may prove to 
be toxic. It has been suggested that cellular
preservation can be maximized by diluting the
freezing medium at 4°C.16 This may be per-
formed in either one step, multiple dilution
steps or as a continuous gradient using the
AlloFlowTM process.20

Some heart valve preservation programs
advocate avoidance of FCS in the dilution
medium because of its potential antigenicity.21

However, the presence of some type of serum
or extracellular colloid has been advocated by
Bank and Brockbank22 and Ashwood-Smith
and Farrant.5 The serum helps reduce the
trauma to the rehydrating cell and minimizes
the dilution shock. The use of human serum,23

a serum substitute, or no serum components at
all24 warrants further investigation.

During the thawing and dilution aspects of
allograft heart valve preparation, several safety
precautions are suggested to avoid damaging
the tissue:

1. Do not allow the allograft package to
become immersed in liquid nitrogen. Not only
may it crack the cryopreservation pouches, but
these extremely low temperatures may cause
cracking in the allograft conduit if thawed too
quickly.

2. Do not allow the frozen allograft to be
removed from liquid nitrogen vapor storage
until it is to be thawed for surgery. LifeNet in-
house studies have demonstrated that a frozen
allograft warms from -180°C to -130°C in
approximately 3–4 minutes upon exposure to
room air. Allowing the graft to warm for seven
minutes in air prior to thawing in a warm bath
prevents cracking of the graft due to rapid
warming and minimizes the risks of recrystal-
lization which may occur if the tissue was
warmed in air to temperatures much warmer
than -100°C.

3. If the most external sterile pouch cracks
or sterility is compromised, the allograft can
still be thawed under sterile conditions and
used for transplantation. However, thawing
should be done on a table separate from the
one used for the dilution steps. All gowns and

gloves should also be changed to avoid possible
contamination of the sterile inner pouch.

4. Do not allow the freezing medium to
warm much above 10°C when thawing. As dis-
cussed, DMSO may be toxic to human cells at
warm temperatures. Remove the thawing allo-
graft and solution from the warming bath once
the medium has turned to slush but is not com-
pletely thawed.

5. Keep the allograft fully immersed at all
times. Allograft exposure to air at the time of
surgical implantation has been suspected to
damage endothelial cells.25 Allowing the entire
tissue graft to dry out during its 45 minutes of
surgical implantation greatly reduces cellular
viability and may cause matrix structural
damage. Judicious, constant wetting of the heart
valve during insertion is strongly suggested.

6. Careful handling of the allograft is para-
mount: Avoid any contact with the leaflet struc-
tures, and handle the heart valve from the most
distal aspect of the conduit only. It has been
suggested that a major percentage of a cryo-
preserved heart valve’s damage occurs during
rough handling by the transplanting surgical
team.26

Quality Systems

Today in the United States, multiple agencies
are involved in the oversight of allograft heart
valves. As discussed in Chapter 11, the FDA
currently has government regulatory jurisdic-
tion in areas regarding donor acceptability and
allograft recipient safety. As previously dis-
cussed, the AATB has established voluntary
Standards which cover all aspects of tissue
banking, from donor screening to record
keeping to tissue production and distribution.
And finally, several banks (CryoLife, Inc. and
LifeNet) have achieved ISO (International
Standards Organization) 9000/1 registration.
The overriding theme behind all these agencies
is one of ongoing Quality Systems/Quality
Assurance/Quality Control. General organiza-
tional issues such as training, administrative
oversight, vendor qualification, contracts,
supply/materials tracking, systems monitoring,
internal audits, complaints/errors and accidents
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documentation and follow-up, etc. are all part
of a complete organizational quality systems
program. Though the general topic of “Quality
Systems” is well beyond the scope of this
chapter, prior to the release of an allograft
heart valve, each donor and the associated
valves should go through a thorough docu-
mented review process.

• Donor Acceptability: As previously dis-
cussed, the donor’s medical, social, and
behavioral history is reviewed and shall fall
within all established criteria. This docu-
mented review includes the consent process,
all pre-screening forms and next-of-kin inter-
views, physical assessment, time and age limit
verifications, heart procurement-related
items, infusion/transfusion data, and autopsy.
It is important that this documented review
be done by a physician Medical Director as
required by AATB Standards.

• Laboratory Tests: All donor serology tests,
microbiology tests, and blood work analysis
are also reviewed by the Medical Director.

• Production/Processing: All technical work is
reviewed by multiple parties involving both
front-line technicians and cardiovascular
managers. As discussed previously in this
chapter, all dissection, sizing, schematics,
valve evaluation, disinfecting parameters,
packaging criteria, cryofreezing tolerances
and cryopreservation procedures, supply lot
number/expiration dates, graft and time limit
specifications, and computer and manual
entry data is reviewed and such review is 
documented.

• Storage/Distribution: As noted above, all
labels and labeling items are approved for
use. Other items such as storage and inven-
tory control parameters; printed brochures,
manuals, use instructions, and other publica-
tions; shipping containers, temperatures, and
expiration dates; accompanying printed
material and implant return cards; and allo-
graft orders and transportation information
are also reviewed prior to shipment.

All of the above and other QA/QC items are
double-checked by multiple approved staff and
documentation of their review is maintained.

It is important for everyone involved in the
review process to keep in mind that allograft
heart valves must meet all pre-established 
criteria/specifications and that the end result of
our work and the donor family’s generosity is
the ultimate transplantation of the tissue into a
recipient.
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Section IX
Surgical Techniques: Valve and Root

Methods for Left Ventricular Outflow
Tract Reconstructions



The developing role for allograft transplants is
reviewed in Sections I, II and III. The major
controversies reside in the issues of durability,
viability, and use of homografts versus the 
alternative of autotransplants and unstented
heterografts in various patient subgroups.
The hemodynamic performance of a properly
placed allograft is clearly superior to stented
xenograft or mechanical valve and the advan-
tages concerning resistance to infection and the
avoidance of anticoagulation are becoming
more evident and attractive. Good long-term
performance is dependent on an excellent tech-
nical surgical result. The surgeon must view the
use of allograft tissue as a tool for the recon-
struction of the left ventricular outflow tract
rather than as an implant of a device. This
requires mastering both the analysis of the
outflow tract as well as multiple methods for its
reconstruction.

The early allograft aortic valve replacements
were referred to as “freehand” in the sense that
the valve was sewn directly into the aortic root
without stents. This “freehand” approach
encompasses a range of techniques which must
account for variations in annulus, aortic root,
and coronary anatomy as well as ensuring the
continued perfect function of the allograft
semilunar aortic valve mechanism.

Although some authors have recommended
that the allograft valve is the prosthesis of
choice for all aortic valve replacements, limita-
tion of availability and the requisite increase in
aortic cross-clamp time requires selection.1 In
addition, there are anatomic situations that may

increase the difficulty of inserting an allograft
valve. In general, allograft valve transplant is
considered for the following indications: (1) all
aortic valve replacements and left ventricular
outflow tract reconstructions in patients with
more than a 10-year life expectancy in whom
anticoagulation is undesirable (e.g., children,
young women of childbearing age, and young
active adults); (2) aortic root replacement: (3)
aortoventriculoplasty; (4) small aortic annulus;
(5) bacterial endocarditis;2 and (6) reoperation
for failure of an aortic valve prosthesis, partic-
ularly in patients with accelerated degeneration
of a porcine bioprosthesis. Older patients may
be well suited for unstented xenografts whereas
younger patients with life expectancy exceed-
ing 20 years should be considered for Ross
autotransplant.

Relative contraindications to insertion of an
allograft valve include the following: (1) severe
asymmetric annular calcification precluding
uniform, smooth “seating” or extensive calcifi-
cation extending into the septum, mitral valve,
and fibrous trigones; (2) lack of availability; (3)
active immune complex or rheumatoid-like dis-
eases (e.g., lupus, rheumatoid arthritis, collagen
vascular disease, etc); (4) aortic root ectasia
exceeding a diameter of 30mm3; aortic valve
replacement being a small component of the
total amount of cardiac surgery necessary in
which cross-clamp times would be expected to
120 minutes; (6) severe left ventricular dys-
function; and (7) connective tissue disorders
such as Marfan’s syndrome or cystic medial
necrosis.

31
Indications and Contraindications:
Valve and Root Methods
Richard A. Hopkins
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Sizing of Aortic Root for
Allograft Insertion

Careful matching of allograft size to aortic
annulus is important for optimal performance.
It requires a slightly different set of assump-
tions for the surgeon accustomed to using rigid
stented prostheses, as the measured diameter of
the allograft is the internal diameter (in con-
trast to the external diameter for standard pros-
theses) and thus allowance must be made for
wall thickness. In addition, the hemodynamic
performance of the smaller allograft aortic
valves is markedly superior to mechanical or
bioprosthesis such that a 19 to 20mm (internal
diameter, ID) allograft valve is usually ade-
quate for most adults and hemodynamically
analogous to a much larger prosthesis (See
Appendix: Valve Diameters). A 16 to 17mm or
larger valve can usually be placed in patients
who weigh more than 20kg.

Preoperative estimation of the allograft size
required for a given patient has been

approached angiographically and echocar-
diographically. Yankah, from Germany, re-
commended angiographic measurement of the
aortic “annulus” for preoperative determina-
tion of size. This technique involves an
angiogram obtained in the lateral position
during both systole and diastole, with the meas-
urements being performed 1mm above the
sinuses.4 However, others have thought that
aortography gives unreliable estimates of aortic
annulus size and, to be useful, the left ventricu-
lography requires precise methodology.5

We have found a simple echocardiographic
technique most helpful. A parasternal long axis
view is obtained of the left ventricular outflow
tract. The internal diameter of the outflow tract
is measured at the point of the continuity of the
anterior leaflet of the mitral valve and the
aortic annulus just beneath the valve leaflet
attachment and across to the septum (Figure
31.1). Multiple measurements are made, but the
most important is during early systolic ejection,
as a useful correlation within 1–2mm is pos-
sible with this measurement (Figure 31.2). The
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Figure 31.1. Parasternal, long axis two-dimensional
echocardiographic view for allograft sizing. The
white bar shows the plane in which the left ventric-

ular outflow tract diameter is measured during the
initial portion of systole for sizing for freehand 
aortic valve replacement.



ultimate internal diameter measurement is
made during surgery. The measured estimated
diameter of the base of the aortic outflow minus
3–4mm provides a “target size” so that a span
of allograft sizes can be readily available.

Some authors have recommended external
aortic root diameter measurement at the time
of surgery as a guide to the internal diameter.
The formula is approximately 8mm less than
the external diameter measurement as meas-
ured by forceps at the base of the aortic root.
This technique has been unreliable in our
hands.

Direct internal measurements are made at
operation after opening the aorta and excising
the native valve. After adequate debridement,
the size of the aortic outflow is measured 
with the Hegar dilators. Hegar dilators are pre-
ferred, as commercial prosthesis sizers vary sig-
nificantly from their nominal measurements
owing to purposely introduced manufacturers’
“prosthetic specific factors,”6 which accommo-
date for specific sizing issues for each prosthe-
sis. This measurement can be made prior to the
final meticulous debridement of the annulus
but at such time that the actual size of the
outflow is readily apparent. This measurement
is then used to calculate the size of the aortic
valve allograft selected. Because the wall thick-
ness of an allograft is approximately 2mm, it is
necessary to subtract 4mm from the measured
internal diameter to obtain the size of the allo-

graft to implant. If there is not a large amount
of calcium, in general one can increase the 
size of the allograft by 1–2mm such that only
2–3mm are subtracted from the internal diam-
eter size. For example, if the internal measure-
ment is 24mm, we would use a 21mm aortic
allograft; but if there is much calcium, a 20mm
allograft would be selected. If the measurement
is 21.5mm, we would select an 18 or 19mm
allograft. The more calcium in the annulus, the
more one avoids a large allograft.

Preparation of Allograft 
for Insertion

The allograft is thawed. On obtaining the allo-
graft, the surgeon inspects the aorta for cracks
and the valve itself for fenestrations or con-
genital abnormalities. The aortic allograft is
then filled with saline to test for aortic valve
insufficiency, and the muscle at the base of the
valve on the septal side is trimmed meticu-
lously.As much of this tissue as can be removed
safely is debrided. This step is easily accom-
plished by gently placing the wet gloved finger
through the valve and using the carved portion
of the scissors to gently pare away the muscle
(Figure 31.3). Sufficient muscle must be
removed that the fibrous skeleton can be visu-
alized for accurate placement of the sutures.
In addition, reducing the muscle bulk allows
placement of a slightly larger prosthesis and
reduces the need to rotate the valve. When 
the muscle has been meticulously removed,
the aortic valve can be placed orthotopically
without rotation in virtually all aortic roots. For
the standard freehand aortic valve insertion,
the anterior leaflet of the mitral valve is
excised, leaving a 2mm remnant.

Cannulation

Cannulate the ascending aorta as high as 
possible, close to the innominate artery. If the
proximal aortic root is short, we recommend
cannulating the femoral artery or the aortic
arch.
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Figure 31.2. Correlation between internal diameter
measurement of aortic “annulus” at surgery with 
the echocardiographic preoperative measurement.
Dotted line represents ± 1SD. n = 21. Best fit:
y = 1.15x + (-4.12). Analysis of variance: r2 = 0.7769.



Cardiopulmonary Bypass
Management

A single atrial return cannula and left ventric-
ular venting via the right superior pulmonary
vein are used for aortic valve replacement, as is
moderate total body hypothermia with cardio-
plegic arrest supplemented by topical cooling.
Multiple doses of cardioplegia are delivered via
direct coronary cannulas at 20 minute intervals;
or after antegrade induction, maintenance car-
dioplegia is given via retrograde coronary sinus
delivery.
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Figure 31.3. Trimming of the thawed allograft is begun by removing muscle at the base of the fibrous 
skeleton. The allograft is kept moist with saline during all manipulations.



The aortotomy for aortic valve replacement
should be different when using an allograft
from that used when implanting other prosthe-
ses. A reverse “lazy S” incision is begun 4–5cm
vertically above the right coronary artery and
is brought down to a level that is well above a
point at which the allograft commissural pillars
are estimated to reach; it is then deviated vir-
tually transversely until reaching the midpoint
above the non-coronary cusp (Figure 32.1).
The incision is then completed by aiming down
toward the anterior leaflet of the mitral valve;
unless an extensive aortoplasty or annuloplasty
is definitely planned, however, the incision is
stopped well above the annulus, approximately
at or just below the level of the aortic sinus
ridge, to the right of the pillar between the left
and non-coronary cusps. The exposure of this
aortotomy is greatly facilitated by placement of
the three stay sutures, two on the left “flap” and
one on the surgeon’s side of the aortotomy
(Figure 32.2).This incision gives good exposure,
leaves adequate native aortic wall for place-
ment of the commissural posts, provides the
option of extending the incision for annulo-
plastic maneuvers and allows aortoplastic 
augmentation or reduction. Other incisions
have been suggested, including oblique stan-
dard incisions and transverse incisions. The
transverse incision, although adequate if
nothing needs to be done to the aortic root, is
limiting if enlargement procedures or alter-
ations in aortic root geometry are necessary. A
standard oblique incision, as is usually per-
formed for mechanical prostheses, can make

placement of the allograft commissural pillar
between the right and non-coronary sinuses
more difficult because it is usually lower and
would encroach on this region.

Surgical Technique for Standard
Aortic Valve Replacement with
Freehand Insertion of an
Allograft Aortic Valve

Proximal Suture Line

After preparation of the allograft and resection
of the native valve, three sutures of 4-0 monofil-
ament polypropylene on a taper-point half-
circle needle are placed as simple sutures,
relating the middle of each recipient sinus to
the donor coronary ostia (Figure 32.3). They 
are placed as simple sutures beginning with the
base of the left sinus of the allograft lined up to
a position directly underneath the left coronary
of the recipient (Figure 32.4). Similarly, a simple
suture is placed between the midportion of 
the right coronary sinus of the transplant and 
a point just underneath the right coronary ostia
(presuming both coronary ostia are in the
middle of their respective sinuses). The valve is
thus placed orthotopically without rotation.

When the second suture is placed, an “adjust-
ment” may be necessary. If either of the native
coronary ostia are off center from their coro-
nary sinuses (which they often are), the allo-
graft left coronary sinus is centered to the left

32
“Freehand” Aortic Valve Replacement 
with Aortic Allograft Valve Transplant
Aortotomy
Richard A. Hopkins
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B

Figure 32.1. (A) Reverse S aortotomy for freehand
aortic valve replacement with allograft aortic valve.
Transverse portion of the incision is kept well above
the commissural pillar between the right and non-
coronary cusps. (B) Nonsurgical view demonstrates

the deviation of the incision above the level of the
commissural pillar and into the non-coronary cusp.
Ending the incision just below the level of the sinus
ridge in this position allows extension for annulus
enlargement if necessary.
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Figure 32.2. Positioning of stay
sutures for exposure of the aortic
root.

Figure 32.3. Three monofilament 4-0 half-circle needle sutures are placed for the proximal suture line so
as to “line up” the allograft coronary sinuses to the recipient coronary ostia.



coronary ostia. A rotational adjustment is then
needed for positioning the midportion of the
right coronary sinus to a point relevant to the
recipient right coronary ostia (see the section
on mini rotation below).This adjustment makes
placement of the distal suture line possible
without deviating the line of the commissural
post to avoid the right coronary ostium, which
would cause semilunar dysfunction. The third
suture starts in the midportion of the non-
coronary sinus through the fibrous skeleton of
the base of the transplant valve and is then
placed at a point equidistant from each of the
other two sutures (midway on both recipient
and transplant). These three sutures fix the
rotation of the valve.

The valve is inverted into the left ventricular
cavity (Figure 32.5). Beginning with the left
suture, a running suture line is constructed 
with four or five simple sutures being taken
with each limb such that the sutures meet at a
midpoint between the starting points (usually
underneath the commissures) (Figure 32.6).
This measure allows a continuous suture line
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Figure 32.4. The first suture is placed at a point
underneath the left coronary ostia of the recipient
and line up to the midpoint of the coronary sinus of
the allograft. When the sinus geometry between
recipient and transplant are symmetric, the second
suture relates the midpoint of the recipient right
sinus below the right coronary ostia of the donor
mid-sinus point.

Figure 32.5. The valve is carefully inverted into the
left ventricular cavity. Forceps are used to push the
valve leaflets aside and not to grasp the delicate

tissues. Three sutures of the proximal anastomosis
are kept on light tension with rubber-shod clamps.



but on which tension needs to be placed for
only four or five suture “bites” to allow tight-
ening without drag or cutting into the delicate
allograft tissue; once all six hemisutures have
been run to the midportions, they are snugged
and tied (Figure 32.7). This point is a good time
to repeat the cardioplegia with direct coronary
cannulae (Spencer’s). The valve is reverted
(Figure 32.8).

Distal Suture Line

Guide traction sutures of 4-0 monofilament are
placed at the apex of each commissural post
(Figure 32.9) and the allograft coronary sinuses
excised with scissors to provide an opening 
sufficient to suture around the native coronary
ostia (Figure 32.10). We defer this step until
now because it is at this time that the position
of the coronary ostia relative to the trans-
planted coronary sinus can be best ascertained,
thereby avoiding unnecessary dissection. 4-0
Soft braided sutures are then placed behind the
commissural posts to the native aortic wall as
nontransmural simple sutures to accomplish
obliteration of that space (Figure 32.11) (anal-
ogous to the vertical mattress through-and-

through suture of Barratt-Boyes and Roche1).
Then, with modest tension on the commissural
posts by the assistant, 4-0 monofilament sutures
on half-circle needles are started at the bottom
of each coronary sinus (usually starting with the
left) and the suture line run to the tops of each
commissural post where the suture is brought
outside the native aorta (Figure 32.12). Sutures
are used to run from the bottom of each sinus,
taking care to keep the lower portion of the
distal suture line “flat” and to maintain com-
missural suspension for enhancement of semi-
lunar function (Figure 32.13). These sutures 
are tied over pledgets outside the aorta (Figure
32.14).

There are basically three methods for han-
dling the non-coronary sinus (Figure 32.15).

1. Flange Technique. In our practice, the
“flange” technique of preparing the allograft 
is the most routine, as it leaves ample allograft
tissue for sculpturing of the aortic root to
ensure uniform commissural post architecture.

The allograft is trimmed as demonstrated
(Figure 32.16). Care is taken to leave the length
of the aorta in the region of the non-coronary
sinus long—longer than one would think nec-
essary. The three bottom sutures are placed as
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Figure 32.6. The three sutures are begun at the points indicated by the dots, and the six hemisutures are
each run to a midpoint between their starting places, taking approximately four bites apiece.



Figure 32.7. The loops of monofilament suture are
not securely tightened until all have been run to
allow displacement of the allograft in and out of the
ventricular cavity, permitting accurate placement of

the needle into both the recipient fibrous tissue and
the fibrous skeleton of the allograft. Once all of the
suture limbs have been run to each other, they are
snugged securely and tied.

Figure 32.8. The valve is carefully
reverted.
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Figure 32.9. Monofilament guide sutures are
placed at the apex of each allograft commis-
sure pillar. They are then controlled by the
assistant, which gives exposure of the sinuses
and allows some stretch to be placed on the
pillars during excision of sinus walls and the
creation of the distal suture line.

Figure 32.10. The coronary sinuses of
the allograft are now excised as deeply
as necessary to allow exposure of the
native coronary ostia.
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Figure 32.11. A nontransmural, soft-braided suture is used to obliterate the space between the native aortic
wall and the commissural posts, and then it is tied.

Figure 32.12. Creation of the distal suture line with running monofilament sutures beginning at the base of
each coronary sinus.
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Figure 32.13. The base of the suture line underneath the coronary ostia is kept “flat” to avoid 
encroachment.

Figure 32.14. All three commissural pillars are suspended and their positions fixed. The next step is man-
agement of the non-coronary sinus.
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Figure 32.15. Representation of the three basic
techniques for managing the non-coronary sinus,
particularly the distal suture line. Flange technique
(on the left) allows allograft augmentation of the
non-coronary sinus, which when accomplished with
annulus enlargement can enlarge the entire aortic
root for placement of a larger valve. In the classic
technique (middle) the sinuses of the allograft are
excised and the suture lines run around each pillar,
taking care to suspend the pillars for semilunar

valvular function. It is the best technique when “rota-
tion” of the allograft is planned within the recipient
aortic root (i.e., aligning the allograft left sinus to the
recipient right sinus). In the scallop technique (on
the right) only a shallow scallop is removed from 
the non-coronary sinus.The maneuver allows primary
closure of the aortotomy with deviation of the suture
line of that sinus below the aortotomy site, but it does
not remove much allograft tissue in that sinus, which
helps preserve the alignment of the pillars.



previously described and the proximal suture
line accomplished in the usual fashion (Figure
32.17). The valve is reverted, and the right and
left coronary ostia are excised, leaving the 
commissural pillar between the right and left
sinuses isolated but the non-coronary sinus and
its flange of aorta intact (Figure 32.18). Stay
sutures are placed at the top of each pillar. The
distal suture line is then begun with a running
4-0 polypropylene suture on a half-circle taper-
point needle. The suturing is begun at the base

of the left coronary sinus (Figure 32.19). Care
is taken to keep the suture line flat underneath
the left coronary ostia. The suture line is run to
the top of the pillar between the left and right
coronary ostia, where it is brought outside the
aorta. The right coronary sinus is handled sim-
ilarly. The suture line is brought to the top of
the other two pillars and outside the aorta. The
stay sutures at the top of these two pillars are
brought to the outside of the aorta, through a
pledget, and tied (Figure 32.20). This measure
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Figure 32.16. Trimming of the allograft for the
flange technique of handling the distal suture line. It
can be accomplished prior to the proximal suture

line construction when aortic augmentation aorto-
plasty is definitely required or after reversion, if 
preferred.



Figure 32.17. Proximal suture
line with the allograft valve
inverted into the left ventricu-
lar cavity.

Figure 32.18. Reverted allograft valve after excision of the coronary sinuses, with the non-coronary flange
left intact and stay sutures placed at the top of each commissural pillar.
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Figure 32.19. The distal suture
line of the flange technique is
begun in the left sinus below
the left coronary ostia.

Figure 32.20. All three pillars’ positions are fixed
normal to the aortic long axis. The stay suture at the
top of the pillars on either side of the non-coronary
sinus are used for support so the continuous suture

can be fixed at that point, and they are then contin-
ued to their meeting points with the aortotomy
closure. (The aortotomy stay sutures have been left
out for clarity.)



fixes the commissural posts but leaves the aortic
wall of the allograft to fill however much is nec-
essary of the non-coronary sinus to maintain 
the aortic root geometry (Figure 32.21). The
sinus ridge (ie. top of the pillars) circumference
should never be larger than the aortic annulus
diameter of the transplanted valve and prefer-
ably should be reduced slightly but no less than
a reduction of 20% below the value of the
aortic annulus diameter.2

The aortotomy closure is begun at the base
of the non-coronary sinus with a pledgetted
suture (Figure 32.22). The suture is advanced
superiorly along the aortic closure with trans-
mural suturing through the native aorta to the
wall of the allograft aortic wall. This suture line
is run to the point where the distal line meets
the aortotomy, then converted to a running
edge-to-edge closure of the allograft aortic wall
flange and the native aorta (Figure 32.23). The
flange (trimmed as necessary) fills the aorto-
tomy up into its transverse portion (Figure
32.24), providing controlled expansion of the
non-coronary sinus.

If only a small amount of expansion of the
non-coronary sinus is required, the suture line

can be deviated away from the native aortic
edge. Sutures are transmural through the native
aorta and nontransmural through the allograft
until the top of the pillar is reached. At this
point, the edge of the allograft is sutured to the
inside of the aorta until the triangulation point
is reached (Figure 32.25). The operation is 
completed by simply suturing the remainder of 
the aortotomy with a pledgetted technique, de-
airing and removing the cross-clamp.
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Figure 32.21. The flange of the allograft allows
reconstruction of the aortic root to a symmetrical
cylinder with the amount of augmentation necessary
to allow maintain alignment of the pillars and also to
allow a slight waist to be constructed at the level of
the sinus ridge.

Figure 32.22. The distal suture line is continued to
the points where the aortotomy closure sutures 
meet them, and they are then tied together. If no 
augmentation aortoplasty is necessary, the sutures
are run to the top of the truncated flange and tied
together outside the native aorta.
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Figure 32.23. The inner distal suture line
is continued to the edge of the aortotomy
closure.

Figure 32.24. The inner distal suture line is tied to the outer sutures and the aortotomy closure continued
in a standard fashion.
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Figure 32.25. The amount of allograft aorta exposed relates to the amount of expansion of the sinus 
necessary. If no expansion is necessary, the aortotomy closure completely overlaps the allograft flange.

Classic Technique

With the classic subcoronary fully scalloped
technique (similar to that originally developed
by Barratt-Boyes, Ross, Karp and others)
minimal allograft aorta is retained, and the 
allograft is dissected prior to beginning the
proximal suture line (Figure 32.26).3–5 All three
sinuses are excised, leaving the commissural
pillars as three posts, as in a crown (Figure
32.16). This technique is selected for an aortic
root in which commissural post placement can
be accomplished in such a manner that primary
closure of the aortotomy incision results in
appropriate architecture without splaying or
narrowing of the posts or if rotation of the
sinuses is desired. The distal suture line is con-
structed with three 4-0 polypropylene sutures,
each begun at the bottom of a sinus and run to
meet each other at the top of the pillars
(Figures 32.27 and 32.28).

Although appearing to be the simplest tech-
nique conceptually, the classic technique limits
later options for sculpturing the aortic root.The
spacial geometry of the non-coronary sinus must
be reassessed after suturing the allograft com-
missural posts. If the non-coronary sinus of the
native aorta cannot be closed without deform-
ing the commissures on either side, a patch of 
prosthetic material must be inserted (Figure
32.29). Air removal maneuvers are performed
and the aortotomy closed with a running
monofilament suture technique. The “classic”
method of aortic valve replacement is best used
when there is sufficient dilatation of aortic root
to allow “sacrifice” of enough aorta at the aorto-
tomy for adequate closure without distorting the
non-coronary sinus and causing inward deflec-
tion of the commissural posts at the aortic sinus
ridge. If the implants cannot be made in this way,
attention to aortic root geometry mandates
some minor changes in this method (vida infra).



Figure 32.26. Classic technique. All
three allograft sinuses are excised,
leaving minimal tissue for the distal
suture line.

Figure 32.27. Suturing of the semilu-
nar allograft valve pillars: distal suture
line.

Figure 32.28. Supports to the native aorta. Pillars are secured to the outside pledgets.



Figure 32.29. Aortotomy closure in the classic
“pillars only” technique without (A) and with (B) a
prosthetic patch.

292 R.A. Hopkins

A

B



32. “Freehand” Aortic Valve Replacement 293

Modified Scallop Technique (Minimal
Scallop of Non-Coronary Sinus)

The modified scallop technique is similar to the
later method of Ross,6 as it leaves the non-
coronary sinus relatively intact to buttress, or
fill, the base of the aortotomy incision and
allows deferral of the decision on what to do
with the aortic root geometry until after the
proximal suture line has been completed
(Figure 32.16). To use this technique, the native
aortic root must not need annulus enlargement
or an augmentation aortoplasty at the level of
the sinus ridge. The non-coronary sinus is only
minimally “scalloped” (Figure 32.30). The usual
aortotomy incision is performed but can be
stopped at the top of the native commissures
(the sinus ridge).The proximal suture line is the
same as for all the other methods (Figure
32.31). The distal suture line is constructed in 
a fashion similar to that for the classic techni-
que except the non-coronary sinus scallop is
shallow (Figure 32.32). A suture is begun at the
base of this scallop, run to the top of each com-
missural post, and tied over a pledget outside
the native aorta. The spaces behind the pil-
lars on either side of this non-coronary sinus
have been obliterated with nontransmural 4-0
braided suture. The noncoronary sinus is only
minimally scalloped so as to place the distal
suture line of this portion of the allograft below
the level of the aortotomy (Figure 32.33).
Closure is accomplished with pledgetted simple
technique (Figure 32.34).

Hints

Mistakes to avoid in “freehand” aortic valve
replacement include stretching the commis-
sural posts over dilated aortic sinuses and devi-
ation of commissural post suspensions. The
latter can be minimized by sighting the line of
the new commissural post relative to the old
commissures in native trileaflet valves. In the
ideally simple implant, they are orthotopic to
the native commissures. Most often, one or two
allograft commissural posts are shifted parallel
to the native commissural line (while being
kept straight axially) so as to account for aortic
root geometry and positioning of coronary

ostia. If suspension of pillars is not maintained,
sagging of semilunar cusps result in regurgita-
tion; thus the tops of the allograft pillars are
usually brought to a point superior to the native
pillars (Figures 32.33, 32.35 and 32.36). Severe
calcification that extends heavily into the ante-
rior leaflet of the mitral valve and the trigones
causes some risk for “cracking” and bleeding
with a continuous proximal suture line. In these
cases either an allograft should not be used or
consideration is given to a pledgetted inter-
rupted technique.

Variations in Technique

The preceding techniques are clearly derived
from those described by the pioneers of allo-
graft valve transplantation. Variations have
been suggested by many authorities.

Placement of the initial three sutures can be
underneath the commissural post rather than at
the base of each sinus. A 120° counterclockwise
rotation can be used as originally described by
Barratt-Boyes.5 We have found it easier to align
the native coronary ostia to the analogous por-
tions of the allograft coronary sinuses and allow
the commissural posts to assume their neces-
sary positions within the aortic root rather than
the reverse. Doty recommended Teflon pled-
gets at the top of each commissural post on the
inside of the aorta, whereas we prefer to place
the pledgets outside in order to reduce throm-
botic potential.7,8 Ross did not recommend
rotation of the allograft non-coronary within
the aortic root and left the allograft non-
coronary sinus, forming a backing to the 
aortotomy.6 When using this method (Scallop
technique), the aortotomy should be stopped
above the level of this minimally scalloped
sinus unless aortoplasty of the non-coronary
aortic sinus is necessary. Similar to Ross, we find
it easier not to rotate the allograft except in
special situations, e.g. extreme left ventricular
hypertrophy with a bulging septum. In this sit-
uation, it is advantageous to place the allograft
with the least amount of annular bulk (i.e.,
aortic/mitral continuity) over the septum.
Similarly, routine use of the orthotopic position
lends itself to variations in annulus enlarge-
ment, as described below. Obviously, for 
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Figure 32.30. Sinus excision for the scallop technique.
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Figure 32.31. Proximal suture line
constructed with three continuous
sutures. Note the “shallower” aorto-
tomy stopping above the sinus
ridge.

Figure 32.32. The distal suture line of the non-coronary sinus runs just below the aortotomy. The pillars are
fixed to pledgets outside the native aorta. Additional suture to obliterate space behind allograft scallop can
be placed through flange and non-coronary sinus (not shown).
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Figure 32.34. Aortotomy closure independent of the distal allograft suture line.

Figure 32.33. Position of the allograft within the aortic root, demonstrating retention of the pillar 
architecture.
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Figure 32.35. The dotted line is at the sinus ridge. Allograft pillars are “hitched” higher than the native
pillars.

Figure 32.36. Sagging of the
commissures when the pillar sus-
pension is not maintained. The
dotted lines indicate the optimal
leaflet edge positions.

applications such as an extended aortic root
replacement with Konno, as described by
Clarke and associates,9,10 rotation is mandatory.
Barratt-Boyes recommended complete scallop-
ing of all three sinuses and 120° rotation of the
allograft (i.e., classic technique).5 Minor
degrees of rotation to account for cusp asym-
metry and coronary ostia asymmetry are an
essential part of the technique (vida infra).

Barratt-Boyes’ aortotomy appears similar to
ours with perhaps a slightly less exaggerated
transverse component. He also emphasized the
subannular suturing of the proximal suture line.
Like Ross and Yacoub, we have found this step

not to be essential except when the native coro-
nary ostia are very close to the fibrous attach-
ment of the semilunar cusps.11 In these cases
subannular placement of the proximal suture
line is critical (vida infra). Also, Barratt-Boyes
has emphasized not utilizing monofilament
suture material as he believes it tends to slice
through homograft tissue (personal communi-
cation). Others have used an interrupted prox-
imal suture line technique for both aortic 
root replacements and freehand aortic valve
replacements.12 We recommend the continuous
suture technique with the freehand aortic valve
replacement for aortic insufficiency (where
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aorta and annulus were dilated) because of the
speed and hemostasis, but we use the inter-
rupted technique for aortic root replacement,
and for small aortic roots.

Barratt-Boyes has emphasized reduction
aortic root tailoring involving excision of a
wedge of aortic root to avoid splaying of the
commissural post, which leads to central incom-
petence when transplanting allografts into
dilated aortic roots.13 Avoidance of splaying or
sagging is critically important, being one of the
keys to the success of the procedure (Figure
32.37).14 Bailey has recommended a technique
to avoid splaying of the sinus ridge region of the
allograft by leaving this portion of the graft
intact until final sutures are placed.15 We have
not used this technique as it appears cumber-
some; our delaying the excision of the allograft
sinuses until completion of the proximal suture
line (similar to Ross) accomplishes the same
important geometric goal.
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Indications

Usually placement of a mechanical prosthetic
valve smaller than 21–23mm is not recom-
mended because of the risk of inducing pros-
thetic aortic stenosis.1,2 Allograft aortic valves
have superior hydraulic performance. Hemo-
dynamically, a 17mm allograft functions better
than a 21mm prosthesis. In the presence of 
a small aortic annulus, enlargement can be
accomplished with techniques similar to that
used for prosthetic valves, but the use of allo-
graft tissue simplifies the technique. Aortic
annulus enlargement can be used for absolute
size increases as well as for altering the rota-
tional geometry of the aortic root (vida infra).
This technique can also be used for aortic valve
replacement in children so that an adult-sized
aortic valve can be positioned into which the
child may “grow.” The Appendix, which gives
aortic valve diameters, is a good guide to the
need for aortic annulus enlargements. If 
a patient of body surface area (BSA) 1.6m2 (or
one who is expected to grow to that size) has a
native annulus of 19mm or less, he or she
should not be left with an allograft smaller than
17mm or risk the creation of aortic stenosis
hemodynamics. As a practical matter, a BSA 
2.0m2 individual, as a large adult, has a 20 to 
24mm diameter aortic valve. Thus we rarely
leave a patient with a valve smaller than 19–
20mm. Conversely, except in small children,
it is usually possible to place a 17mm or larger
aortic valve allograft with the techniques
described below.

“Manouguian” Technique

The method described by Manouguian and
Seybold-Epting for prosthetic valve placement
and enlargement utilizing a pericardial patch
sutured into the anterior leaflet of the native
mitral valve can be adapted to a technique
applicable to freehand allograft insertion.3 The
aortotomy is extended somewhat more posteri-
orly than usual through the region of the native
commissure above the midpoint of the anterior
leaflet of the mitral valve (Figure 33.1). The
depth of the incision into the left atrium and
mitral valve is determined by the amount of
enlargement necessary but can extend for a dis-
tance of 4–8mm. The incision into the roof of
the left atrium is closed with pledgetted sutures.

The defect in the anterior leaflet of the mitral
valve is filled with a shallow piece of residual
anterior mitral valve leaflet left on the allograft
(Figure 33.2). When a relatively deep V is
created in the anterior leaflet of the mitral
valve, these sutures are placed as horizontal
interrupted 4-0 monofilaments until the level of
the true annulus is reached (Figure 33.3). At
this point, an additional suture is placed on
either side, tied, and used as a running suture.
A third suture is placed underneath the right
coronary ostia of both the allograft and the
native valves. The valve is inverted into the 
ventricular cavity and the proximal suture line
constructed by running each suture toward the
middle (Figure 33.4). Unless there is a very
bulbous root, the flange technique is usually
used for the distal aortic closure (Figure 33.5).
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Figure 33.1. Aortotomy for enlargement of the annulus when using the Manouguian approach.

Figure 33.2. Enlargement of the annulus
by filling the incision into the anterior
leaflet of the mitral valve with mitral
valve tissue of the allograft.



302 R.A. Hopkins

Figure 33.3. Pledgetted technique used for mitral to mitral valve tissue closure. Running sutures are used
for the remainder of the proximal suture line.

Figure 33.4. Proximal suture line with three running sutures. The third suture is begun at a point equidis-
tant from the two begun near the fibrous trigones, where the mitral pledgetted sutures stop.



33. Techniques for Annulus Enlargement 303

Figure 33.5. Closure after 
annulus enlargement usually
requires augmentation 
aortoplasty.

Figure 33.6. Enlargement of the annulus
by extension of the aortotomy across the
annulus anterior to the native com-
missure and posterior to the memb-
ranous septum. Dotted circle indicates
the region of the AV node.

“Nicks” Technique

The method of Nicks and coworkers can be
adapted for use with allografts.4 It is an incision
similar to that originally described by Barratt-

Boyes.5 The incision across the annulus is made
to the right of the commissure between the left
and noncoronary sinuses of the native aortic
root and extended into the anterior leaflet of
the mitral valve (Figure 33.6). It is posterior to
the bundle of His. If only a small amount of
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enlargement is necessary, the annulus is simply
“nicked,” which allows an enlargement of 1–2
mm without actually entering the left atrium
(called by us as a “nicked Nicks”). If additional
enlargement is necessary, the incision is contin-
ued into the anterior leaflet of the mitral valve
and reconstruction is accomplished in a manner
similar to the Manouguian technique, utilizing
the anterior leaflet of the allograft mitral valve
(Figure 33.7). In this case, interrupted sutures
are place; the remnant of mitral valve tissue is
somewhat asymmetric and not in the middle of
the leaflet but rather slightly displaced toward
the non-coronary sinus (Figure 33.8). It is
usually simplest to use the flange technique for
the distal suture line, but the classic method can
also be used. Whichever method is chosen, care
must be taken to symmetrically reestablish the
non-coronary sinus.
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Indications and
Contraindications

One of the major reasons for failure of free-
hand aortic valve implants is lack of attention
to aortic root geometry and its effect on the
functional anatomy of the allograft. Barratt-
Boyes and associates clearly demonstrated the
problem of native aortic root dilatation causing
failure.1 Aortoplastic techniques can be applied
to both dilated and constricted aortic roots, and
they are also applicable to the “normal” aortic
root for which closure of the aortotomy would
result in narrowing at the sinus ridge level. Con-
traindications to aortic root tailoring include
connective tissue disease and grossly distorted
roots with asymmetric sinuses; the latter is best
treated with root replacement.

Functional Aortic Valve
Anatomy

As has been reviewed by many authors, the
aortic valve function depends on semilunar
valvular anatomy. This design function depends
on leaflet suspension to maintain apposition 
to the other two leaflets.2 In an allograft, it
depends on adequate suspension of the pillars
to maintain the semilunar mechanism and
avoidance of splaying, which causes central
incompetence or convergence of the pillars,
which in turn can result in sagging of the cusps
(Figures 32.35, 32.36, 34.1 and 34.2). As has

been pointed out by Frater,3 the intercommis-
sural distance at the sinus rim level must be
maintained and seen to approximate the cylin-
drical diameter of the fibrous skeleton of the
heart forming the base of the aortic root
(Figure 34.3). Tyrone David and colleagues
have pointed out that the parallel anatomy of
the pillars must be maintained but that the
optimal sinus ridge diameter is up to 20% nar-
rower than the aortic root diameter as origi-
nally suggested by Leonardo DaVinci as critical
for creating eddy currents for accelerating
closure of the coronary valve leaflets.4 If these
geometric principles are recreated with the
freehand technique, the semilunar aortic valve
mechanisms is preserved and valve competence
is maintained. If the suspension of the semilu-
nar valve is lost owing to incorrect placement
of the pillars, sagging, or distortion, incompe-
tence results from prolapse of a valve leaflet.
Some technical adjustment to aortic root
anatomy has been required in 30% of our cases.

Reduction Aortoplasty

Barratt-Boyes5 and Ross and associates6 have
emphasized the role of aortic root reduction, or
“tailoring,” to reduce the size of the aortic root.
One of the major reasons cited for failure in
Barratt-Boyes’ 1987 review was dilated aortic
root. His group advised against placement of an
allograft in a root larger than 30mm in diame-
ter, although they did recommend placement if
the aortic root could be tailored to a diameter
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of 30mm or less.We basically use his technique,
as published in 1965, for reduction aortoplasty.5

The aortotomy is extended just into the mitral
leaflet posterior to the right fibrous trigone,
which is similar to the incision location of Nicks

and associates.7 Native aorta is excised, and the
aortotomy is closed to “reef” the excess aortic
root tissue, thereby reducing the diameter of 
the aortic cylinder between the aortic base and
the top of the new sinus ridge (Figure 34.4).
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Figure 34.1. Effect of splaying and convergence of
pillars on semilunar valve function. One of the major
technical errors leading to early insufficiency is devi-

ation of the allograft pillars off the long axis of the
aortic outflow.

Figure 34.2. Relation of aortic base to sinus ridge.
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Figure 34.3. Closure of the aortic root fol-
lowing freehand aortic valve insertion must
maintain the cylindrical relation of the sinus
ridge, pillars and fibrous base of the aortic
valve with a slight waist being created at the
level of the sinus ridge.

Figure 34.4. Reduction aortoplasty required
for excess aortic tissue due to postvalvular
dilatation. Extra aorta can be excised during
closure.



Interrupted sutures are placed at the base of this
incision prior to beginning the allograft implant.
This measure allows later tying of these sutures
after placement of the allograft (Figure 34.5).
Two to three such sutures may be required. It is
important when reducing the size of the aortic
root in the region of the non-coronary sinus, that
compensation for pillar positioning is per-
formed so as to avoid splaying the allograft
pillars toward the reduction aortoplasty. The
base of the pillars is relatively orthotopic,but the
line of pillar suturing must be deviated away
from the reduction aortoplasty rather than
being parallel to the native commissural line. If
desired, the stay sutures at the top of the pillars
can be passed through the native aorta at
selected points to test the orientation prior to
freehand suturing of the distal suture line.

Augmentation Aortoplasty

When the postvalvular aortic root is small, the
aorta can be enlarged to maintain the diameter
of the proximal root and new sinus ridge after
allograft implantation. With a small or

deformed aortic root, it is obvious that this step
must be done and can be accomplished either
with Dacron of PTFE material, a separate piece
of allograft, or using an aortoplastic technique
that utilizes a flange of allograft left attached
(preferred technique). Augmentation is always
necessary in the “normal” aortic root when
allografts are used for aortic valve replacement,
as the aortotomy cannot be closed without dis-
placing orthotopically positioned pillars on
either side of the non-coronary sinus, as would
occur, for example, during aortic valve replace-
ment for acute bacterial endocarditis in a young
patient.

The allograft is sewn with a standard proxi-
mal suture line, and the right and left coronary
ostia are aligned as usual. The pillars are placed
on either side of the non-coronary sinus but
deviated toward the aortotomy and not paral-
lel to native commissures. The non-coronary
sinus is closed with an oval patch of Dacron or
free patch of allograft aortic wall (Figure 34.6).

A perhaps easier and more aesthetically
pleasing method is the flange technique, which
leaves the non-coronary portion of the allograft
aorta intact and uses it to enlarge the aorto-
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Figure 34.5. Sutures are placed at the base of
the aortotomy and are tied when beginning
the final aortotomy closure.



tomy to the point of the transverse component
(vida supra). When it is obvious at the time of
analysis that this enlargement, or augmenta-
tion, of the non-coronary sinus is required, this
portion of the allograft is not trimmed. The
right and left coronary sinuses are constructed
in the usual way, but the top of the pillars on
either side of the non-coronary sinus are com-
pleted by suturing the running suture from the
bottom of the coronary sinus to the stay
sutures, which have been brought through the
aortic wall and tied over by a pledget. The aor-
totomy is then closed by starting a pledgetted
suture at the base of the aortotomy to the
outside of the allograft aortic annulus. This
suture is tied and each limb run superiorly
along the inside of the aortotomy to the allo-
graft flange. The suturing is completed to the
point where the transverse aortotomy turns
superiorly; the flange fills the proximal aorto-
tomy (Figure 34.6). It augments the aortic root
and, in addition, maintains the geometry of the
allograft aortic root. It should now be clear why
the original aortotomy is so important. The
lower portion of the incision should cross 
the sinus ridge and go to the annulus parallel 
to the long axis, thereby providing the correct
orientation for any necessary augmentation.

Augmentation Aortoplasty with
Concomitant Annulus
Enlargement

Aortic root augmentation aortoplasty can be
combined with an annuloplasty to place a
larger aortic allograft inside a small aortic root
while maintaining accurate aortic root geome-
try. When annulus enlargement is required, an
augmentation aortoplasty is usually necessary
to maintain aortic root geometry. The original
aortotomy is extended across the annulus
toward the mitral valve.8 It can then be
extended into the mitral leaflet, as originally
suggested by Nicks and Barratt-Boyes, using
the more posterior incision of Manouguian.
If only another 2mm of circumference is
required, this incision does not need to enter
the left atrium. The left atrial tissue is reflected
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Figure 34.6. Aortic root geometry and the size of
the non-coronary sinus are maintained using the
classic technique plus augmentation for a small
aortic root. Direct closure of the non-coronary sinus
would have deformed and converged the pillars
toward the aortotomy suture line. Use of a Dacron
patch (A) and the flange aortoplasty technique (B).

A

B



off the aortic-mitral region into the anterior
leaflet of the mitral valve, as described above
for the annuloplasty technique (Figure 34.7).
The defect in the mitral valve leaflet is then
filled by leaving a portion of the allograft ante-
rior leaflet attached (Figure 34.8). The enlarge-
ment of the non-coronary sinus is continued by
utilizing the flange technique of aortic root
augmentation (Figure 34.9). When using this
technique, the alteration in the pillar positions
on either side of the right and left coronary
sinuses needs to be carefully analyzed when the
first three proximal sutures are placed because
although the enlargement is obtained within
the non-coronary sinus it is partly transferred
to the coronary sinuses by parallel shifting of
the pillars toward the surgeon.

Management of Complicating
Coronary Anatomy

In the idealized aortic valve, the sinuses are of
equal size, and the right and left coronary ostia
are at 120° angles.9 Techniques have been
described as though one perfectly symmetric
valve is always inserted into another symmetric
annulus. However, just as the ancient concept of
the idealized human fitting into a perfect circle
was wrong, rarely is the human aortic valve so
symmetric.The pathology of aortic insufficiency
and stenosis further alters the native symmetry.
These alterations in coronary ostia and sinus
relations must be accounted for in the freehand
aortic valve insertion surgical technique.
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Figure 34.7. Extent of the incision across the
annulus depends on the amount of annuloplasty
required. Demonstrated are incisions into the

annulus (top) and through the annulus (bottom left).
The bottom right drawing represents a formal exten-
sion well into the mitral leaflet.



Figure 34.8. Annulus enlargement
with an allograft mitral leaflet.

Figure 34.9. Enlargement of the root using
the flange technique.



As was pointed out by McAlpine, the sinuses
are variable in size; in general the disparity 
in annular circumference encompassing the
various sinuses can be as great as 20–25% in
“normal” valves.8 The order of size, from large
to small, is right, left, and non-coronary. In addi-
tion, asymmetric placement of the coronary
ostia within the coronary sinuses increases 
the problem for the surgeon performing the
freehand suturing. A methodical approach to
placing the first three sutures allows manage-
ment of these geometric problems in virtually
all cases.

Asymmetric Placement of
Coronary Ostia Within Native
Sinuses: Mini-Rotation

A common geometry involves rotational dis-
placement of the right coronary orifice to the
right within its sinus such that the right and left
coronary ostia begin to approach 180° (Figure
34.10). Occasionally, asymmetry of the allograft
sinuses allows management by rotating sinuses
(e.g. allograft left to recipient right). Usually
placement of an allograft inside this geometry
requires a slight rotation, placing the left coro-
nary ostia closer to the pillar between the left
and non-coronary sinuses such that the pillar

between the right and non-coronary sinuses is
shifted away from the native coronary ostia and
the extremely close native commissure. Placing
the allograft in the orthotopic position and uti-
lizing the placement of the first three sutures as
the architectural guide assists in this “minirota-
tion.” The first suture is placed through the
native aortic annulus at a point immediately
underneath the left coronary ostia. The suture
is then passed as a simple suture through the
annulus of the allograft at a point counter-
clockwise from the bottom of the sinus, which
then “sets up” the minirotation. The second
suture is then placed below the native right
coronary ostia and passed as a simple suture
through the annulus of the allograft at a point
in the right coronary sinus that allows suturing
around the native coronary ostia and effects a
similar minirotation of the anterior pillar to the
right. The third suture for the proximal suture
line is placed at a point equidistant between the
first two sutures on both the allograft and the
native annulus. The allograft is inverted into 
the ventricle and the suture lines completed in
the usual manner, avoiding tilting of the allo-
graft pillars. A somewhat similar asymmetry
can occur when the right coronary sinus of the
native aorta is small even without rightward
displacement of the right coronary ostia but
with leftward displacement of the pillar. The
allograft pillar is sutured to the surgeon’s side
of the native pillar (Figure 34.11). The principle

34. Techniques for Problematic Aortic Root Geometry 313

Figure 34.10. Placement of sutures to
manage coronary ostia approaching
180° orientation. Arrow indicates the
“minirotation” of the allograft within
the root.



of aligning the new pillar parallel to the recipi-
ent commissural post is followed.

Both Coronaries Arising from 
a Single Sinus

A variation on the asymmetry problem occurs
when both right and left coronary ostia arise
from the left coronary sinus of the recipient
aortic root. The native left coronary sinus is
usually larger, and the problem is to place a
smaller allograft valve inside the native annulus
without splaying the pillars on either side of the
dual coronary ostia.This problem can be solved
by combining the techniques of rotation with
augmentation aortoplasty. It is done by enlarg-
ing the non-coronary sinus with an augmenta-
tion aortoplasty (vida supra), which enlarges
the total aortic root and allows a larger allograft
to be inserted (Figure 34.12).

The largest sinus (or the left sinus when they
are relatively equal) of the allograft valve is
then selected to match the native left coronary
sinus and the three guide sutures are placed.
The first suture is placed at the bottom of the
native left coronary sinus to the bottom of the
allograft sinus. The other two sutures are then
placed at 120° angles from the first and the
pillars allowed to rotate to their imperative
positions. The augmentation aortoplasty can be
done either with prosthetic material or an allo-
graft (flange technique).

Bicuspid Aortic Valve with 
180° Coronary Ostia

In a situation where the coronary ostia are at
180° angles from each other in the native aortic
root, simple orthotopic placement of a trileaflet
valve would be defeated. Once again, if the 
allograft aortic valve is clearly the optimal
choice for the patient, it can be managed with
enlargement of the non-coronary sinus region
of the native aortic root with or without an
annuloplasty. Most often, an annuloplasty is
also required that rotates the native coronary
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Figure 34.11. A small right recipient sinus
requires suturing an allograft pilar to the
surgeon’s side of the native commissural
post. The “rotation” to move the pillar is
at the level of the annulus.

Figure 34.12. Large native left coronary sinus with
origins of both coronary ostia. Note the small coro-
nary artery arising from the right sinus. A large allo-
graft is placed to accommodate the large left sinus
using the combined technique of annulus enlarge-
ment plus augmentation aortoplasty.



ostia toward each other (Figure 34.13). When
the aortic root is significantly dilated, this 
technique can be combined with an incision
between the right and left coronary ostia on the
left side of the aorta, which is then sutured with
a pledgetted technique (Figure 34.14). This
measure further rotates the coronary ostia
toward each other and, with the enlargement of
the aortic root on the non-coronary side, allows
displacement of the 180° coronary ostia into the
right and left coronary sinuses of the allograft.
The pillar borders hug the non-coronary side of 
each ostia. An alternate solution is aortic root
replacement with suturing of the coronary
buttons to the right and left coronary sinuses.

Coronary Ostia Arising Low 
in the Sinuses

When the native coronary ostia are low in their
sinuses and are close to the leaflet attachment,
placement of the proximal suture line must be
more in the subleaflet position, as originally
described by Barratt-Boyes.5,10 If the proximal

suture line is displaced 2–3mm below the
leaflet attachment, there is ample room for the
proximal suture line to “roll” the allograft
aortic wall below the coronary ostia of the
recipient aorta (Figures 34.14 and 34.15).

Coronary Ostia Arising High in
the Sinuses

In the case of the coronary ostia arising high in
the sinuses, the problem for the surgeons is sim-
plified. Resection of the allograft coronary
sinus can be minimized, and the proximal
suture line placed conveniently at the bottom
of the sinus at the level of the native leaflet
attachment (Figure 34.16). The distal suture
line is comfortably created around the coronary
orifice. Note that the proximal suture line 
does not follow the semilunar cusp attachment
superiorly but, rather, crosses the base of 
the pyramid of the commissural pillars. The
“annulus” of the aortic valve is not a true cir-
cular fibrous ring like an atrioventricular (AV)
valve annulus.
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Figure 34.13. Management of a bicuspid
aortic valve with 180° coronary ostia by com-
bining the techniques of annulus enlargement
with aortoplasty to rotate the right coronary
ostium to the left while maintaining aortic root
geometry.

Figure 34.14. Counterincision in the
aortic root, posterior to the commissural
region between the right and left coronar-
ies. This incision does not extend to the
annulus but takes advantage of post-
stenotic dilatation of the aortic root to
“pull” the coronary ostia toward each
other.
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Figure 34.15. The proximal suture line is place underneath the origin of the native leaflets in a “subannular”
position to maintain a subcoronary distal suture line.

Figure 34.16. The proximal suture line is at the level of the base of the native leaflet attachments when
coronary ostia are relatively high in their sinuses.
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In certain left ventricular outflow tract recon-
structions, one encounters abnormalities ex-
tending beyond that of the native valvular
leaflets or severe distortion of the aortic root,
which are best treated with total aortic root
replacement. The solution for this spectrum of
difficulties was introduced by Ross,Yacoub, and
colleagues.1–3 Aortic root replacement is indi-
cated for reconstruction of the left ventricular
outflow tract in which diffuse hypoplasia co-
exists with the valvular abnormality or in 
children, where it is desirable to place an 
adult-sized aortic outflow tract into which the
child may grow. Aortic root replacements
involve moving the coronary ostia on buttons.
Complex coronary anatomy can also be
managed by aortic root replacement.

In many ways, an aortic root replacement
with reimplantation of the coronary ostia is a
simpler technique than the freehand aortic
valve replacement. Nevertheless, we do not
recommend it as the routine allograft replace-
ment technique.There are some concerns about
later re-replacement in such a setting, although
such operations have been reported without
difficulty by groups in New Zealand, London,
and other centers.4 Aortic root replacement is
indicated for bacterial endocarditis in which
loss of aortic continuity with the heart offers a
technical challenge. The aortic allograft is a
superb prosthetic choice in this setting. Aortic
root replacement is also useful in patients with
greatly deformed aortic roots in which severe
aortic stenosis coexists with asymmetric bulbar
dilatations of the aortic sinuses, causing hor-
rendous difficulties in the freehand technique.

In the latter anatomic situation, a mechanical
prosthesis or xenograft should be placed or an
aortic root replacement utilized.We have found
that when an aortic root replacement is used for
hypoplastic aortic stenosis complex, a myomec-
tomy is almost always required.

Indications

Aortic root replacement may be indicated for:
(1) complex multilevel aortic stenosis (valvular,
subvalvular, supravalvular) in which the sub-
valvular component is moderate or can be
relieved with an accompanying myomectomy—
there is always a relatively hypoplastic annulus;
(2) aortic valvular stenosis with hypoplastic
annulus; (3) aortic valve stenosis—the “solu-
tion” for severely distorted valvular anatomy
for which freehand allograft valve replacement
cannot be done but in a patient in whom it is
preferred that an allograft be positioned;5 (4)
aortic root replacement in children, allowing an
adult-sized valve to be placed into which the
child can grow (e.g. tunnel aortic stenosis, sub-
acute bacterial endocarditis); (5) a possible
solution for aortic insufficiency with proximal
aortic root dilatation in which distortion makes
simple reduction aortoplasty accompanying a
freehand aortic valve replacement difficult 
(in the absence of Marfan’s syndrome or other
connective tissue disorders); (6) possible solu-
tion for complex coronary anatomy such as
180° coronary ostia in bicuspid aortic stenosis;
and (7) bacterial endocarditis with destruction
of aortic-ventricular continuity.
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Although connective tissue disorders such 
as Marfan’s syndrome have been listed as con-
traindications for the use of allografts for free-
hand aortic valve replacement, allografts have
been used for aortic root replacement with
suture-line reinforcement using Teflon felt or
Dacron graft material to prevent later distor-
tion.6 It remains to be seen whether splinting an
allograft in such disorders prevents the later
development of aortic insufficiency, as was seen
in the early experience of Barratt-Boyes and
associates.5,7

Sizing

Aortic root replacement solves some of the
problems inherent in a hypoplastic left ventric-
ular outflow tract. Excision of the aortic root
down to the fibrous skeleton and onto the
septum allows “expansion” of the ventricular
outflow orifice. A myomectomy, as in the
Morrow operation for idiopathic hypertrophic
subaortic stenosis (IHSS), can be added to
further enlarge the left ventricular outflow in
the presence of a markedly hypertrophied
septum.8 Once excision of the native aorta has
been accomplished, the outflow tract can be
sized with Hegar dilators and the same-sized
internal diameter allograft chosen. It can be
“upsized” for children in whom it is desirable
to place an adult-sized allograft. For example, if
the outflow tract measures 20mm, a 20mm (ID)
allograft is selected. In children over 15kg it is
usually possible to place an 18mm or larger
allograft. If further enlargement is necessary, a
Manouguian-type maneuver can be performed
onto the anterior leaflet of the patient’s mitral
valve, which allows further enlargement of 
2–4mm. If additional enlargement of the sub-
valvular outflow trach is necessary, an aor-
toventriculoplasty must be performed (see next
section).

Preparation and Choice 
of Allograft

We perform aortic root replacement with an
aortic allograft, although a pulmonary allograft
would not offer technical problems. The valve

is thawed in the usual way, and the aortic
conduit is left long, to the point of the allograft
innominate artery takeoff, where it is tran-
sected. The muscle is trimmed and the anterior
leaflet of the mitral valve excised 3mm below
the annulus, unless a portion of it is necessary
for a Manouguian maneuver.

Surgical Technique for 
Standard Aortic Root
Replacement

As Ross originally devised, we use an inter-
rupted proximal suture line technique.4,5 The
aortic root is excised and the native coronary
ostia left on large buttons of aortic tissue
(Figures 35.1, 35.2, and 35.3). An additional
septal myomectomy is performed if necessary
(Figure 35.4). The allograft is then oriented in
the orthotopic position, with the left coronary
ostia comfortably positioned toward the button
of the native left coronary ostia. The proximal
suture line is constructed of a series of inter-
rupted 4-0 Tycron sutures on a half-circle taper-
point needle, placed 1.0–1.5mm apart as simple
sutures (Figure 35.5).The allograft is sutured to
the fibrous skeleton of the heart at the hinge
point of the anterior leaflet of the native mitral
valve, and the suture line is brought medially
over the top of the membranous septum. A
remnant of recipient aortic root is usually left
counterclockwise from this region so as to
avoid any encroachment in the region of the
AV node, but then the dissection is brought
down to the septum. The simple sutures are
continued throughout the circumflex and
placed in individual rubber-shod clamps. A
narrow strip of Teflon felt is then inserted
through the middle of the simple sutures so that
as they are tied down the Teflon felt is posi-
tioned as a caulking gusset outside the allograft
cardiac anastomosis (Figure 35.6). The sutures
are sequentially tied. Fibrin glue can be used for
additional hemostasis.

Now it is easy to see where the coronary
buttons need to positioned on the allograft.
The are brought to the region of the allograft
coronary ostia, which are excised (Figure 35.7).
These excision buttonholes should be enlarged
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Figure 35.1 The initial incision of aortic root replacement is vertical and deviated to the left of the right
coronary ostia.

Figure 35.2 The aorta is divided, avoiding leaving too long an aortic remnant, to allow some “suspension”
of the aortic root transplant.



Figure 35.3 The aortic root is excised, leaving ellip-
tical large coronary buttons. The fibrous skeleton is
excised over the septum up to, but not into, the left

fibrous trigone. The area of the conduction system is
not violated. Once the fibrous base is partially
excised, the left ventricular outflow orifice expands.

Figure 35.4 A hypertrophied septum can be incised or a myotomy performed to further enlarge the outflow
tract. The rest of the septum is not incised.
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Figure 35.5 Proximal suture line constructed of many simple interrupted braided sutures. Each is placed as
in individual rubber-shod clamp.

superiorly so that the tendency is to slightly
“stretch” the native coronary ostia up to the
orifices to avoid kinking. The patient’s buttons
are made large to protect the ostia. The 
stretching to a higher position within the sinus
is particularly important when shifting the 
position of the native coronary ostia in a 
rotational direction (i.e., moving a bicuspid
180° right coronary ostia slightly to the left 
into the allograft right coronary sinus). This
trick was learned during arterial switch 
operations for transposition and is also 
applicable in this setting to avoid coronary

kinking. The coronary buttons are sewn to their
respective orifices in the allograft utilizing 
the running 5-0 polypropylene suture 
technique.

The distal aortic suture line is constructed
after checking the length of the allograft. It
should usually be cut longer than first appears
with a slight anterior posterior bevel (Figure
35.8). The suture line is accomplished with a
running 4-0 polypropylene suture technique
utilizing a Teflon felt strip buttress. De-airing
maneuvers are performed, and the aortic cross-
clamp is removed.
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Figure 35.6 Usually around 40 interrupted sutures
are placed and then tied over a strip of Teflon felt,
which is placed within the circle of sutures after

seating the allograft, so that it lies external to the
tissue closure.
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Figure 35.7 Preparation and suturing of the coronary buttons. Stay sutures on the buttons improve 
exposure for the preceding steps as well as the manipulations at this stage.
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Figure 35.8 Distal suture line of an allograft aortic root replacement. Note the Teflon felt strip positioned
on the allograft side.

Hints

Helpful hints include very high cannulation of
the aorta or the use of femoral artery cannula-
tion in adults. In addition, the native aorta
should be fully mobilized. Left ventricular
venting is always used.

Continuous suture lines have been advocated
by some, but we find that the interrupted tech-
nique provides better visibility and allows
placement of a larger aortic root on top of a
smaller heart by spreading the dissimilarity
over the entire circumference of the root.
Similar reasoning has been advocated by Ross.

We recommend a soft-braided suture rather
than monofilament for the interrupted proxi-
mal suture line to reduce the risk of cutting

through the allograft tissues. Horizontal pled-
getted mattress sutures utilized for standard
prosthetic valve replacements are discouraged
in this setting because the tendency is to narrow
the circumference of the native left ventricular
outflow orifice. Such narrowing is not a problem
in the presence of aortic insufficiency in a large
outflow tract for which aortic root replacement
has been chosen; but in the usual situation, in
which the surgery is done because of a
hypoplastic left ventricular outflow tract, this
technique is less desirable.

If a pledgetted horizontal mattress suture
technique is utilized, pledgets should be placed
on both sides of the suture line to prevent nar-
rowing when tying each knot. A variation of
this technique has been recommended by the



Polish group utilizing Teflon felt strips to stabi-
lize the aortic root in patients with Marfan’s
syndrome in order to avoid later dilatation of
the base of the aorta.6
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Indications

In some hearts the entire left ventricular
outflow tract is hypoplastic, involving sub-
valvular, valvular, and even supravalvular
stenosis. These patients have various degrees 
of tunnel aortic stenosis and are typically
managed with multiple operations. The final
operation usually involves a Konno-type
annulus enlargement. Clarke and colleagues
have described the extended aortic root
replacement for such situations, and we have
found it most satisfactory. It combines the
concept of the aortoventriculoplasty as descri-
bed by Konno, Rastan, and their associates 
with the aortic root replacement of Ross.1–6

This procedure is indicated for tunnel aortic
stenosis where the annulus is hypoplastic and
extensive fibromuscular obstruction involves
the subvalvular region. Coexisting supravalvu-
lar stenosis may also be excised and replaced
with allograft aorta using this technique. Iso-
lated subvalvular aortic stenosis is managed by
traditional resection. If complex and extensive
subvalvular stenosis is present yet the aortic
annulus and valve leaflets are normal, the mod-
ified subvalvular operation, as described by
Kirklin and Barratt-Boyes, is applicable.7 If the
obstruction involves only a hypoplastic annulus
with or without sinus/leaflet abnormalities,
treatment is with either simple aortic root
replacement or aortic valve replacement, with
annulus enlargement and augmentation aorto-
plasty as necessary (vida supra).

Indications for surgical correction of multi-
level aortic stenosis are traditional and are 
performed for onset of symptoms or for gradi-
ents exceeding 50–75 torr. Small children may
undergo temporizing procedures with sub-
valvular resections, valvuloplasty, and so on to
reduce gradients until body size has increased
such that an adult-sized outflow tract can be
constructed (15–20kg or more).

Surgical Techniques

The heart is cannulated for cardiopulmonary
bypass utilizing ascending aortic cannulation
relatively high near the innominate artery and
dual vena caval cannulas. Prior to aortic cross-
clamping, the aorta and pulmonary artery are
fully mobilized. There are usually adhesions
from previous operations. After induction of
cardioplegic arrest, a vertical aortotomy is 
performed, begun anteriorly and directed
slightly to the left of the right coronary ostia
(Figure 36.1).

The aortotomy is retracted with two stay
sutures, and the valve and subvalvular region
are examined. If the valve annulus is more than
two standard deviations smaller than is normal
for that age, it is necessary to enlarge it to an
adult size. If the subvalvular obstruction cannot
be reasonably handled with a conservative
resection, extended aortic root replacement
(aortic root–Konno procedure) is performed.
The incision in the aorta is extended into the
annulus at the point between the left and right

36
Aortoventriculoplasty with 
Aortic Allograft
Richard A. Hopkins

327



coronary ostia, where the commissure is or 
normally would be. An oblique incision is 
then made in the right ventricular outflow tract
meeting the aortotomy. It is angled toward the
apex to avoid the base of the pulmonary valve.
These incisions combine to open the top of the
septum to view.The septum, which by definition
is thick, is incised vertically toward the apex,
and the incision is extended until the left 
ventricular outflow tract is widely open (Figure
36.2).

The coronary ostia are excised on large
buttons and the aorta transected at or above 
(if narrowed) the level of the sinus ridge.
The remainder of the proximal aortic root is
excised, however, leaving the fibrous aortic
tissue intact just above the membranous
septum and not violating the aortic mitral 
continuity (Figure 36.3). The incision into the
septum allows enlargement to the desired size,
which is accomplished with Hegar dilators. The
goal is to place, at the minimum, a 19mm 
human aortic allograft, which means that a size
21 Hegar should fit generously into the opened
left ventricular outflow tract.

The prepared allograft has been trimmed at
its base, but coronary windows are not excised
at this point. Pledgetted 4-0 monofilament
sutures are placed with the pledgets on the ven-
tricular side of the septal incision and passed as
horizontal mattress sutures through the ante-
rior leaflet of the mitral valve, the entirety of
which is used to fill the septal defect. These
sutures are sequentially placed until the level of
the “true” annulus is reached (Figure 36.4).

At this point the suture technique is changed
to 3-0 braided interrupted sutures in the
manner of the aortic root replacement, as
described by Ross. They are placed 1–2mm
apart, circumferentially through the annulus of
the allograft and recipient. They are not placed
as horizontal mattress sutures but, rather, as
simple sutures (Figure 36.5). Particular care is
taken at the transition from the septal horizon-
tal mattress sutures to the interrupted simple
sutures at the left side of the septal incision so
as to ensure excellent hemostasis (Figure 36.6).
Two additional horizontal mattress sutures are
placed with the pledget on the right side of the
ventricular septotomy and then through the
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Figure 36.1. Aortotomy for aortic root–Konno reconstruction.



Figure 36.2. The incision in the aorta is extended
across the annulus to the left of the right coronary
ostia and then aimed apically down the free right

ventricular wall away from the pulmonary valve. The
septum is then incised and excised to open the left
ventricular outflow tract.

Figure 36.3. The aortic root is excised, leaving coronary buttons.
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Figure 36.4. The septal defect is filled with the entire anterior leaflet of the mitral valve, fixed with pled-
getted horizontal mattress sutures of 4-0 polypropylene monofilament.



Figure 36.5. Once the “annulus” is reached with the monofilament mattress sutures, the interrupted braided
sutures are used as for simple root replacement.

Figure 36.6. Usually about
30–40 interrupted braided
sutures are required for the
proximal suture line.
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Figure 36.7. Additional sutures placed at both triangulation points are tied and then later used for the right
ventriculotomy pericardial patch.

allograft; they are later passed through the peri-
cardial patch closure of the right ventriculo-
tomy and tied, which secures the triangulation
points of the closure (Figure 36.7). All sutures
are then sequentially tied, thereby positioning
the allograft over the left ventricular outflow.
The septal sutures are tied first (Figure 36.8).

Clarke recommended a running polypropy-
lene suture technique and a double suture tech-
nique on the septal portion of the repair.1 We
have not found that necessary and prefer the
interrupted technique with multiple pledgetted
sutures on the ventricular septum.The allograft
mitral leaflet is sutured to the right side of the
septum so that the “depth” of the septum con-
tributes to enlargement of the left ventricular
outflow tract.

The coronary sinuses are then excised from
the allograft to accept the large buttons of the
native coronary ostia. The allograft right coro-
nary stump is suture-ligated, as it has been
rotated 120° into the non-coronary sinus region.
The coronary buttons are made large and
usually slightly higher than would be anatomic
in order to maintain length and stretch to avoid
kinking. The buttons are sutured to the oval
defects with running 5-0 monofilament sutures
(Figures 36.9 and 36.10).

The left ventricular vent is shut off and the
left ventricle gradually allowed to fill while the
distal aortic suture line is constructed with
running 4-0 monofilament suture. This suture
line is buttressed with a strip of felt (Figure
36.11). Because the native curve of the allograft
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Figure 36.8. After seating the allograft, the sutures are sequentially tied, beginning with the mattressed
septal sutures. The simple interrupted sutures are buttressed with a strip of Teflon felt.

is in a direction reversed from normal, the distal
allograft aorta is usually beveled posteriorly. It
is also helpful to keep the allograft ascending
aortic root relatively short, but of course the
incision needs to be above the sinus ridge
(Figure 36.12). Native supravalvular ascending
aortic pathology must be excised.

The reconstruction is completed after de-
airing the aortic root and removing the aortic
cross-clamp. As in the Konno operation, the
right ventricular free wall defect is repaired
with a patch (Figure 36.13). Clarke recom-
mended a piece of homograft. We have tended
to use pericardium for this patch, suturing 
it to the defect with a running 4-0 or 5-0
polypropylene suture. The suturing along the
annulus of the allograft is, of course, nontrans-

mural, and these sutures need to be carefully
placed.

Postoperative Management

Postoperative care is similar to that for any
aortic valve replacement. Anticoagulation, if
not necessary for other reasons, is limited to
daily aspirin (81mg). The patient is followed,
especially looking for murmurs indicating
insufficiency. Echocardiography with Doppler
is performed prior to discharge for a baseline
reading; it is repeated every 6 months for 1 year
and then done yearly. Routine prophylaxis 
for subacute bacterial endocarditis is recom-
mended for all indications, as noted in the 
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Figure 36.9. Coronary “buttons” sutured with 5-0 polypropylene.
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Figure 36.10. Large coronary buttons sutured within their new sinuses.

Figure 36.11. Distal suture line buttressed with a Teflon felt strip.
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Figure 36.12. A beveled distal suture line is used to increase the anastomosis size and smooth the 
curvature of the new aortic root.

Figure 36.13. Closure of the right ventricular free wall defect completes the reconstruction.



prosthetic heart valve guidelines of the Ameri-
can Heart Association.
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Aortic insufficiency and aortic stenosis are
mechanical problems of the heart that result in
left ventricular dysfunction. Among patients
with severe cases treated medically only, 80%
are no longer alive after eight years.1–3

Survival is considerably improved with 
surgical treatment. Expected survival at eight
years with either a mechanical heart valve or a
stented porcine bioprosthetic heart valve is
80%.4,5 However, these survival curves do not
approach normal life expectancy. The reduced
life expectancy is multifactorial, but probably
involves factors that relate to the presence of a
prosthetic heart valve.

Prosthetic heart valves may have significant
associated problems. The first among these is
hydraulic dysfunction. Placing a prosthetic
heart valve with a sewing ring inside the left
ventricular outflow tract is obstructive.6 The
result may be not only a measurable gradient
across the prosthetic valve but also a change 
in flow pattern across the valve from laminar 
to turbulent. Return to normal left ventricular
dimensions is thereby inhibited. Turbulent flow
also causes microabrasions and deposition of
platelets, which may result in a prosthetic valve
more prone to thromboembolic complications
and endocarditis. The need for anticoagulants
with a mechanical heart valve and the tendency
for calcific degeneration of a stented xenograft
valve are clear disadvantages and additional
explanations of why life expectancy is still
diminished even after successful replacement
of a diseased aortic valve with a mechanical or
stented bioprosthetic valve.

Many of the problems addressed above can
be averted with the use of an aortic allograft
heart valve to replace the diseased aortic valve.
The hemodynamic performance of a properly
placed allograft is clearly superior to that of a
stented xenograft or a mechanical valve.6 Not
only are discernable gradients absent, but flow
patterns are laminar. Echocardiographic results
are indistinguishable from those in patients
with normal heart valves. Avoidance of antico-
agulation not only has benefits related to
longevity but also results in a significantly
improved lifestyle. Resistance to infection in
the early postoperative phase (1 to 12 months)
also makes the use of aortic allograft heart
valves more attractive.7

Even though the first clinical allograft valve
replacements were performed in 1962,8,9 only a
few centers acquired significant experience
with them. The simplicity of inserting either a
mechanical heart valve or a stented xenograft
based on a single ring, and the wide availability
of the xenografts made those the choice oper-
ations of most surgeons around the world. Not
until O’Brien reported 10-year follow-up data
with no structural deterioration when cryopre-
served aortic allografts were used did enthusi-
asm develop in many other centers for inserting
allograft heart valves.10 In addition to their
superior durability, other advantages of cryop-
reserved valves included indefinite storage time
and ready availability.

As enthusiasm increased for the use of 
cryopreserved allograft heart valves once the
Brisbane experience became known, the biggest
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drawbacks to the use of allografts became their
limited availability and technical demands of
implantation. Regional tissue banks specializ-
ing in cryopreservation helped alleviate some 
of the demands for human heart valves.
However, the technical demands of implanta-
tion as manifested by difficult learning curves
remained a most important hurdle.11

Surgeons at centers where allografts had
been implanted since the early 1960s were 
very experienced with the freehand subcoro-
nary technique of insertion and therefore had
little trouble placing a competent aortic valve.
This was not true for inexperienced allograft
surgeons, and at many centers, after a rather
short, unhappy experience, allografts were no
longer used.

The primary reason for the lack of success
with the subcoronary freehand technique is
that when the sinuses of Valsalva are scalloped
to accommodate a distal suture line beneath the
coronary arteries, the valve mechanism is vio-
lated and the valve is no longer competent. For
the valve to become competent again, the com-
missures must be suspended appropriately in a
foreign (host) aortic root. If the host aortic root
is symmetrical and the host sinus rim is within
2mm of the diameter of the host aortic annulus,
it is not difficult to make an appropriate size
allograft competent within its new aortic root.
Unfortunately, appropriately sized allograft is
not always available, and distortion of part or
all of the root is generally present in patients
with aortic valvular heart disease. Therefore,
techniques that rely less on altering the host’s
root geometry and more on utilizing the allo-
graft’s root geometry evolved.

The term “miniroot” will not be further used
since it has been used to describe different 
techniques in the allograft literature: O’Brien
and colleagues used “miniroot” to describe an
inclusion root replacement technique that
allowed them to place an allograft in a host
annulus that was greater than 30mm;12 others
have used the term to describe a short total-
root replacement, which includes replacement
the sinuses of Valsalva and the sino-tubular
ridge and reimplanting the coronary arteries.13

Our “miniroot” is best described as an intra-
aortic cylinder technique. We will use the terms

“intra-aortic cylinder” to describe in inclusion
type root techniques and “total root replace-
ment” to describe a free standing root replace-
ment (short or otherwise).

As stated previously, the freehand subcoro-
nary technique of aortic allograft implantation
has some associated drawbacks. Many inexpe-
rienced allograft surgeons lack the confidence
in their ability to implant a competent valve,
and it has been difficult for some relatively
experienced allograft-implanting surgeons to
use this technique for all types of aortic root
pathology. To help apply the use of aortic 
allografts for aortic valve replacement to all
types of root pathology, O’Brien and colleagues
described three separate techniques of allograft
implantation.12 1) The subcoronary technique,
with inversion of the valve during implantation,
was applicable to cases in which the annulus
was 21 to 29mm and the overall root geometry
was asymmetrical. 2) For the small aortic root,
interrupted sutures were used and the valve
was not inverted. 3) For the large aortic annulus
and the aneurysm aortic root, root-replacement
techniques in which the entire allograft valve
mechanism was kept intact were used.

Techniques

The inclusion-root technique, or intra-aortic
cylinder technique, is used primarily in the
patient whose annulus is 30mm or larger. By
using the allograft valve with its intact aortic
sinuses as a small cylindrical tube, competence
is assured. For this technique, the selected allo-
graft should have an internal diameter 1–2mm
less than that of the host aortic annulus. The
allograft aorta is transected 2 to 4mm above the
sino-tubular ridge; the allograft is trimmed,
leaving a 2- to 3-mm cuff below the leaflets; the
muscle bar is thinned as much as possible to
limit obstruction of flow and to facilitate place-
ment of the suture (Figure 37.1). Superiorly, the
aortic wall of the allograft is transected approx-
imately 5mm above the top of the commissures,
which leaves room for it to be cut again 
to appropriate length when the distal suture
line is established. After the cardiopulmonary
bypass and cardioplegic arrest of the heart are
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established, exposure is gained through an
oblique, or transverse, aortotomy incision, the
choice depending on the surgeon’s preference.
We prefer a transverse aortotomy that encircles
three fourths of the aorta 4mm above the 
sinus rim (Figure 37.2A, B). The proximal
suture line can be established with either a 
continuous or interrupted suture technique. We
prefer an interrupted technique with no inver-
sion of the valve (Figure 37.3A). Sutures are
placed in a single plane beneath the aortic valve
(Figure 37.3B). The sinus walls around the left
and right coronary ostia of the allograft are
excised to create appropriate holes for the 
left and right coronary arteries. Coronary ana-
stomoses are performed with continuous 5-0
Prolene sutures (Figures 37.4 and 37.5). At this
stage, the allograft may appear distorted
because it is tethered to the host wall in two

places. For the distal suture line, three simple 
4-0 Prolene sutures are used to approximate
the top of the allograft commissures against the
host aorta at the sino-tubular ridge. Excess allo-
graft aorta distal to the commissures is excised,
and the sutures are then tied, making allowance
for the aortotomy. If the aortotomy is extended
into the non-coronary sinus, it can be closed 
up to the sino-tubular ridge at this point. Each
suture at the top of the commissure is then run
inside the aorta at the level of the sino-tubular
ridge to the adjacent commissure to complete
the inclusion root replacement (Figure 37.6).
Before the aortotomy is completely closed,
one or two mattress sutures may be applied to
the non-coronary sinus to minimize or obliter-
ate dead space between the layers. The rest of
the aortotomy is then closed with a continuous
4-0 Prolene suture.
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Figure 37.1. Trimming of the aortic allograft.
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Figure 37.2. (A) Transverse aortotomy encircles three-quarters of the aorta above the sinus rim. (B) Strate-
gic stay sutures are applied to display the aortic valve and right coronary ostium.
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B
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Figure 37.3. (A) Interrupted suture technique is used to establish the proximal connection of the allograft
to the left ventricular outflow tract. (B) Sutures are place in a single plane beneath the aortic valve.
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Figure 37.4. The left coronary anastomosis is accomplished with a continuous 5-0 polypropylene suture.

Figure 37.5. The right coronary anastomosis is accomplished with a continuous 5-0 polyproplylene suture.



In another approach to the problem of 
the early onset aortic insufficiency seen with 
the scalloped, subcoronary allograft valve
replacement technique, Angell and associates
described a partial-inclusion, aortic root re-
placement technique.14 A T-shaped longitudinal
aortotomy is made to the base of the non-
coronary sinus to expose the aortic root (Figure
37.7). A proximal interrupted suture line
orients the allograft root anatomically to the
host root and fixes the annulus of the allograft
to the host annulus. To facilitate exposure and
placement of the proximal sutures, the allograft
is split posteriorly into the left sinus of Valsalva
and the left coronary ostium (Figure 37.8A, B).
Simple running-suture lines are carried around
both coronary ostia, and the posterior split in
the graft is re-approximated. The posterior
portion of the graft is then secured from just
above the left coronary ostium medially and
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Figure 37.6. Inclusion distal suture line is accomplished with a semi-continuous 5-0 polypropylene suture.

Figure 37.7. A T-shaped aortotomy is made to the
base of the non-coronary sinus to expose the aortic
root.



laterally to the superior ends of the superior
portion of the T-shaped aortotomy (Figure
37.9). The anterior graft length is trimmed
appropriately as the distal suture line is com-
pleted to re-establish vascular continuity

(Figures 37.9 and 37.10). The cross clamp can
be removed at this point, which allows the
surgeon to observe the allograft in the dis-
tended configuration and to check for bleeding
points before closing the allograft completely
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Figure 37.8. (A) To facilitate exposure, the allograft is split
posteriorly into the left sinus of Valsalva. (B) Line drawing
depicts placement of allograft within the host aortic root.

A

B



within the host aorta. It also allows the surgeon
to close the aorta in a fashion that does not
compromise the allograft in any way. The
surgeon could also choose not to close the aorta
completely around the allograft. Thus, with this
technique, unlike the intra-aortic cylinder
approach, the valve assumes the shape of the
donor rather than being placed in the host root
prior to distention with blood and pressure.
There is also no need to secure the commissures
to the host aorta.As a result, all of the elements
that determine final configuration of the allo-
graft are those of the donor unrestricted by the
host root.

Inclusion techniques have several advan-
tages. The entire allograft valve mechanism is
left intact, thereby assuring aortic valve com-
petence. The host sinuses are also left intact,
and thus, if early or late valve failure should
occur, the entire allograft valve could be
removed and a mechanical or bioprosthetic
valve put in its place.

Inclusion techniques also have disadvantages.
They are probably the most cumbersome tech-
niques to perform. Each of the coronary suture
lines is established with more limited exposure.

When the coronary arteries lie at 180° it is dif-
ficult to implant them into the corresponding
sinus of Valsalva. The intra-aortic cylinder tech-
nique also suffers from problems similar to
those of the Bentall mechanical valve conduit
inclusion-root replacement. It is difficult to tell
exactly how the allograft will distend within the
aortic root and thus any malalignment will put
added stress on the coronary suture line.Two of
our patients have experienced such problems,
and, in one, part of the distal suture line pulled
loose. In this patient, we had placed an allograft
with three sinuses of Valsalva into a truly bicus-
pid root with only two sinuses of Valsalva and
one coronary ostium. Although this allograft
valve has not been insufficient and shows only a
mild degree of stenosis, the turbulent flow across
the aortic root is much greater than that we have
seen with most of our inclusion intra-aortic
cylinder allograft valve replacement. The other
patient developed a fistulous tract between 
the left coronary anastomosis and the layers
between the allograft root and the host root.
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Figure 37.9. The posterior portion of the allograft 
is secured to host aortic wall. Anterior sutures are
placed to establish vascular continuity prior to 
completion of the host aortotomy closure.

Figure 37.10. Line drawing depicting the comple-
tion inclusion root replacement.



Finally, with the inclusion techniques, if there
is bleeding from the coronary artery suture
lines but the source cannot be seen, the 
bleeding has to be controlled by wrapping the
aorta. Theoretically, hematomas between the
layers can alter valve function and produce
obstruction.

Perhaps the most significant disadvantage of
using an intra-aortic cylinder technique is that
these replacements are innately more obstruc-
tive than free-standing root replacements in
which the entire host root is excised except for
the coronary ostia. With the inclusion tech-
nique, the surgeon must, in some fashion,
“stuff” one entire aortic root inside another.

We, and some others,13,15 now prefer the free-
standing total aortic root replacement with a
cryopreserved aortic allograft for all patients
requiring aortic valve replacement, regardless
of aortic root pathology.

Total-root replacement is accomplished in
uncomplicated aortic valve disease by estab-
lishing cardioplegic arrest and then transecting
the aorta just above the sinotubular ridge
(Figure 37.11).The thawed allograft is prepared

by removing the anterior leaflet of the mitral
valve and redundant outflow tract muscle
beneath the valve, leaving a 2- to 3-cm remnant
beneath the lowers point of each sinus of Val-
salva. This remnant will be used for placement
of the proximal suture line. The allograft aorta
is initially transected 5 to 6cm above the sinus
rim, leaving adequate room to cut it again when
connecting the allograft to the distal aorta.
Adequate amounts of the left and right sinuses
of Valsalva are excised to accommodate the left
and right coronary arteries.

Attention is then turned back to the host
aortic root. Both host coronary arteries are
mobilized from the aortic root on generous
buttons of aortic wall, and the remaining tissue
of each of the right and left sinuses of Valsalva,
as well as the non-coronary sinus of Valsalva,
is excised (Figure 37.12). The aortic valve is
removed and all calcium in the annulus and
outflow tract is debrided. The proximal or
inflow anastomosis is accomplished using a 28
to 35 simple interrupted sutures of 3-0 braided
Dacron tied around a 1-mm strip of Teflon felt
(Figure 37.13).We use this trip of Teflon felt not
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Figure 37.11. The aortic root is exposed by transecting the aorta 2–5mm above the sinus rim.
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Figure 37.12. The coronary ostia are mobilized on generous buttons of aortic wall.

Figure 37.13. The proximal anastomosis is accomplished using 28 to 35 simple interrupted sutures of 3-0
braided Dacron tied around a 1mm strip of Teflon felt.
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Figure 37.14. The left coronary artery on a generous button of aortic wall is sewn end-to side to the left
sinus of the allograft with a continuous 5-0 polypropylene suture.

only to aid in hemostasis, but also to prevent
sutures from tearing through the allograft
muscle bar when the knots are tied. The coro-
nary arteries on their buttons of aortic wall are
sewn end-to-side to the corresponding sinus of
Valsalva of the allograft with a continuous 5-0
polypropylene suture (Figures 37.14 and 37.15).
The distal end of the allograft, which is usually
cut just above the sinus rim, is then sewn to 
the host aorta end-to-end with a continuous 
5-0 polypropylene suture to complete the root
replacement (Figures 37.15 and 37.16).

If the host aorta is considerably larger than
the allograft aorta, an appropriately sized “V”
can be cut out of the distal aorta and the edges
re-approximated with running 5-0 Prolene
suture prior to establishing the end-to-end
anastomosis.

When the host annulus is dilated greater than
28mm, we use the largest allograft we can find
(23mm or greater) and fix the size of the host
annulus with a 1mm thick Dacron ring 4mm

greater in diameter than the size of the allo-
graft. When the host annulus is nearly normal
in size, we try to use an allograft with an 
internal diameter as close to that of the aortic
annulus as possible.

Several recently published studies have also
favored using a free-standing total-root graft
for all aortic-root replacements with a stentless
valve, whether it be a xenograft, an allograft, or
an autograft.13,15–17 The major theoretical disad-
vantage of the free-standing root replacement
technique is the perceived radical nature of 
the procedure, even though several series have
demonstrated a similar operative risk for both
techniques under elective circumstances.18–20

Reimplantation of coronary arteries theoreti-
cally risks the development of coronary ostial
complications, but we and others have not seen
such complications, either early or late.13,15–18,20,21

The best way to prevent late problems with 
calcification in the region of the coronary ostia
is to use generous buttons of native aortic wall



around the coronary ostia at the initial 
operation.21 Excessive bleeding at the proximal
suture line has not occurred with the technique
described.

A risk of constant concern is the potential
problem of reoperation after a free-standing
root replacement. We and others have not
found this to be a serious problem, albeit
numbers are still small.13,15–18,20,21 Simple

mechanical valves placed within allograft roots
at the time of reoperation, repeat allograft 
root replacements, or mechanical valve root
replacements have been accomplished without
unexpected mortality.

Our experience at North Carolina Baptist
Hospital/Bowman Gray School of Medicine
over the past six years also supports the use of
a short total aortic root replacement for aortic
valve replacement in all cases. The first 12 left
ventricular outflow tract reconstructions we
performed were of the freehand subcoronary
type (Table 37.1). By 18 months, three have
been removed for severe aortic insufficiency
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Figure 37.16. Line drawing depicts the completed
free-standing total aortic root replacement.

Table 37.1. Results of 12 Freehand Reconstructions.

Incidence of Postoperative AI

0–1+ 2+ 3–4+
1 8 3

Mean peak gradient—22.05 ± 11.75mmHg.
Three valves were removed before 1.5 years for severe.
AI without leaflet abnormalities.
AI = aortic insufficiency.

Figure 37.15. The site on the allograft for the 
right coronary anastomosis is selected after the 
distal aorta-to-allograft suture line is completed and

the aortic root is distended. This maneuver limits 
the possibility of torquing the reimplanted right 
coronary.



and eight of the remaining nine had 2+ aortic
insufficiency on the latest echocardiogram; the
ninth had 1+ aortic insufficiency. The mean
peak systolic echo gradient in this group was
22.05 ± 11.75mmHg. On the basis of these
results, we turned to the intra-aortic cylinder
technique and closely followed 23 of those
patients with echocardiography (Table 37.2).
We believed that using a technique that main-
tains all of the donor valve mechanism would
ensure valvular competence, and the lower inci-
dence of postoperative aortic regurgitation in
this group has proved that point. One patient
developed 2+ to 3+ aortic insufficiency, but it
turned out to be secondary to a paravalvular
leak; one patient developed severe aortic insuf-
ficiency secondary to endocarditis with destruc-
tion of the leaflets; 21 patients have only had a
stable course with 2+ aortic insufficiency. The
mean peak systolic gradient in this group is
17.19 ± 6.38mmHg.

During the time we were performing the 
intra-aortic cylinder technique, we performed a
significant number of total root replacements.
Initially, these were in patients with endocarditis
and root abscess, ascending aortic aneurysms, or
small aortic roots. The total root replacement
was simpler to perform, took less time than
placement of the intra-aortic cylinder, and was
applicable to every type of aortic root disease.
Total root replacement also maintained the
entire valve mechanism of the allograft,and thus
became our choice for replacement.

We have followed echocardiographically 87
patients total root replacements (Table 37.3).
One patient has had severe aortic insufficiency,
but that was the result of recurrent endocardi-
tis. There was no evidence of active infection at
the time of reoperation, so we placed a St. Jude

valve inside his allograft root after excising the
destroyed, insufficient valve leaflets. He contin-
ues to do well with no signs of recurrent 
infection. Two patients have had 2+ aortic
insufficiency, and the remaining 84 patients
have 1+ aortic insufficiency or less. Also, as
would be expected, the mean peak systolic
echocardiographic gradient in this group is the
lowest of the three (10.47 ± 6.40).

Total root replacement is also our technique
of choice for endocarditis with annular abscess,
whether from a host aortic valve or a prosthetic
aortic valve.22,23 This technique allows all
abscess material to be debrided extensively and
drained into the pericardium outside the circu-
lation. After the left ventricular outflow tract
has been debrided thoroughly, excess tissue on
the allograft provides ideal material for repair.
Much of the anterior leaflet of the mitral valve
can be left on the allograft to fill in defects
along the aorto-mitral membrane.The proximal
suture line on the allograft may also be placed
deep to draining abscess material in the left
ventricular outflow tract. If one or both of the
coronary ostia are involved in abscess material,
it (they) can be ligated. The coronary blood
supply is then re-established with appropriate
saphenous vein bypass grafts (Figure 37.17).

In conclusion, we believe that a total root
replacement technique is the technique of
choice for all patients undergoing aortic valve
replacement with a cryopreserved aortic allo-
graft. The technique is easily reproducible by
cardiac surgeons and a competent valve is
assured at the time of surgery. The allograft
sinuses of Valsalva are unrestricted and free to
distend at the completion of the procedure,
thereby avoiding obstruction and turbulent
flow. The potential hazards of increased 
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Table 37.2. Twenty-three Intra-Aortic Cylinders.

Incidence of Postoperative AI

0–1+ 2+ 3–4+
21 1 1

Mean peak gradient—17.19 ± 6.38mmHg.
One valve was removed before 3.5 years for severe.
AI from endocarditis with leaflet destruction.
AI = aortic insufficiency.

Table 37.3. Eighty-seven Total (Freestanding) Root
Replacements.

Incidence of Postoperative AI

0–1+ 2+ 3–4+
84 2 1

Mean peak gradient—10.97 ± 6.40mmHg.
One valve was removed at 7 months for severe AI from
recurrent endocarditis with leaflet destruction.
AI = aortic insufficiency.



bleeding at the initial operation have not been
realized, and options at reoperation are not
restricted to only redoing the root replacement.
The technique is also easily applied to cases of
complicated root anatomy; i.e. 180 degree coro-
nary arteries, a large aortic annulus, and major
discrepancies in size between the aortic annulus
and the sinus rim. The best early valve results
appear to be obtained with this approach. Thus,
by inference, enhanced long term durability 
of aortic allografts performed as root replace-
ments, compared to already very good results
with freehand subcoronary implantation,24 may
be attainable.
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Stentless porcine heterografts for aortic valve
replacement are now commercially available.
Three such valves have now been approved by
the FDA for use in humans. One is a scalloped
valve designed for a standard subcoronary
insertion (“Toronto SPV Valve”, St. Jude
Medical, St. Paul, MN) and two others
(Medtronic “Freestyle” and Edwards “Prima
Plus”) are prepared as a root and can be
trimmed for insertion as either a miniroot, root
or subcoronary scalloped technique. All three
valves are glutaraldehyde fixed. The current
version of the Medtronic valve is also treated
with an anticalcification method (alpha amino
oleic acid).1 The Edwards valve is also prepared
with an anti-calcification treatment and utilizes
low-pressure fixation. All porcine valves share
the need for a Dacron support as a conse-
quence of the muscle bar below the right coro-
nary cusp which exists in pigs but is not present
in humans. All three appear to share the
hydraulic engineering advantage of stentless
valves with reduced energy dissipation across
the valve, lower effective gradients, less inertial
effects, ability to flex during cardiac motion and
apparently result in improved hemodynamics
both short term and medium term.2–4 There
appear to be advantages similar to homograft
and autograft insertions in terms of regression
of left ventricular hypertrophy, reduction in
valve gradients over time and improved dias-
tolic properties of the left ventricle.2,5 Stentless
valves may be especially appropriate for
patients over age 60, with significant LVH and
small aortic annuli.6,7

Insertion methods for the stentless
xenografts are natural derivatives of the lessons
learned from homograft valve replacement
surgery. Many of the same concerns are present
including careful sizing, a range of techniques
for assuring architectural symmetry and the
need for assessing and reconstructing as 
necessary the left ventricular outflow at all
three levels of subvalvular, annular and supra-
annular (sinus ridge). Care in reconstructing
the entire outflow tract to optimize the per-
formance of the stentless valves is as critical as
in homograft insertions. However, there are a
number of differences. The glutaraldehyde
treatment results in a valve complex which is
more rigid and in some ways easier to insert 
as the architecture is better maintained by 
the prosthesis during insertion. The Dacron
support at the base in association with rigidity
makes continuous proximal suturing tech-
niques more appealing than with fresh or cryo-
preserved homografts and autografts. On the
other hand, this rigidity prevents inversion of
the stentless porcine heterografts into the left
ventricle and reduces the plasticity for the
reconstructions.

A significant range of implantation tech-
niques are available for this category of valve.8

These include the scalloped subcoronary inclu-
sion method, cylinder inclusion or miniroot
techniques and a complete aortic root replace-
ment (Figure 38.1). As discussed elsewhere in
this chapter, aortoplastic techniques are occa-
sionally necessary for tailoring of aortic root
geometry and the presence of subvalvular
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stenosis may require attention to that portion
of the outflow tract as well.

Sizing

Sizing is performed differently for the currently
available valves.The Toronto SPV Valve is sized
based upon the sino-tubular junction of the
recipient (if normal or as altered by aortoplasty
if abnormal). For the Medtronic and Baxter
versions, the sizing is performed at the annulus
level, using the manufacturers’ sizers which
reflect the “outside” diameter of the prosthesis
(not internal diameter as in homografts). Espe-
cially for valves inserted as “roots,” a bias
towards upsizing is encouraged as opposed to

the downsizing bias when using fresh or cryo-
preserved homografts.

Surgical Technique for Scalloped
Subcoronary Insertion

The scalloping of the valve is either accom-
plished by the manufacturer or can be per-
formed by the surgeon prior to or after the
proximal suture line has been accomplished.

Aortotomy is performed in one of two ways
depending upon whether the ascending aorta at
the level of the sinus ridge is of the diameter
desired at the conclusion of the repair or is
enlarged. A transverse aortotomy is performed
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Figure 38.1. This demonstrates three alternative
methods for insertion of stentless porcine valves.The
middle figure demonstrates the scalloped sub-
coronary inclusion method which is useful for the

pre-cut Toronto valve or the surgeon-contoured
intact root valves. Cylinder inclusion can be per-
formed as on the right and the total root replacement
on the left.



above the level of the sinus ridge if the sinus
ridge anatomy appears appropriate where as a
“Lazy S” incision is performed which crosses
the sinus ridge anatomy into the non-coronary
cusp of the recipient if tailoring of the aortic
root is required (Figure 38.2).

The native valve is excised with decalcifica-
tion of the annulus as necessary (Figure 38.3).
The stentless porcine heterograft has already
been prepared on the back table with rinsing
and is presented onto the operating field. The
proximal suture line is accomplished with inter-
rupted 2-0 or 3-0 braided sutures. These sutures
can be placed further apart than used for fresh
or cryopreserved homografts as a consequence
of the rigidity of the glutaraldehyde Dacron
reinforced base. These are placed as simple
sutures through the subcoronary annulus or
subannular base of the aortic root, thence
through the base of the heterograft (Figure
38.4). Each suture is clipped with a small hemo-
stat which is placed on an Allis clamp for safe-
keeping in order. Between 14 and 26 sutures are

required. The heterograft is then seated and 
the sutures sequentially tied. Alternatively, a
continuous suture of 2-0 polypropylene on 
a semi-circular tapered needle is utilized and,
depending upon surgeon preference, this can be
accomplished with a single running suture or
with three sutures placed at equidistant points
and each then tied to each other (Figure 38.5).
The running technique is currently preferred
when feasible.

Upon completion of the proximal suture 
line, the right and left coronary sinuses may be
excised depending upon the insertion tech-
nique. They may simply be scalloped if not
already performed by the manufacturer. If an
oblique vertical aortotomy has been performed
into the non-coronary sinus, then scalloping of
the non-coronary sinus sometimes allows better
realignment of the aortic root via a reduction
aortoplasty. The sinus ridge diameter should be
no larger than the base annulus, and preferably
10–20% smaller to encourage “eddy currents”
in the sinuses. If this portion of the aortic root
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Figure 38.2. Aortotomies can be performed in a
multitude of ways. The easiest access is with a trans-
verse aortotomy (A). The remaining ascending aorta
should be kept relatively short to provide suspension

to the stentless valve root. If the subcoronary
method is used, then native aorta is reattached to
native aorta.



does not require alteration, then leaving the
non-coronary sinus intact is very appropriate.
If the scallop technique is utilized, suturing is
begun below the left coronary ostia with a
running 5-0 polypropylene suture and brought
to the top of each pillar on either side. Exiting
the aorta at this point, tension is maintained
while a similar suture is placed beginning at the
base of the sinus below the right coronary ostia
up to the top of the pillars on either side (Figure
38.6).These sutures are tied outside of the aorta
over a pledget of either Teflon felt or autolo-
gous pericardium. If a transverse aortotomy has
been performed, a tacking suture or two are
placed to the non-coronary cusp, once again
with sutures being tied outside to obliterate any

potential “dead space” (Figure 38.7). For a
transverse aortotomy, the distal suture line is
now accomplished either at the level of the 
top of the pillars or above the level of the 
pillar placements with a running 3-0 or 4-0
polypropylene continuous suture technique.
Care is taken throughout to assure suspension
of the pillars, usually a little higher than the
native pillars were suspended. In addition, the
sinus ridge is maintained at a diameter 10 to
20% smaller than the aortic annulus base diam-
eter (Figure 38.8). If a ostial cut-out technique
is performed, then the distal suture line
throughout its circumference includes the top
of the heterograft, the proximal native aorta
and the distal aorta (Figure 38.9). If the scallop
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Figure 38.3. The native valve is excised and the annulus decalcified.



Figure 38.4. Proximal suture line is created with either interrupted or continuous suture techniques.

Figure 38.5. Demonstrates a con-
tinuous suture technique with a
cylinder inclusion method.



Figure 38.6. Demonstrates subcoronary suturing technique very similar to inserting a homograft.

Figure 38.7. Sutures are placed to obliterate any potential dead space between retained sinus wall of the
xenograft.
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Figure 38.8. The sinus ridge should be reconstructed to be narrower than the aortic annulus by approxi-
mately 15%.

Proximal
aorta Distal

aorta

Heterograft

Distal
suture
line

Distal aorta
Proximal
aorta

Figure 38.9. Scallop technique for inclusion insertion using ostial cut-out.



techniques have been performed, then the
distal suture line only includes the top of the
pillars and the top of the heterograft if the non-
coronary cusp is left intact (Figure 38.10). If the
sinus ridge intact with cut-out technique is uti-
lized, then the suture line again incorporates
the top of the aortic wall of all three sinuses
(Figure 38.11).

Aortic Root Replacement with
Stentless Porcine Heterografts

For complex aortic root anatomy or for infected
aortic roots, it is sometimes preferable to com-
pletely replace the entire aortic root rather than
using a miniroot or subcoronary scallop tech-
nique. In this case, the operation is very similar
to that described for the aortic root replace-
ment with a homograft.

Sizing is accomplished utilizing either Hegar
dilators or sizers provided by the companies.
Only the intact aortic root heterograft prosthe-

ses are suitable for this technique. The size of
the aortic root base after excision of the native
valve can be matched to the internal diameter
of the heterograft equivalently. There is usually
enough tolerance that upsizing by 2mm is 
also feasible. Downsizing by 2mm can also be
accomplished but is not recommended.

All tissue is excised leaving the coronaries on
buttons (Figure 38.12). Any subvalvular septal
incisions can be made at this time (Figure
38.13). The proximal suture line can be accom-
plished with either interrupted simple tech-
niques of 2-0 or 3-0 braided sutures (Figure
38.14) but does not need reinforcement with
Teflon felt as with homografts, or can be accom-
plished with a running suture technique utiliz-
ing 3-0 polypropylene suture (Figure 38.15).
The left coronary button is sutured first to the
aortic root complex after completion of the
proximal suture line. This can be accomplished
in one of two ways. Either a circular button is
excised or preferably a large “U” shaped wedge
is excised from the left coronary sinus of the
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Figure 38.10. Subcoronary insertion method where the distal suture line incorporates the top of the pillars.
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Figure 38.11. Sinus ridge of xenograft left intact with coronary ostial cut-out. Top suture line may incorpo-
rate native aortic wall into the stentless distal aortic anastomosis, across all three sinuses.

Figure 38.12. Aortic root method requires removal of all the native aortic root tissue except the coronary
buttons.



Figure 38.13. Subvalvular muscular stenosis can be
relieved with a myotomy in the usual location, such
as is used for IHSS. The aortic root proximal suture
line can be accomplished either with interrupted 
or continuous suture methods. Proximal suture line

accomplished with a continuous polypropylene
suturing technique. This is safer with the manufac-
tured stentless valves than with homografts as the
tissue is stiffer and will not be damaged by tugging
and pulling to seat the valve.

Figure 38.14. The proximal suture line can be
accomplished with an interrupted simple technique,
preferably utilizing braided sutures, in a manner
analogous to aortic root replacement with homo-

grafts. The thicker tissue and stronger material prop-
erties of the xenograft mitigates the need for a Teflon
felt strip as is used with homografts.



heterograft and the large coronary ostial “U”
shaped “button” inserted with a running 5-0
polypropylene suture technique in either case
(Figure 38.16). It is usually better to place the
left coronary button higher than it had been
positioned in the native aortic root to avoid
kinking. Often, this is facilitated by the “U”
shaped replacement technique as opposed to
the circular button technique. The distal suture
line is then accomplished with a running 3-0 or
4-0 polypropylene technique. This allows more
accurate placement of the right coronary ostia
which is usually placed somewhat above the
coronary stump of the heterograft as the coro-
nary positions in the pig are somewhat differ-
ent than in the human (Figure 38.17). This can
often be placed as a circular button. If it
appears that the placement should be per-
formed higher so that the top of the coronary
button will be involved in the distal suture line,
then it is easier to perform this portion prior to
beginning the distal suture line (Figure 38.18).

De-airing maneuvers are performed and the
aortic cross-clamp removed. We like to leave 
an aortic root vent above the level of the distal
aortic anastomosis throughout rewarming of
the patient for continuous suction and evacua-
tion of any air that may become apparent
(Figure 38.19). Intraoperative TEE facilitates
evaluation of residual intracavity air. CO2

flooding of the field is helpful as well. Addi-
tional cardiopulmonary bypass techniques
include both retrograde and antegrade blood
cardioplegia and the use of a left ventricular
vent.

Aortoplasty technique can be combined 
with insertion of a stentless valve including
annulus enlargement with a patch of bovine
pericardium or woven collagen impregnated
Dacron. Either a Manouguian type enlarge-
ment can be accomplished with a patch extend-
ing from the mitral valve leaflet of the recipient
and coming above for tailored enlargement of
the aortic root (Figure 38.20). If this technique
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Figure 38.15. A running suture technique with either
2-0 or 3-0 polypropylene suture is often a faster and
easier way of constructing the proximal suture line
with the manufactured xenograft stentless valves.The

more robust material properties of the treated valves
allows for more tugging and pulling to seat the
xenograft utilizing the running suture method.This is
particularly appropriate for aortic insufficiency.
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Figure 38.16. Aortic root replacement with stent-
less porcine heterograft. Coronary buttons are
sutured to the respective sinuses. Mobilization of the
right coronary button allows it to often be placed in

the region of the new right sinus by removing the
xenograft right coronary ostia. These buttons are
made large and occasionally can extend up to the top
of the suture line.

is utilized then it is best to secure the sutures of
the patch enlargement at the level just below
the sinus ridge for later completion after inser-
tion of the heterograft. Reduction aortoplasties
are more often required in the patients 
receiving stentless heterografts and this can be
accomplished by either resection of a piece of

aortic root (Figure 38.21) or by simply closing
the vertical portion of the aortotomy with sig-
nificant overlay (Figure 38.22). If a transverse
aortotomy has been performed and enlarge-
ment or reduction of the non-coronary cusp
region of the aortic root outflow is required,
then a “T” incision can be performed 



Figure 38.17. The coronary ostia
are in slightly different locations 
in the pig aortic root than in the
human, which occasionally man-
dates placing the coronary ostia
higher than the native pig origins.

Figure 38.18. It is often useful to place the coronary
buttons somewhat high in the xenograft root.
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Figure 38.19. De-airing is performed. In
this case it is shown with a “hockey stick”
type aortotomy in which the distal suture
line is placed inside the reconstructed
ascending aorta as an inclusion technique.
Aortic cross-clamp not shown.

Figure 38.20. If the ascending aorta is too
small or requires a larger stentless valve then
an oval patch can be positioned to enlarge
the aortotomy.
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Figure 38.21. In older patients the ascending 
aorta is often moderately aneurysmal and should be
reduced to reestablish a normal ascending aortic

diameter. (A) Assessing excess tissue. (B) Resection
of excess tissue.

Figure 38.22. Closure of the aortotomy 
following stentless aortic root inclusion.



(Figure 38.23A). But usually this is apparent
prior to performing the aortotomy and the
“Lazy S” aortotomy can be chosen in these
cases (Figure 38.23B).
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A

B

Figure 38.23. If transverse aortotomy has been per-
formed and aortic root tailoring is required, then a
“T” incision can be performed as demonstrated in 

A. If this is perceived by the surgeon prior to 
performing the aortotomy, then the “Lazy S” aorto-
tomy is often easier to use when tailoring (B).



Section X
Surgical Techniques:

Ross Operation and Variants



Since the first report of the pulmonary auto-
graft procedure by Donald Ross in the Lancet,
1967, there has been a slow but steady increase
in its acceptance as a procedure of choice for
specific patient subsets.1–8 As the advantages
have been gradually delineated, the procedure
has been expanded to include not only children,
but neonates, and in patients with significant
distortion of the left ventricular outflow
tract.9–12 The durability of the pulmonary valve
appears to be excellent once initial technical
difficulties have been overcome. The advan-
tages are that the valve is a living and poten-
tially growing valve, and as a consequence, it
has the ability to respond to stresses and repair
itself.11 There are no immunological issues. In
most patients, the geometric match is appropri-
ate with the pulmonary valve being slightly
larger than the native aortic annulus. Studies
suggest that the long-term durability is extraor-
dinary with the potential that the most patients
might never need another aortic outflow tract
procedure.5 In addition, the patients do not
require anticoagulation and the hemodynamics
are superior to any others that have been
measured.

Currently this is the aortic valve replacement
of choice in my practice for patients under the
age of 55 years who have relatively well main-
tained ventricular function, have a potential life
expectancy greater than 20 years and particu-
larly for those with some additional contraindi-
cation to anticoagulation such as being a young
female entering the pregnancy years, a compet-
itive athlete, or a child trying to live a normal

life.We have combined it with other procedures
such as coronary bypass grafting, complex 
congenital reconstructions (vida infra) and AV
valve reconstructions.

As delineated in the following sections, the
Ross procedure requires attention to detail and
the ability to visualize the outflow tract as a total
reconstruction.As such,the lessons learned from
homograft valve reconstructions of the left 
ventricular outflow tract are to a great extent
translatable to the Ross operation. The Ross
operation has replaced the homograft as our
replacement valve of choice for appropriate
younger patients with most indications except
for complex combined multilevel outflow tract
disease, coexisting pulmonary valve pathology,
connective tissue disease, severe destructive
endocarditis, or when other indications for anti-
coagulation coexist. We never utilize the proce-
dure in patients older than 60.

There are many important technical details
that need to be learned that lead to consistently
successful use of the pulmonary valve auto-
transplant. Yet, the operation and its principles
solve many difficult issues even in complex
neonatal reconstructions. Thus, a significant
amount of space in this book has been allocated
to a refined and complete presentation of the
many applications of the “Ross procedure.”
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The early morbidity and mortality of the Ross
Procedure was attributed mainly to hemor-
rhage and to problems in harvesting the pul-
monary autograft or implanting the pulmonary
homograft. Arrhythmias were attributed to
injury to the first septal perforator. Since the
very early experience of Dr. Ross1 there have
been remarkably few reports of similar prob-
lems with this area. We will concentrate of four
areas: the anatomy of the right ventricular
outflow tract, aortic/pulmonary valve relation-
ships, coronary artery anatomy in normal
hearts, and coronary artery anatomy in hearts
with aortic stenosis.

To this end, 45 autopsy specimens were
examined at the Children’s Hospital of Pitts-
burgh: 20 normal hearts being compared with
25 from patients with valvar aortic stenosis with
or without insufficiency.

Anatomy of the Right
Ventricular Outflow Tract

Before describing variations in coronary arterial
anatomy, it is imperative to have a clear under-
standing of the anatomy of the pulmonary 
valve, specifically of the components of the 
pulmonary infundibulum (Figure 40.1). Excel-
lent work in this area was published many years
ago,2,3 and will be amplified here.

The pulmonary valve is, in most cases, a
trileaflet valve supported by a muscular
infundibulum. The infundibulum has two com-

ponents,a free-standing component existing in a
plane superior to the muscle of the right ventric-
ular (RV) wall and an “internal” component
below the surface of the RV wall.The pulmonary
valve therefore, sits higher than the RV mass,
since it is supported by this free-standing
infundibulum. When excising the autograft, the
dissection is carried down from superiorly and
stops when the RV mass is encountered. The
height of this free-standing infundibulum is
remarkably consistent, both in normal hearts 
and those with aortic pathology, ranging from 
5 to 10mm in length (5mm—20%, 6mm—30%,
7mm—30%, 8–10mm—20%). There were no
differences in this anatomy between the two
groups.

The pulmonary valve has not received as
much interest as the aortic valve, but it’s inter-
relationships and anatomy are crucial to both
the Ross procedure and also the arterial switch
operation. As already discussed, the pulmonary
valve is, in most cases, a trileaflet valve. Its 
suitability as a systemic valve should always
have been assessed preoperatively using an
echocardiograph.

The three leaflets are right and left facing rel-
ative to the right and left coronary leaflets of
the aortic valve, and the non-facing or lateral
leaflet (Figure 40.2). In both the normal and
abnormal hearts examined, these leaflets were
equal in their circumferential extent. As with
the aortic valve,4 there is no true basal collage-
nous annulus supporting the valvar subcompo-
nents. Instead the overall structure is similar to
the aortic valve, with sinuses, leaflets and a 
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Figure 40.1. The infundibulum of the right ventricle opened from the front showing the morphology of the
pulmonary valve.
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Figure 40.2. The atrioventricular junction viewed
from its atrial aspect after removal of the atrial
chambers and great arteries. It shows the relation-
ship of the leaflets of the pulmonary valve and aortic

valve. Two leaflets of these valves always face each
other, permitting the normination of right-facing and
left-facing leaflets of the pulmonary valves.



supporting infundibulum with three fibrous
interleaflet triangles. The free surface of the
leaflets is thickened at the point of coaptation
to form a lunula. This is not as discrete a struc-
ture as in the aortic valve, nor is there such a
well-developed sino-tubular ridge. A possible
explanation for this is the lower pressures to
which the right ventricular outflow tract is
exposed, or the more proximal bifurcation of
the pulmonary tract.

Aortic/Pulmonary Valvar 
Relationship

In performing the Ross procedure, plane must
be developed first between the aortic and pul-
monary valves, and then posterior to the pul-
monary infundibulum. This extends 4 to 5mm
below the edge of the left facing and lateral pul-
monary valvar leaflets during the harvesting of
the autograft. The first area contains dense 
connective tissue, which must be sharply
divided, but then one encounters a well devel-
oped plane of cleavage in the region of the 
free-standing pulmonary root. This plane is 
particularly well developed in neonates and
young children.

Coronary Arterial Anatomy in
Normal Hearts

Critical for safe excision of the autograft is a
knowledge of the anatomy of the left coronary
artery. The main stem of the left coronary has
been reported to vary in length from 2–20mm.5

In the hearts examined, its length was from 1 to
8mm. The first branch of the left anterior
descending may be a infundibular branch,
completing the “ring of Vieussens,” but the
descending artery gives off from 3 to 6 perfo-
rating arteries.6 There is some discussion over
whether all are similar in size, or whether the
first is the largest. In our hearts, the latter was
the case. This first perforator courses at right
angles to the descending artery (Figure 40.3)
and enters the septum 1 to 6mm beneath the
endocardium. It supplies the proximal part of
the septomarginal trabecula (septal band) and
a portion of the right and left bundle branches.
Injuring the proximal descending artery would
undoubtedly be a fatal event, with the resulting
arrhythmias and cardiac dysfunction almost
certainly occurring secondary to injury to the
first septal perforator.

An understanding of the relationship of this
perforator to the pulmonary valvar leaflets is
helpful during harvesting of its autograft. A
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Figure 40.3. Demonstration LAD/septal perforator
normal heart.Asterisk (*) marks the large first septal
perforator coursing behind the right ventricular

outflow tract in a normal heart (Ao = aorta;
RVOT = right ventricular outflow tract).



wide variation has been described in normal
hearts, with 30% showing a proximal origin
above the pulmonary root, 25% at the level of
the root and 45% below the pulmonary root.
For our analysis, as a reference point we took
the zone of apposition (in old terms the com-
missure) between the left facing and lateral pul-
monary valvar leaflets. We have measured the
level of the perforator by comparing it to the
lowest portion of attachment of the left pul-
monary valvar leaflet (Figure 40.4). A positive
number means the perforator was above the
lowest point of attachment of the valvar leaflets
and a negative number, below. In normal hearts,
75% of cases showed the first septal perforator
arising 1 to 2mm before this junction, in other
words directly posterior to the left leaflet of 
the pulmonary valve. In 15% of cases, the first
septal perforator originated at the commissure
and, in the remaining 10%, 0 to 3mm, lateral to
the commissure or in the region of the lateral
pulmonary valvar leaflets. In the superior/
inferior axis, 35% of the first perforating arter-
ies originated superior to the lowest point of
the attachment of the pulmonary valvar leaflet
and 65% at or lower than that attachment.

Coronary Arterial Anatomy 
in Hearts with Aortic
Stenosis/Insufficiency

In the hearts examined with aortic valvar
pathology, the main stem of the left coronary
artery was much shorter, being 1 to 2mm in all

cases. In the hearts with aortic stenosis, there-
fore, the artery that begins to course towards
the posterior surface of the pulmonary artery is
actually the anterior descending that lies 2 to 
3mm behind the pulmonary artery in the
region of the free-standing pulmonary root.
It is surrounded by fatty tissue in this area.7

Concerning its relationships, in 60% of cases
the first septal perforator originated 1 to 3mm
medial to the “commissure” between the left
facing and non-facing sinus, and in 40% of cases
it was either found at the “commissure” or
lateral to it, findings similar to those seen in
normal hearts (Figure 40.5).

The superior/inferior relationships to the
inferior attachment of the left pulmonary
artery leaflet were also comparable to normals,
with the perforator being inferior to the leaflet
attachment in 60% and superior in 40%.

In excising the autograft, therefore, the
danger point can be localized to an area 3mm
on either side of the commissure between the
left and lateral pulmonary valvar leaflets and,
in the superior/inferior axis from 2 to 3mm
above and below the inferior attachment of the
left pulmonary valvar leaflet. This is also the
area that is at risk when suturing on the new
homograft.

The most remarkable finding in examining all
the hearts with aortic stenosis was the paucity
and hypoplasia of the septal perforating arter-
ies (Figures 40.6 and 40.7). It has been men-
tioned,8 although not documented, that with the
hypertrophy of the septum present in aortic
stenosis, one would expect very large septal
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Figure 40.4. Line drawing of measurements made in
right ventricular outflow tract. A+ indicates the level
of the septal perforator was above the level of the

left pulmonary cusp attachment and a negative
number below.



Figure 40.5. Origin of the first septal perforator in a normal heart demonstrating relationship to pulmonary
valve (Ao = aorta; PV = pulmonary valve, * = commissure).

Figure 40.6. Relationship of left main coronary
artery to pulmonary root in a heart with aortic steno-
sis.The asterisk (*) shows the region where the septal
perforators originated in normal hearts. There are a
paucity of these vessels (Ao = aorta; PV pulmonary
valve).

Figure 40.7. Detailed coronary anatomy in a heart
with aortic stenosis—there are virtually no septal
perforators in the area posterior to the right ven-
tricular outflow tract (LM = left main coronary
artery; Cx = circumflex coronary artery; LAD = left
anterior descending coronary artery; * = area behind
right ventricular outflow tract.



perforators. We were surprised to find these
consistently tiny vessels, but this may explain
the paucity of recently reported problems with
harvesting of autografts. Care should still be
taken since the anterior descending artery itself
is also at risk. Bleeding would be problematic
in this area, and assessment should be made by
instilling cardioplegia prior to reconstructing
the RV outflow tract with the homograft.

A recent study in patients with idiopathic
hypertrophic subaortic stenosis has suggested
that purposeful ablation of the first septal per-
forator by alcohol injection in the catheteriza-
tion laboratory not only was not harmful,
but lead to a reduction in septal mass and a
decrease in gradients. This finding suggests 
the first septal perforator may not be as vital a
structure as previously thought and may ex-
plain the paucity of recently reported cases of
fatalities with the Ross procedure.
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The median sternotomy is performed in the
usual way. Cannulation is accomplished as high
on the ascending aorta as possible or as femoral
artery cannulation. We use a single atrial return
cannula but bicaval cannulation is preferred 
by some authorities or by us when other re-
constructive procedures are needed in the
patient.1–3 Left ventricular venting is accom-
plished via the right superior pulmonary vein.
Mild total body hypothermia is used with car-
dioplegic arrest supplemented by topic slush
cooling. Multiple doses of cold blood cardio-
plegia are delivered antegrade at 20 minute
intervals via direct coronary cannulas and ret-
rograde as well. We use a high-dose aprotinin
protocol and heparin bonded cardiopulmonary
circuits (Carmeda) for Ross operations.

After cannulation and cooling has begun, the
outside of the heart is examined. Measurements
are made at the base of the pulmonary artery
trunk and the base of the aorta to give a rough
estimate of external size to compare to the
measurements being made with the trans-
esophageal echocardiography probe. Examina-
tion of the aorta and pulmonary artery
externally gives some idea as to whether there
might be distortions that would prevent Ross
type reconstructions. Once the heart is empty
and cooling has progressed, the pulmonary
artery dissection is begun. The pulmonary
artery is separated from the aorta with blunt
and sharp dissection, preferably performed as
much as possible with the electrocautery
(Figure 41.1).This dissection is relatively exten-
sive and extends down to the base of each great

vessel. Care is taken to identify the origin of the
right coronary artery and to get a feel for the
external position of the left main coronary
artery, although not necessarily completely
exposing it at this stage. The pulmonary artery
is transected just below the bifurcation and the
pulmonary valve inspected (Figure 41.2). At
this stage, the operation can be abandoned if
there are congenital or acquired abnormalities
of the pulmonary valve that would preclude its
use for a Ross operation. We do this prior to
cross-clamping the aorta so that cross-clamp
time has been saved if alternative prostheses
are needed (eg. homograft, stentless valve, etc.).
The aorta is now cross-clamped and the heart
is stilled with an infusion of cold blood cardio-
plegia (if there is severe aortic insufficiency, the
heart is stopped with retrograde cold cardio-
plegia first and then the aorta opened. Ante-
grade cardioplegia is now delivered if necessary
via direct soft cardioplegia cannula. The aorto-
tomy is selected based on the intended backup
plan (if the Ross procedure is not utilized).
Thus, a transverse aortotomy is performed if a
stentless porcine valve insertion is envisioned.
If a root replacement with a porcine root is
envisioned, then any type of aortotomy can be
performed. We tend to use a modified “hockey
stick” incision if a backup plan for a traditional
manufactured prosthesis is contemplated
(Figure 41.3). The aortic valve is now examined
and excised. The annulus of the pulmonary
artery is measured with Hegar dilators inter-
nally, carefully placed inside the valve leaflets
and then matched to the aortic size. Alterna-
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tively manufacturers’ valve sizers can be used
with the intent of assessing whether the pul-
monary artery is the same or larger than the
aorta. The best repairs appear to be with the
pulmonary valve internal annulus size being at
least two millimeters larger than the aortic
internal diameter. If the aortic annulus is more
than 6mm larger than the pulmonary artery
diameter, then we do not use aortic annulus
reduction techniques but instead abandon the
Ross operation. Although David, Elkins and
others have reported annulus adjustment tech-
niques, we have avoided their use except in the
most compelling of circumstances and as such
have yet to have late aortic insufficiency
develop in a Ross procedure due to acute or
gradual annular dilatation.4–6 If there is signifi-
cant calcification of the aortic annulus, then

geometric mismatch is even less tolerable as 
the ability to reduce the aortic annulus is less.
Enlargement of the aortic annulus is easily
accomplished with Manouguian or Nicks type
of techniques but reduction in size can be
fraught with late failure.7

If the geometric match appears appropriate
then attention is turned to excising the pul-
monary valve. An incision is made in the right
ventricular outflow tract, well below the level of
the valve. There is usually a muscular clear
space where no fat is present which is marker
for the infundibulum well beneath base of the
pulmonary valve. Our incision begins at that
point and is angled up towards the annulus on
either side (Figure 41.4).The incision is brought
around the right side of the pulmonary trunk to
the back of the annulus at which time the left
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Figure 41.1. Dissecting the pulmonary artery from the aorta. Inset emphasizes LAD coronary.



Figure 41.2. Pulmonary artery transected. Pulmonary valve inspected.
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Figure 41.3. Aortic incision is determined by the backup operations. Ross procedure is best with high 
transverse.



coronary artery is visualized in the bed of fat
behind the pulmonary artery and bluntly dis-
sected away from the pulmonary trunk (Figure
41.5). The dissection of the left side of the 
pulmonary artery resection is now performed
extremely carefully, keeping the scissors in a
cephalocaudad orientation and parallel to the
floor. This helps the operator stay away from
the first septal perforator artery (Figure 41.6).
If the septal artery can be visualized, then it can
easily be avoided. Often it cannot be visualized
and by staying very close to the pulmonary
annulus, damage is avoided. As the final sepa-
ration is accomplished, the pulmonary valve
complex is retracted towards the patient’s left
knee and the incision is brought across the pos-
terior fibrous connection, keeping the left coro-

nary artery cephalad and posterior to the 
incision (Figure 41.7).

Cardioplegia is usually repeated at this point
and the coronary buttons excised. These
buttons are excised as large sinus buttons. They
can always be trimmed smaller later on as 
necessary (Figure 41.8). Minimal dissection is
performed at the base of the right and left 
coronary artery to increase their mobility. Stay
sutures are applied to the top of each and re-
tracted away from the aortic root as the aortic
root is being excised (Figure 41.9). Debride-
ment of the annulus is performed. Care is taken
to avoid any damage to the mitral valve. Inci-
sion down to the level of the muscle for at least
a part of the aortic root excision at the left ante-
rior septal portion of the dissection ensures the
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Figure 41.4. Incision in the right ventricular outflow tract to excise pulmonary valve.



Figure 41.5. Dissection behind pulmonary root, in the fat plane.

Figure 41.6. Pulmonary valve
retracted superiorly gives access
to posterior base in muscle.
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Figure 41.7. Final separation of pul-
monary valve complex.

Figure 41.8. Left and right coronary sinuses excised.



aortic root expands slightly. Alternatively, if 
the annulus size is “perfect” then some fib-
rous tissue on the aortic root base cylinder can
be left circumferentially to aid in suture 
placement.8–11

Sutures are placed as simple sutures through
the aortic annulus base and then through the
base of the pulmonary valve. We tend to work
from the left side along the posterior row first,
working towards the surgeon on the right side
of the table (Figure 41.10). Once the posterior
180° has been accomplished, the final clamp is
clipped inside the jaws of the Allis clamp and
can be laid down on the drapes superiorly, thus
keeping the posterior row of sutures in order.

The orientation of the pulmonary valve
complex is made by definition with the place-
ment of this posterior suture row by commit-

ting the middle portion of the larger sinus of the
pulmonary valve to the left coronary sinus
region with an eye to simplifying placement of
the left coronary button. It is preferable to plan
to place the left coronary button slightly higher
than it originally was on the aorta, but with
minimal distortion in any other direction
(Figure 41.11). Given good placement, stretch-
ing the left main coronary artery more than 1
mm cephalad is not necessary. The anterior row
of simple sutures is placed, once again working
from the patient’s left side to the right side and
thus working toward the surgeon (Figure
41.12). Once all sutures have been placed, a
strip of Teflon felt, 2mm in width, is slipped
through the sutures as the autograft is para-
chuted down into the base of the aortic outflow.
The Teflon is dampened with saline containing
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Figure 41.9. Aortic root “removed.”
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Figure 41.10. Figure of posterior row
simple sutures. Each suture is placed in
its own clamp and slipped over an Allis
clamp to maintain orientation.

Figure 41.11. Alignment of left coronary button to its new sinus of the autograft.



antibiotics to help in its caulking function
(Figure 41.13).

The sutures are sequentially tied, working
sequentially from the surgeon’s side and tying
each suture sequentially moving from right to
left. We prefer to tie the posterior row so that
the inside “seating” can be checked. The ante-
rior row is completed and the sutures tied. Our
preference for suture material is 3-0 (in adults)
or 4-0 (in children and neonates), coated
braided suture (Tycron©: on the Tycron brand
suture material we prefer the T16 needle). The
left coronary button is sutured to its position on
the posterior sinus. A small button of autograft
tissue is excised. A somewhat larger button of
aortic wall tissue is left around the coronary
ostia and sutured to the orifice with a running

5-0 polypropylene suture technique, either
working from posteriorly or occasionally
working from inside the autograft, whichever is
simpler (Figure 41.14). Usually at this point, we
similarly place the right coronary button in its
respective sinus. There is usually a bit more
“play” with the right button. We take care to
more it superiorly and then either to the right
or the left as is necessary to avoid tension. If it
is difficult to arrange the button, then the distal
suture line can be accomplished first and then
the button sutured. The advantage of suturing
the right coronary button prior to the distal
anastomosis is that damage to the pulmonary
valve leaflet can be avoided and that suturing
can be accomplished from both inside and
outside as necessary. For smaller children or
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Figure 41.12. Proximal suture line.
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Figure 41.13. Seating of autograft. Felt inside suture loops, outside neo-aortic base.



neonates, we use 6-0 or 7-0 polypropylene for
the buttons (Figure 41.14).The distal suture line
is accomplished with a running polypropylene
suture reinforced with a strip of Teflon felt. The
suture is usually 4-0 polypropylene for adults
and 5-0 for children. The reinforcement Teflon
felt is helpful as the distal pulmonary artery
autograft tissue is often quite thin. The elastic-
ity of the pulmonary artery leads to great flex-
ibility in this distal anastomosis, but as
necessary, incisions in the aorta or plication 
to tailor its size is sometimes necessary 
(Figure 41.15).

Restoration of the right ventricular outflow
tract is accomplished. A homograft has been
thawed of appropriate size. We prefer a pul-

monary valve but do not hesitate to use an
aortic valve homograft if necessary. The valve
graft is sized to be the size of the patient’s own
valve or larger. There is significant expansion 
of the right ventricular outflow orifice as a con-
sequence of the “V” infundibular incision 
and thus it is often easier to select a homo-
graft larger than the native; we routinely
“upsize” the RVOT valve in pediatric Ross 
operations.12,13

The distal anastomosis of the homograft to
the pulmonary artery just below the bifurcation
is accomplished with a running 5-0 (adult) or 
6-0 (pediatric) polypropylene suture (Figure
41.16). No Teflon felt is used in this anastomo-
sis. It is our preference to accomplish this anas-
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Figure 41.14. Coronary buttons being sutured.
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Figure 41.15. Technique for distal anastomosis. Continuous suture with felt strip.

Figure 41.16. PA anastomoses distal first. Length (for clarity) of PA homograft depicted longer than is
typical. Should keep segment short to “suspend” semilunar pulmonary valve complex.
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tomosis prior to removing the cross clamp. Car-
dioplegia can be delivered via the aortic root
needle which is in the aortic root above the
level of the distal anastomosis at this stage
which allows for checking of the integrity of all
of the aortic suture lines. We initiate this with
cold cardioplegia which continues the myocar-
dial protection while additional sutures are
placed in the aorta or distal pulmonary artery
anastomosis. This step also allows visualization
of any coronary arterial leaks in the muscle of
the right ventricular outflow tract which can be
easily electrocauterized for hemostasis. Once
hemostasis is felt to be adequate, then cardio-
plegia is changed to warm (hot shot) cardio-
plegia for five minutes as the suturing of the
proximal pulmonary artery homograft is
accomplished. This suturing is begun left and
posteriorly in the region of the first septal per-
forator which allows the most accurately placed
sutures (Figure 41.17). A strip of Teflon felt is
placed at the posterior base of the right ven-
tricular orifice and the sutures are place either
through or around this as the base of the homo-

graft is sutured to the right ventriculotomy.
These sutures are the secured at either end 
of the posterior suture line with additional
sutures. Suture material is polypropylene of a
3-0 size for adults and, 4-0 size for children and
5-0 in neonates and infants. Once the posterior
suture line of the right ventricular outflow tract
has been secured, the aortic cross-clamp is
removed. De-airing maneuvers are performed.
Throughout the rewarming phase of the
patient, continuous suction is applied to an
aortic root vent. The anterior reconstruction 
of the pulmonary outflow tract is completed.
There is often enough ventricular myocardium
that the suture line can be continued anteriorly
with muscle to the annulus of the homograft
(Figure 41.18A). Augmentation of the right
ventricular outflow tract connection to the
anterior base of the homograft results in a
smoother reconstruction and aids in upsizing
the homograft. A piece of PTFE fashioned
from a tube graft slightly larger than the homo-
graft (Figure 41.18B), is used for this “gusset”
or “hood.”
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Figure 41.17. Beginning the posterior
RVOT suture line.



The patient is weaned from cardiopulmonary
bypass after full rewarming. The decannulation
is performed in the usual fashion. The peri-
cardium is not closed in these patients.
Hemostasis has been excellent especially after
initiating the aprotinin protocol (vida infra).

Prior to separation from cardiopulmonary
bypass, transesophageal echocardiography is
performed to look for any gross malfunction of
either the pulmonary or aortic valves (vida
infra). The patient is weaned from cardiopul-
monary bypass and transesophageal echocar-
diography repeated. Direct palpation of both
the base of the aortic and pulmonary arterial
reconstructions is performed and the absence
of bruits correlates with absence of insuffi-

ciency. Blood pressures are maintained at
around 100 Torr. In many cases, blood transfu-
sions are not necessary. If there is oozing, then
fibrin glue, either home made or manufactured,
can be utilized to reinforce the hemostasis of
the suture lines.

Postsurgical Management

Vigorous exercise, especially associated with
the Valsalva maneuver, is avoided for the first
six to eight weeks.3 Patients are anticoagulated
with aspirin only. Echocardiography follow up
every six months for the first two years is
required and then yearly thereafter.
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Figure 41.18. Completion. (A) Direct suturing of the muscle to the base of the homograft in the right ven-
tricular outflow tract. Panel (B) PTFE “hood” added to ventricular outflow.
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Introduction

Pulmonary autograft replacement of the aortic
valve, the “Ross procedure,” involves trans-
plantation of the native pulmonary valve into
the aortic position and reconstruction of the
right ventricular outflow tract with a cryopre-
served pulmonary or aortic homograft. In any
surgeon’s hands this operation is technically
challenging and successful performance of the
Ross procedure requires strategies to avoid
coronary artery and myocardial injury and opti-
mize post-transplantation pulmonary autograft
architecture. Transesophageal echocardiogra-
phy (TEE) can be instrumental in guiding sur-
gical management of these patients.

Assessment of Pulmonary and Aortic
Annuli Geometric Mismatch

It is now well delineated that geometric mis-
match between the diseased aortic valve and
the normal pulmonary valve is a common cause
of significant aortic insufficiency and ultimately
surgical failure after the Ross procedure. TEE
is an excellent tool to assess both the aortic and
pulmonary valve diameters and determine sur-
gical feasibility of the Ross procedure prior 
to dissection and harvesting of the pulmonary
autograft. The aortic valve can be visualized in
a variety of TEE imaging planes. For measure-
ment of the aortic valve annulus diameter and
the aortic root we prefer the longitudinal plane
(90°), basal short-axis view (transducer tip

25–30cm from the incisors).With an omniplane
transducer the preferred imaging plane is
between 110°–130° (Figure 42.1). Longitudinal
imaging at this level visualizes both the aortic
valve annulus and 5–10cm of the ascending
aorta in the near field. Brief 2D imaging will
recognize annuloaortic ectasia of Marfan’s 
syndrome or an aortic root aneurysm. Most 
surgeons will not perform the Ross procedure
if the aortic root diameter measures greater
than 45–50mm, whatever its etiology. In the
absence of such pathology the aortic annulus
diameter is measured from the “hinge” points
where the posterior (non-coronary cusp) and
anterior (right coronary cusp) leaflets attach to
the walls of the left ventricular outflow tract
(LVOT). The annulus is measured during dias-
tole with the optimal plane for measurement
being that which demonstrates the widest
leaflet separation in systole. In heavily calcified
valves the insertion sites of the leaflets may be
difficult to image and the annulus is measured
at the end of the LVOT.

TEE imaging and measurement of the pul-
monary valve diameter is less reliable for a
number of reasons. While the pulmonary valve
can be visualized in a variety of scanning
planes, it is most reliably imaged using the lon-
gitudinal plane, right ventricular outflow tract
view which is obtained slightly above and with
counterclockwise rotation from the aortic valve
view in this plane. With an omniplane trans-
ducer the optimal plane is usually between
70°–80° (Figure 42.2). In this plane (and others)
the pulmonary valve is imaged in the far field
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where detail is often lost. Nevertheless the
valve diameter is measured with 2-D echocar-
diography in this view, while color flow Doppler
imaging is used to screen for any incompetence
in the native valve. We will not harvest a native
pulmonary valve that demonstrates even mild
pulmonary regurgitation. The pulmonary valve

diameter is again measured during diastole
where the leaflets insert to the RVOT walls.
This measurement often varies a few millime-
ters from the surgeon’s sizer-derived diameter.
The explanation for this observation may be
related to the pulmonary valve’s lack of a dis-
crete annulus.The leaflets are partly attached to
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Figure 42.1. Left ventricular outflow tract (LVOT). Depicted here, markers are at annulus and sino-tubular
junction.

Figure 42.2. RVOT. Markers are placed at origin of pulmonic valve leaflets.



the relatively thin muscle of the infundibulum
and partly to the pulmonary arterial wall. In
vivo the pulmonary “annulus” is distensible and
its diameter varies depending on the right 
ventricular stroke volume. When sized directly
by standard cylindrical dilators one can easily
stretch the pulmonary valve over a “larger”
sizer. Nevertheless with close attention to these
nuances, the TEE derived pulmonary valve
diameter rarely varies from the “sized” diame-
ter by more than 3mm.

Geometric mismatch of the aortic and pul-
monary annuli is the most common source of
aortic insufficiency after the Ross procedure
and at the extreme remains a contraindication
to the procedure. Similar to the experience of
Stelzer et al.,1 we consider an aortic to pul-
monary annulus discrepancy of 10mm or more
a contraindication to the Ross procedure. This
magnitude of discrepancy is reliably deter-
mined by TEE and obviates dissection of the
pulmonary artery trunk. Lesser degrees of
valve size mismatch are reported to the surgeon
and often helps direct the surgical plan. Our
operative experience in a patient population of
teenagers and young adults (age range 13 to 50
years) is not dissimilar from that of David and
colleagues2 in that the mean aortic annulus is 3
mm larger than the mean pulmonary anulus.
We have not yet found a patient whose pul-
monary valve diameter was larger than the
aortic annulus. Use of an undersized pulmonary
autograft in a dilated aortic annulus invites
aortic insufficiency and compromises long-term
outcome. Many surgeons2,3 will perform some
technique of aortic root tailoring when the
aortic annulus diameter is 2–3mm larger than
the pulmonary anulus. TEE will usually alert
the surgeon that the surgical plan is likely to
require such a technique prior to initiation of
cardiopulmonary bypass.

Evaluation of Ventricular
Function

On-line assessment of ventricular function 
can be particularly useful during the Ross 
procedure since this surgery carries potential

for injury to coronary arteries and the
myocardium. Harvesting of the pulmonary
autograft requires meticulous surgical dissec-
tion to avoid injuring the first septal perforator
branch of the left anterior descending artery,
whose origin lies precariously close to the base
of the pulmonary valve. The preferred method
of transplantation of the pulmonary autograft
is the root inclusion technique because of its
superiority in maintaining valve architecture.
This technique requires reimplantation of the
native coronary arteries into the autograft and
both inadvertent coronary artery ligation or
post-implant “kinking” have been reported 
as complications. Finally the complexity and
extensive nature of the Ross procedure results
in prolonged periods of iatrogenic cardiac
arrest demanding optimal myocardial preser-
vation to avoid myocardial injury. Despite
improved operative techniques, myocardial
failure remains the primary etiology of surgical
mortality in the modern era.

The relationship between regional wall-
motion abnormalities (RWMA) and myocar-
dial ischemia is well described. In animal
models of coronary artery occlusion the
myocardium first contracts weakly (hypokine-
sis), then contracts not at all (akinesis) and
finally bulges outward during systole (dyskine-
sis) following ligation of its supplying coronary
artery. Based on acute changes in regional wall
motion, cardiologists and anesthesiologists
have used TEE to detect ischemic and infarcted
myocardium reliably. During intraoperative
TEE, the transgastric mid-papillary transverse-
plane cross section of the left ventricle is a
useful plane for regional wall motion assess-
ment since this view visualizes myocardium
perfused by all three coronary arteries and the
majority of left ventricular contraction (80%)
occurs along this short axis. This imaging plane
is also a reliable monitor of left ventricular
preload, in fact more reliable than pulmonary
artery catheter pressures. Injury to the left main
coronary artery or a large septal perforator
branch would be readily identified by new
RWMA following the Ross procedure. Inade-
quate myocardial preservation will also be
readily identified and will present most often 
as a global diminution in endocardial excursion
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and wall thickening in comparison to pre-arrest
myocardial wall motion.

TEE imaging at the basal short axis, trans-
verse plane slightly above the aortic valve will
reliably visualize the left main coronary ostia
and initial few centimeters of the coronary
artery. Using color flow Doppler, the anasto-
mosis of the left coronary button can be
assessed following transplantation of the pul-
monary autograft. The color flow should
demonstrate blood flow into the left coronary
ostia and proximal artery. In the presence 
of anterior wall and interventricular septal
hypokinesis or akinesis the absence of blood
flow identifies this anastomosis as the culprit.
The right coronary button is not as reliably
imaged and obstruction of blood flow at this
ostia is inferred by new wall motion abnormal-
ities inferiorly and posteriorly.

Evaluation of Pulmonary
Autograft Function

Following transplantation of the pulmonary
autograft, TEE evaluation of the autograft
function is critical to assess immediate surgical
adequacy and predict the long-term results. In
their retrospective series of 145 Ross opera-
tions Stelzer et al.1 noted the consistent absence
of any significant pressure gradient across the
autograft on early and late follow-up echocar-
diographic examination. In this series and
others, a tiny central jet of aortic regurgitation
(AR) is commonly seen. Mild autograft regur-
gitation intraoperatively or in the early post-
surgical period does not correlate with
progression to more than mild regurgitation or
the need for reoperation at follow-up. More
than mild aortic regurgitation of the pulmonary
autograft is problematic. While their reopera-
tion rate for progressive autograft regurgita-
tion was low (3.8%), Stelzer noted that all five
patients were among the nine patients with
more than mild aortic regurgitation on the
initial echo evaluation. Most surgeons per-
forming the Ross procedure today believe that
more than mild regurgitation of the trans-
planted pulmonary autograft will likely be pro-

gressive over time and will jeopardize the long-
term success of the surgery.

The detection of aortic regurgitation and
quantification of its severity is reliably accom-
plished with TEE. Because the severity of
valvular regurgitation cannot be assessed 
reliably with 2D echocardiography alone, we
screen for pulmonary autograft regurgitation in
the transverse five-chamber view with color
flow Doppler (CFD).The presence of a mosaic-
colored jet on the left ventricular outflow side
of the aortic valve in diastole confirms the pres-
ence of regurgitation (Figure 42.3; see color
insert). A quick and validated semiquantitative
method of assessing aortic regurgitation is
based on the measurement of the regurgitant
jet width relative to the width of the LVOT.The
AR jet width is measured nearest its origin as
possible, usually about 5mm from the valve
leaflets in this plane. Both measurements are
based on those images with the maximal
demonstrable AR jet and LVOT diameter and
multiple planes of the five-chamber view must
be imaged to avoid underestimates. Using this
method, aortic regurgitation is quantified as
follows: proximal jet width/ LVOT width <30%
is mild AR, 30–65% is moderate AR and >65%
is severe AR. This method has been demon-
strated to be a good predictor of the angio-
graphic AR severity. One disadvantage of this
imaging plane is that highly eccentric regurgi-
tant jets are often inaccurately assessed.

The decay of the AR jet velocity is a quanti-
tative method that can used to confirm the
transverse five-chamber view or assess the
severity of an eccentric jet. With this technique
a transgastric, long axis image (transverse
plane) must be obtained (Figure 42.4; see color
insert). Continuous wave Doppler (CWD) is
used to obtain a maximum velocity waveform
of the regurgitant jet across the aortic valve.
As the size of the regurgitant orifice increases,
the interval of time required for aortic pressure
to equilibrate with ventricular pressure will
decrease. Therefore the rate at which the AR
jet velocity approaches zero can be used to
evaluate the severity of regurgitation. This rate
of decay of the AR jet velocity can be measured
by either the slope or pressure half-time (the
time interval for the peak velocity to decline to
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Figure 42.4. Deep, transgastric
five chamber view of LVOT.
Again, this orientation will
permit adequate assessment of
residual regurgitation. Using
continuous wave Doppler,
one can also assess a potential
gradient.

Figure 42.3. Deep, trans-
gastric five chamber view
permits accurate assessment
of competency of newly
placed autograft. In this
picture, minimal insuffi-
ciency is noted.



the peak velocity divided by the square root of
2). Mild AR jets have a pressure half-time of
greater than 400msec, while severe AR jets are
characterized by pressure half-times of less
than 250msec. The disadvantage of this tech-
nique is that image and maximum velocity
waveform can be difficult to acquire, and its
poorer correlation with angiographic AR sever-
ity. Nevertheless we use both techniques to
assess post-transplant autograft function. Regur-
gitation greater than mild severity is considered
an unacceptable surgical result.
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While the clinical indications and surgical 
techniques of the Ross procedure continue to
evolve, present-day success is focused on three
areas: architecture of the pulmonary autograft,
optimal myocardial protection and meticulous
hemostasis. Aprotinin is a pharmacologic agent
that has proven highly effective in reducing
blood loss and the need for homologous blood
product transfusions after cardiac surgical pro-
cedures requiring cardiopulmonary bypass.
However, aprotinin safety in certain types of
cardiac surgery is still being defined and its
expense is substantial. In addition, alternative
pharmacologic agents (aminocaproic acid;
Amicar and tranexamic acid; Cyklokapron)
have been demonstrated to be effective in reduc-
ing blood loss under similar circumstances. The
decision of when to utilize aprotinin requires
active participation of the entire cardiac surgical
care team.

We have made the use of aprotinin an integral
part of our surgical strategy to obtain optimum
hemostasis during the Ross procedure. This
monograph is intended to provide clinical guide-
lines based on recent data on efficacy and dosing
after the decision to use aprotinin has been made
by the responsible physicians and to serve as a
resource when considering its use in any cardiac
surgical patient.

Pharmacology

Aprotinin (Trasylol; Bayer AG) is a serine pro-
teinase inhibitor isolated from bovine lung.

Its potential to inhibit protease enzymes with
serine residues as their active site varies with
dosing. For example, a plasma concentration 
of 50KIU/ml (Kallikrein inactivator units) is
required to inhibit plasmin and 200KIU/ml to
inhibit plasma kallikrein. The activator of plas-
minogen derived from endothelium (i.e. tissue-
type plasminogen activator or t-PA) is a serine
protease, as is urokinase, but both are not 
inhibited by aprotinin at extremely high con-
centrations (3 25,000KIU/ml) not likely to be
found clinically. Because the plasma half-life 
of aprotinin is short (about 1 hour), a continu-
ous infusion is required to maintain inhibitor 
activity.

Aprotinin is renally metabolized and ex-
creted. Functional changes in renal perfusion,
glomerular filtration rate, diuresis and elec-
trolyte excretion all occur after aprotinin use.
Aprotinin is a comparatively weak immuno-
gen yet aprotinin-specific antibodies can be
found in human sera during and after treat-
ment. Additionally an IgE mediated anaphy-
lactic reaction has been confirmed. Rapid
intravenous injection should be avoided as well
since the high basicity of the molecule may acti-
vate the complement system and precipitate an
anaphylactoid reaction. Anaphylactic and ana-
phylactoid reactions, life-threatening in this
population, have been reported to occur rarely
(0.5–0.7%) with first-time exposure but much
more frequently (6–10%) with subsequent
exposure. A test dose (1ml = 10,000KIU) is
always given prior to the start of aprotinin
dosing.
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Dosage

Aprotinin dosing and timing are critical to
achieve its beneficial effects. Notwithstanding a
recent multicenter, double-blind, placebo-
controlled study of three different dosing regi-
mens in patients undergoing first-time CABG
surgery, lower aprotinin dosing regimens have
not consistently reduced post-bypass blood loss
over non-medicated controls. Studies indicate
that platelet adhesive capacity is specifically
damaged by the first pass of blood through the
extracorporeal circuit and therapeutic plasma
levels of aprotinin need to be achieved by this
time.

The most consistently used blood-sparing
dose of aprotinin, now commonly referred in
the literature as “high-dose” or the “Hammer-
smith” regimen, was originally formulated to
achieve a plasma concentration of 200KIU/ml
or a level theoretically derived to inhibit
plasma kallikrein, and has been proven effica-
cious by numerous studies. It is delivered as 
a loading dose of 2 million KIU, started after
surgical incision and infused over a twenty
minute period, followed by a 500,000KIU/hr
continuous infusion. The extracorporeal circuit
is primed with an additional 2 million KIU to
overcome the dilutional effects of 2 liters of
crystalloid prime, and the maintenance dose
infusion is continued during the CPB period
and stopped when the patient is transferred 
to the ICU. Most studies report an average
adult total dose in the range of 6 million KIU.
Presently the Rhode Island Hospital pharmacy
purchases Trasylol as 200ml glass bottles with a
aprotinin concentration of 10,000KIU/ml. The
cost of one bottle is $310. Thus a 6 million KIU
dose per patient (3 bottles) will cost a hospital
approximately $930.

A number of studies have investigated the
efficacy of lower aprotinin dosing regimens in
various cardiac surgical populations. Some
studies have not demonstrated significant blood
transfusion sparing with the lower doses. The
most significant exceptions are the recently
reported1 multicenter study of standard 
“high-dose”,“low(half)-dose”and “pump prime
only” regimens versus non-medicated controls

in a surgical population (primary CABG) at 
low risk for bleeding. This study reported sig-
nificant efficacy of all aprotinin dosing regi-
mens versus placebo. However the mean red
blood cell transfusion “saving” was only 1 unit 
in all the aprotinin groups over the controls in
this low-risk population. Levy and associates2

tested the high, low, and pump-prime only
dosing regimens versus placebo in nearly 300
redo-CABG patients. In that study both the
high- and low-dose aprotinin groups had sig-
nificantly less bleeding and transfusion require-
ments compared to controls, but the low-dose
aprotinin was less blood-sparing. “Pump prime
only” and “Ultra-low dose” regimens have not
proven efficacious in reducing transfusion
requirements in cardiac surgical patients.

Efficacy

Numerous studies have conclusively demon-
strated less blood loss in aprotinin treated
cardiac surgical patients in the post-bypass
period when compared to non-medicated 
controls. The mean difference in blood loss
between aprotinin treated and control patients
undergoing a primary elective CABG proce-
dure is in the region of 200–400ml. At those
institutions utilizing conservative transfusion
“triggers” (i.e. Hgb £ 9.0g/dl) use of homolo-
gous blood products usually is not significantly
different between treated and control patients
in the primary elective CABG population. In
those studies where aprotinin has significantly
reduced red blood cell transfusion require-
ments in this population the mean “blood-
sparing” effect has been one unit of packed red
blood cells. In studies comparing high-dose
aprotinin with aminocaproic acid (Amicar) or
tranexamic acid (Cyklokapron) in patients
undergoing isolated, first-time CABG surgery,
neither postoperative blood losses nor trans-
fusion requirements differed significantly be-
tween the groups. Given the prohibitive cost 
of aprotinin and the availability of alternate,
lower-cost, effective blood-sparing pharmaco-
logic agents as well as effective blood conser-
vation techniques (i.e. good surgical hemostasis,
normovolemic hemodilution, use of Heamon-
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etic Cell-Saver or hemoconcentration), the use
of aprotinin is not recommended in primary
CABG or single valve replacement procedures
unless the patient’s clinical circumstances
places them at high-risk for bleeding due to
platelet dysfunction or unable to accept blood
product transfusions (i.e. Jehovah’s Witness).

Historically, patients undergoing repeat
cardiac surgery through a prior median ster-
notomy were the first group of patients who
received the described “high-dose” regimen.3

The original study reported a mean blood loss
of 1509ml in the non-treated control popula-
tion, all of whom (11 patients) required blood
transfusions (total 41units PRBC). Only 4 of 11
aprotinin treated patients received blood trans-
fusions (total 5u PRBC) and had a mean blood
loss of 286ml. In subsequent studies aprotinin
has proven highly efficacious in reducing
patient exposure to transfused homologous
blood products and in reducing postop bleed-
ing in this group of patients. The Cleveland
Clinic experience4 in redo CABG patients
reported a mean blood loss of 1121ml and
blood transfusion of 4 units of red cells in the
placebo group compared with a 720ml blood
loss and 2 unit red cell transfusion in a “high-
dose” aprotinin group. Other studies of “high-
dose” aprotinin therapy in this cardiac surgery
population consistently report a mean red cell
transfusion requirement of 2–3 units less in
treated patients. A recent multicenter, prospec-
tive and randomized study of aprotinin in
patients undergoing repeat CABG surgery2

found both “high-dose” and “low-dose” (one-
half of Hammersmith regimen) to be equally
blood-sparing versus a control group and a
pump-prime (2 million KIU) group. Incidences
of perioperative MI and renal dysfunction were
similar among all groups. Patients undergoing
repeat cardiac surgeries are at higher risk for
bleeding, and aprotinin therapy routinely saves
at least 2 units of transfused red cells during
redo procedures, so that these patients are
appropriate candidates for aprotinin therapy.

Patients undergoing surgical procedures uti-
lizing deep hypothermic circulatory arrest
(DHCA) historically suffer significant bleeding
and therefore are a population which might
benefit from the use of aprotinin. At this time

there is no prospective, randomized trial of
aprotinin versus placebo in this population and
not likely to be one until a thoracic aorta
surgery center engages in such a project which
will require a few years. What exists in the lit-
erature is a disturbing number of case reports
and retrospective series of adverse and often
fatal thrombotic events in DHCA patients
treated with aprotinin. Kouchoukos and col-
leagues5 compared 20 patients enrolled in an
ongoing study of aprotinin in complex surgery
who underwent DHCA for surgery of the tho-
racic aorta with 20 age-matched controls
undergoing similar procedures during DHCA
without aprotinin. The aprotinin group did not
have less bleeding or blood transfusion require-
ments, but did have a dramatically greater inci-
dence of postop renal dysfunction (65% vs. 5%)
and renal failure requiring hemodialysis (25%
vs. none) than the matched controls. There was
also a trend of greater thrombotic complica-
tions (MI, stroke) in the aprotinin-treated
patients and a significantly greater mortality
rate. Autopsies of patients who died revealed
diffuse intravascular platelet-fibrin thrombi in
the microvasculature of multiple organs in the
aprotinin group not seen in the deceased non-
treated group. Westaby et al.6 reported on 80
consecutive patients operated on for acute Type
A aortic dissections over a six year period 
utilizing DHCA with and without aprotinin
(per physician preference). Aprotinin-treated
patients did not benefit from any reduction in
bleeding or blood product transfusions in this
population, and sustained more fatal throm-
botic events.

The Columbia Presbyterian Medical Center
experience7 in patients undergoing complex
aortic procedures utilizing DHCA with 
aprotinin has been more favorable. In 
a retrospective comparison with a historical
control group they found no difference in
thrombotic complications and a lower overall
mortality rate in the aprotinin group (34
patients). They found small reductions in
postop blood product transfusion needs in the
aprotinin group but they did report an
increased incidence of postop renal dysfunction
in the aprotinin-treated patients. Regragui 
et al.8 reported 95% survival without major
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neurologic or cardiac adverse events in a small
group of patients undergoing aortic surgery
under DHCA with aprotinin therapy. As noted
all of these reports are retrospective and suffer
from serious design flaws. The efficacy and
safety of aprotinin therapy during DHCA is
unlikely to be answered outside of a prospec-
tively randomized trial. Until further data is
forthcoming, there is little evidence that apro-
tinin is efficacious in patients undergoing 
surgical procedures requiring DHCA and 
controversy over its safety exists in this setting.
It is not possible to make firm conclusions
based on the limited and conflicting clinical
experiences about the efficacy and safety of
aprotinin with DHCA. For the Ross procedure
DHCA is not utilized and one is not faced with
this dilemma. At the present time, our cardiac
surgical team is not employing aprotinin rou-
tinely in DHCA cases.

Safety and Toxicity

One of the principal safety concerns associated
with the use of aprotinin is the potential 
for thrombotic complications including early
saphenous vein closure and perioperative MI
and stroke. Cosgrove et al.4 reported a trend
toward an increased incidence of MI in apro-
tinin treated redo-CABG patients. Although
not statistically significant, the incidence of Q-
wave infarction was 17.5% in a “high-dose”
aprotinin group versus 8.9% in a control group.
In addition, autopsies of seven patients who
died in the early postop period revealed
thrombi in 6 of 12 vein grafts of aprotinin-
treated patients compared with none of 5 grafts
in control patients. This led to a caution that
aprotinin may be capable of inducing a hyper-
coagulable state and thrombotic complications.
The extensive European experience (over
10,000 treated patients by 1991) has not
reported increased mortality, stroke, MI or
graft occlusion with the use of high-dose apro-
tinin. Bidstrup et al.9 using MRI to assess early
saphenous vein graft patency, found no differ-
ences in incidence of graft occlusion between 90
patients randomized to aprotinin or placebo
and evaluated within 10 days of surgery. Other

prospective, randomized and placebo-
controlled studies2,10–12 designed to evaluate 
the safety of “high-dose” aprotinin did not find
an increased incidence of perioperative MI or
stroke in the aprotinin-treated patients (strokes
appear to be consistently less in the aprotinin
groups13) but suffered in study design from 
relatively few patients. Using either repeat
coronary angiography or ultrafast computed
tomography to evaluate graft patency in the
early postop period, these studies confirm
similar graft patency between controls and
aprotinin-treated patients. Most recently, a
much larger multi-centered prospective study
randomized over 800 primary CABG patients
and studied mammary arterial and saphenous
vein graft patency using early postoperative
coronary angiography.14 The overall results of
this graft patency study found an increased 
incidence of saphenous vein occlusion, but 
not internal mammary artery occlusion, in
aprotinin-treated patients when analyzed on
both per-patient and per-graft basis. Secondary
analyses revealed that female patients, patients
with distal vessels less than 1.5mm in diameter
and those with poor quality distal vessels were
predisposed to graft occlusion when aprotinin
was administered. In surgical patients with
coronary arteries with these “high-risk” charac-
teristics, the blood sparing benefits of aprotinin
must be weighed against the greater incidence
of early vein graft occlusion. For the Ross pro-
cedure, severe coronary artery disease is a rel-
ative contraindication and its presence should
determine a more straightforward valve im-
plantation procedure be used. If a saphenous
vein graft is to be part of the planned Ross pro-
cedure, one needs to weigh the total benefits
and risks of aprotinin use. At our institution we
favor the use of aprotinin in this situation.

Allergic reactions have been anticipated
because aprotinin is an animal-derived peptide.
IgE-mediated anaphylaxis to aprotinin has been
documented. Aprotinin-specific IgG antibodies
have also been found in patients suffering severe
or fatal anaphylaxis on re-exposure. Large 
clinical experiences or trials have consistently
reported allergic reactions of 0.5% on first expo-
sure to aprotinin. The majority of serious aller-
gic reactions have been reported during the
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second exposure to the drug. The frequency of
hypersensitivity reactions after repeated apro-
tinin administration has been reported as high 
as 10% in Germany where the drug has been
available and used for a variety of indications 
for 40 years. Because of the severity of these
reactions some centers recommend initiation of
aprotinin infusion only after sternotomy when
the institution of CPB may be accomplished to
assist with resuscitation.

As aprotinin is selectively taken up by renal
tissues, specifically the proximal convoluted
tubule, there is concern that the current “high-
dose” regimen may result in nephrotoxicity.
Evaluating clinically significant renal dysfunc-
tion by either changes in serum creatinine
levels or the need for hemodialysis large clini-
cal trials of aprotinin in non-DHCA procedures
have not found significant differences in postop
renal function between treated and non-treated
patients. Postoperative serum creatinine level
increases of more than 0.5mg/dl over preoper-
ative levels occur in 8–10% of patients under-
going primary cardiac procedures and receiving
either high-dose or low-dose aprotinin, an inci-
dence not significantly different from those not
treated with aprotinin.

Monitoring of Anticoagulation

When celite is used as the contact-activating
agent (Hemochron, International Technodyne
Co.), there will be a prolongation of the ACT
that is independent of heparin concentration.
At concentrations of aprotinin achieved clini-
cally with the “high-dose” regimen, activated
factors in the intrinsic coagulation cascade
(XIIa, XIa, XIa, VIIIa) are partially inhibited.
Dietrich et al.15 demonstrated that aprotinin
acts as an anticoagulant by inhibiting pro-
thrombin activation during CPB. Some of the
confusion in the assessment of the role of ACT
in monitoring anticoagulation in the presence
of aprotinin is caused by interchanging the
terms “anticoagulation” and “heparinization.”
When aprotinin is present, the celite-activated
ACT reflects not only the AT-III dependent
heparin anticoagulation, but the anticoagula-
tion induced by aprotinin.

Heparin administration based on celite ACT
values and dosed to maintain standard ACT
times of ≥400 seconds, may result in inadequate
anticoagulation. Alternate monitoring strate-
gies include direct measurement of heparin
levels by titration with protamine (Hepcon,
Medtronic Hemotec) keeping the heparin 
concentration near 3 IU/ml, or use of kaolin-
activated ACT monitoring and maintenance of
standard ACT values.If kaolin is used as the acti-
vator, the ACT is not prolonged by aprotinin.
At Rhode Island Hospital we utilize kaolin-
activated ACT monitoring with prolongation to
480 seconds the “safe” level of anticoagulation.
Of note is that the “Hammersmith” aprotinin
dosing regimen has been shown to result in a
prolonged activated partial thromboplastin
time (aPTT) to about twice control values in the
early postop period (6–12 hours) rendering this
test useless for monitoring residual heparin
after surgery.

Clinical Use Summary

Test dose 1cc given prior to surgery
Loading dose 2 million KIU (200cc) over 20

minutes prior to cardiopulmonary bypass
Maintenance infusion of 500,000KIU (50cc)

per hour through bypass until end of surgery
Priming dose 2 million KIU (200cc) placed in

extracorporeal circuit prime.
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Pulmonary autograft aortic valve replacement
(the Ross procedure) is increasingly being con-
sidered for application in pediatric patients
with a wide spectrum of congenital abnormali-
ties of the left ventricular outflow tract.1–6

However, the establishment of this procedure
increases our therapeutic choices for many
pediatric patients with complex left ventricular
outflow tract obstruction, thereby forcing us to
re-evaluate more traditional treatment proto-
cols for a number of patient subsets.6–9 Such
patients fall into the following diagnostic
groups.

1. The physiologically compensated older
pediatric patient (beyond infancy) with aortic
stenosis, a hypoplastic annulus and/or long
segment subaortic stenosis with our without
insufficiency who may have previously under-
gone one or more surgical or balloon proce-
dures on the aortic valve.

2. The neonate or infant with critical aortic
stenosis who has an unacceptable result fol-
lowing surgical valvotomy or balloon valvulo-
plasty. These patients often have a relatively
small aortic root and may also have long
segment subaortic stenosis.

3. The neonate with borderline hypoplastic
left heart syndrome who is being considered for
a two-ventricle repair rather than the Norwood
procedure.

Patients in the first two groups have typically
been managed conservatively through infancy
and childhood by repeated valvotomy or
balloon dilatation, often with the acceptance of

significant residual obstruction and/or insuffi-
ciency. These residual lesions have been con-
sidered acceptable because no reasonable
alternative options existed until recently. Pros-
thetic aortic valve replacement with a mechan-
ical or allograft valve, along with concomitant
enlargement of the subaortic left ventricular
outflow tract and the aortic annulus is eventu-
ally required. However, this procedure is 
commonly delayed until the patient either
reaches full somatic growth or shows signs of
severe decompensation. In the past, this
approach made sense because the problems of
prosthetic aortic valve replacement in children
are numerous.

Patient Selection

In neonates and infants with critical aortic
stenosis the initial intervention is usually
balloon or surgical valvotomy.10 If valvotomy
achieves an acceptable result (£ mild aortic
stenosis and/or regurgitation), the patient is 
followed closely to detect any early progres-
sion of stenosis or regurgitation. If progres-
sion of residual lesions is documented, these
patients undergo a Ross or Ross-Konno opera-
tion. If the patient has ≥ moderate aortic 
stenosis or insufficiency following valvotomy,
a Ross or Ross-Konno operation is performed
immediately.

A similar approach is taken in older infants
and children with greater than moderate iso-
lated aortic stenosis or regurgitation, or mixed
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disease of a moderate degree. In addition, in
selected patients with borderline hypoplastic
left heart syndrome, the Ross-Konno procedure
along with extensive resection of endocardial
fibroelastosis and arch reconstruction is offered
as a two-ventricle alternative to the Norwood
procedure. In this subset of patients, those with
adequate mitral valve size and function are
most likely to benefit.

Surgical Technique

Standard techniques of neonatal and pediatric
cardiopulmonary bypass are used, including
bicaval cannulation, moderate hypothermia,
and cardioplegia. After initiation of cardiopul-
monary bypass, the pulmonary autograft is har-
vested along with an extension of attached
infundibular free wall muscle (Figure 44.1).
Special care should be taken not to injure the
first septal perforator branch. In neonates and
infants the dissection is carried in the plane

anterior to the left anterior descending coro-
nary artery. The autograft infundibular muscle
can generally be peeled off the muscular
septum in this group of patients if the correct
plane is identified.

The ascending aorta is then cross-clamped
and cardioplegia is administered into the aortic
root (except in cases with severe insufficiency,
in which case the aorta is opened and cardio-
plegia is administered directly into the coro-
nary ostia). In patients with mild to moderate
aortic regurgitation, the initial dose of cardio-
plegia is administered into the root after place-
ment of a left ventricular vent to prevent left
ventricular distention. The aorta is then tran-
sected at the level of the sino-tubular junction.
The coronary arteries are explanted with large
coronary buttons comprising almost the entire
wall of the sinus of Valsalva. The remaining
aortic root tissue is then excised along with the
aortic valve leaflets. In older patients, the non-
coronary sinus wall is preserved (Figure 44.2)
The interventricular septum is incised in a
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Figure 44.1. Technique of Ross-Konno. The dashed lines indicate the lines of incision along which the auto-
graft pulmonary valve is harvested, transected, and coronary buttons are developed.



fashion similar to that used in a Konno aor-
toventriculoplasty procedure (Figure 44.3).11

Additional ventricular myectomy is performed
if it is deemed necessary. The pulmonary auto-
graft is seated with the infundibular muscle
extension fitting into the Konno incision in the
interventricular septum. The autograft is then
sutured to the native aortic annulus with con-
tinuous monofilament absorbable suture begin-
ning at the posterior midpoint (Figure 44.3).
This is then continued onto the infundibular
muscle extension which is sutured to the septal
incision and reinforced with non-absorbable
interrupted pledgetted mattress sutures. The
coronary buttons are then anastomosed to the
appropriate sinuses of the autograft using
running 7-0 absorbable monofilament suture
(Figure 44.4). The right ventricular outflow
tract is reconstructed with an allograft valved
conduit (Figure 44.5). The allograft can be

sutured directly to the right ventricular
infundibular muscle with or without the use of
any additional patching material. We prefer a
pulmonary allograft that is substantially over-
sized relative to the patient’s size. The patient
is separated from bypass in the usual manner
and transesophageal echocardiography is 
performed.

UCSF Experience

Between June 1992 and June 1997, we have 
performed the Ross-Konno procedure in 14
patients ranging in age from 7 days to 17 years
(median 1.7 years). All patients have valvar
aortic stenosis and subvalvar obstruction was
present in 11 patients. In 9 patients there was
associated mild to moderate aortic insuffi-
ciency.There were no early or late deaths in this
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Figure 44.2. The pulmonary
autograft is harvested. Large
coronary buttons are developed
and diseased aortic valve is
excised up to the annulus. Septal
incision is made to enlarge the
aortic annulus and if necessary
the subaortic region.
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Figure 44.3. Pulmonary autograft is seated with the suture line starting posteriorly continuing along the
annulus and onto the interventricular septum.

Figure 44.4. The pulmonary autograft in place with reimplantation of the coronary artery buttons.



group of patients and no patients have required
reintervention at follow-up ranging from 1 to 
55 months.

In four additional patients with borderline
hypoplastic left heart syndrome, a Ross-Konno
procedure was performed as part of a more
extensive operation that also included resection
of endocardial fibroelastosis. Three of these
patients died due to inadequate mitral valve
function (inflow obstruction and/or regurgita-
tion) despite a normal left ventricular outflow
tract and good ventricular function. The surviv-
ing patient has good autograft and ventricular
function 28 months postoperatively.

Advantages of the Ross-Konno
Procedure

The pulmonary autograft seems to be the ideal
valve for aortic valve replacement in the pedi-
atric population. Several reports have docu-
mented autograft growth in older children, with
excellent mid-term results. Adaptation of the

pulmonary autograft for aortoventriculoplasty
incorporates the principles of both aortic root
replacement and aortoventriculoplasty, and is
similar to extended aortic root replacement
with allografts. Among our patients in whom
the contiguous infundibular free wall flap was
used for the septal patch, there have been no
cases in which right ventricular function was
compromised.

The encouraging short- and mid-term results
achieved in our experience suggest that ap-
proaches to managing small patients (especially
neonates and infants) with critical aortic steno-
sis should be re-assessed. Balloon or surgical
valvotomy should probably remain the proce-
dures of choice. However, in a substantial
subset of patients, these approaches result in
significant residual stenosis and progressive left
ventricular hypertrophy or dilation. Without
valve replacement, some of these patients do
not survive long term, while others do survive
but at the cost of compromised left ventricular
function.Timely use of the Ross or Ross-Konno
procedure will maximally preserve left ventric-
ular function in this population. Similarly, the
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Figure 44.5. The allograft conduit is sutured directly to the right ventricle without the use of additional
patch material.



practice of conservatively managing patients
with aortic stenosis into the teen years because
they are clinically “compensate” in spite of sig-
nificant residual lesions should be reassessed 
if left ventricular function is to be maximally
preserved. In this group as well, earlier use of
the Ross or Ross-Konno procedure is likely to
allow for maximal preservation of the left ven-
tricle. Finally, the Ross-Konno procedure offers
a two-ventricle alternative to the Norwood 
procedure for certain selected patients with
borderline hypoplastic left heart syndrome.The
criteria for performing the Ross-Konno in the
population are still evolving.

One drawback of the Ross-Konno procedure
in neonates and young infants is that reopera-
tions will inevitably be necessary to replace the
small allograft conduits that are used for recon-
struction of the right ventricular outflow tract.
We believe, however, that this disadvantage is
outweighed by the early normalization of left
ventricular dynamics.

In summary, the pulmonary autograft can be
modified for use in the aortoventriculoplasty
procedures for the management of complex left
ventricular outflow tract obstruction, even in
neonates and infants, with excellent short- and
mid-term results. However, long-term follow 
up will be necessary to completely define the
timing and indications of this procedure.

Alternate Approaches

Left ventricular outflow tract obstruction with
a hypoplastic aortic annulus and/or diffuse
subaortic stenosis has been a challenging lesion
to manage in neonates and small infants. Stan-
dard approaches such as balloon or surgical
valvotomy are only palliative and often leave
the patient with substantial residual stenosis
and/or insufficiency.10 Many of these patients
will eventually require an annular enlargement
procedure or aortoventriculoplasty. The ten-
dency to postpone these procedures until the
patient is much older with the hope of placing
an adult size prosthesis is a common practice.
However, substantial left ventricular dysfunc-
tion due to the long standing aortic stenosis or

insufficiency is an important concern when this
approach is taken.12 In addition, there are other
drawbacks to aortoventriculoplasty using a
prosthetic valve. Mechanical valves generally
warrant chronic anticoagulation and the atten-
dant complications.13 Bioprosthetic valves have
a high rate of degeneration and calcification
requiring replacement.14 Both mechanical and
bioprosthetic valves may also result in throm-
boembolism and hemolysis. In young children,
any sort of non-autologous prosthetic valve will
inevitably require replacement as the patient
outgrows the fixed-diameter valve. Efforts to
insert larger prosthesis in younger children may
result in compression of the right coronary
artery with fatal consequences.

Early extended aortic root replacement using
allograft valved conduits avoids the complica-
tions of anticoagulation, thromboembolism 
and hemolysis. However, rapid degeneration 
of allografts is a serious drawback, especially 
in infants and younger children.15 In selected
patients, another potential option is a “valve
sparing” Konno procedure, in which the native
aortic valve is repaired and the outflow tract is
enlarged by performing a septal ventriculo-
plasty.16 However, this option is limited to the
small group of patients with significant obstruc-
tion at the subvalvular level but not at the
valve.
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The primary concern of surgeons and cardiolo-
gists with the outcome of the Ross procedure 
is the development of insufficiency of the pul-
monary autograft (neo-aortic valve). Although
mild insufficiency is commonly noted following
pulmonary autograft technique, the potential
for development of severe or progressive neo-
aortic insufficiency requiring reoperation has
dissuaded many surgeons from including this
operation in their surgical repertoire. Present
evaluation of reported results of the Ross pro-
cedure indicate that the development of aortic
insufficiency can be separated into at least two
time-defined categories. Early insufficiency is
discovered less than six months after the oper-
ation, while late insufficiency develops after this
period of time. Although early insufficiency is
most likely secondary to a technical imperfec-
tion at the time of surgery, late insufficiency
may simply be related to the insertion of a low-
pressure valve in a high-pressure position. The
technical details of pulmonary autograft inser-
tion, however, may have as important an effect
on the development of late valve insufficiency
as on the occurrence of early insufficiency.

Incidence of Aortic Insufficiency
After the Ross Procedure

The incidence of aortic insufficiency after the
Ross procedure is not well known, primarily
due to the limited amount of published experi-
ence in this regard. Of course, the initial expe-

rience with this technique was that of Mr. Ross
himself. Long-term follow-up of Ross’ experi-
ence was reported in 1991 and included 339
patients beginning with his first patient in 
1967.1 The mean follow-up was 11.8 years and
maximum follow up was 24 years. In that entire
group of patients, the number of patients
requiring reoperation for pulmonary autograft
insufficiency was 33 patients. Of those 33
patients, it was felt that the neo-aortic insuffi-
ciency resulted from technical failure in 19
cases, from endocarditis in 9 cases, and from
“degeneration” in 5 cases. The linearized inci-
dence of autograft insufficiency in Ross’ report
was 0.8% per patient-year. It is noteworthy that
in the vast majority of Ross’ patients the sub-
coronary implantation technique was utilized.
An actuarial analysis of a subset of Ross’ expe-
rience (National Heart Hospital, London) is
depicted in Figure 45.1, showing a 25 year
freedom from autograft replacement of 69%.
These remarkable long-term results attest to
the potential for excellent durability of the pul-
monary autograft. It is unfortunate that none of
Ross’ contemporaries embraced his operation
and provided a comparative series with similar
long-term follow-up.

To collect more results, the Ross Procedure
International Registry was developed as a
clearinghouse for surgeons around the world
performing this operation. In 1996, the Ross
Registry reported a total of 1,976 operations
performed by 126 surgeons from 1987 through
1995.2 In this analysis, mean follow-up was 2
years with a maximum follow-up of 8 years.
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Figure 45.1. Actuarial freedom
from autograft removal in 131
consecutive patients at the
National Heart Hospital, 1967 to
1984. Follow-up was 95% com-
plete. Reprinted from Annals of
Thoracic Surgery, Vol 62, Elkins 
et al, “Pulmonary autograft re-
operation: incidence and man-
agement,” 450. © 1996, with 
permission from Elsevier.

Out of this number of operations, 56 patients
required reoperation for autograft insuffi-
ciency, a linearized incidence of 1.5% per
patient-year. Among patients for whom the
information was available, the percentage of
patients undergoing root replacement as the
implantation technique was 66%, whereas 23%
underwent subcoronary implantation and 11%
underwent the inclusion technique. The exact
reasons for reoperation were not detailed, but
of the 56 patients the reason for reoperation
was categorized as mechanical for 27, endo-
carditis for 15, technical for 8 and other pathol-
ogy for 6. Out of a group of 49 autograft
failures, it was remarkable that 36 were sub-

coronary implantations. Only 5 of the autograft
failures were inclusion roots and only 8 were
root replacements. Although registry informa-
tion of this type is helpful because of the larger
numbers generated, follow-up is likely to be
inconsistent, incomplete and potentially inac-
curate, and thus must be interpreted with
caution.

Probably the most closely studied group of
patients undergoing the Ross procedure in the
present era has been that of Elkins and asso-
ciates. In 1996, Elkins reported his experience
with 196 consecutive patients operated on
between 1986 and 1995.3 The mean follow-up
was 2.4 years and maximum follow up was 9.3

Figure 45.2. Actuarial freedom
from reoperation on pulmonary
autograft valve in Elkins series,
1986–1995. Follow-up was 100%.
Reprinted from Seminars in Tho-
racic and Cardiovascular Surgery,
Vol 8, Ross D, “The pulmonary
autograft: history and basic tech-
niques,” 354. © 1996, with permis-
sion from Elsevier.



years. Eleven patients underwent reoperation
for autograft insufficiency for a linearized inci-
dence of 2.4% per patient-year. The life-table
analysis is depicted in Figure 45.2 showing an 
8 year freedom from reoperation of 86%. One
hundred and sixteen of the 196 procedures
were done using the root replacement tech-
nique and out of that group, only four re-
operations occurred. Of the 25 patients who
underwent the subcoronary implantation tech-
nique, 3 reoperations were required, and of the
55 who underwent the inclusion technique, four
required reoperation. Of the three patients who
developed early failure, one was secondary to
persistent endocarditis, and two patients devel-
oped aortic insufficiency from technical errors.
In one case, there was poor subcoronary align-
ment with a subcoronary implantation, and 
the other was a significant mismatch between
the pulmonary and aortic roots. Of the eight
patients requiring reoperation after one year,
one patient developed endocarditis, one patient
had systemic lupus erythematosus, and one
patient developed prolapse of a valve leaflet
with adherence to a ventricular septal defect
patch. The other five patients experienced pro-
gressive dilatation of the pulmonary autograft.
In 3 of these 5 patients, there was a mismatch
between the size of the pulmonary root and 
the left ventricular outflow tract. In two of 
the patients, however, the pulmonary autograft
appeared to correctly match the size of the
aortic root. Using univariate and multiple logis-
tic regression analysis, Elkins identified several
factors associated with freedom from autograft
insufficiency. These included the presence of
aortic stenosis preoperatively (p = 0.01) and
implantation technique, with root replacement
better than the inclusion technique and the
inclusion technique better than subcoronary
implantation (p = 0.01). The history of a previ-
ous median sternotomy also appeared to
decrease the incidence of neo-aortic insuffi-
ciency (p = 0.05).

In addition to the findings cited by Ross,
Elkins and other surgeons, other causes for
aortic insufficiency after the Ross procedure
have been identified and included recurrent
rheumatic fever4 and juvenile rheumatoid
arthritis5. Most of these reports, however, are

anecdotal. The incidence of autograft failure in
patients with a history of rheumatic heart
disease is not known but may be significantly
higher than in other patients.

Currently, the development of aortic insuffi-
ciency after the Ross procedure appears to
have several potential causes. The subcoronary
implantation technique appears to increase the
risk of insufficiency (except in Ross’ experi-
ence). This is most likely related to imperfect
positioning of the pulmonary valve in the aortic
root. A second major cause of aortic insuffi-
ciency is a mismatch between the pulmonary
valve and the aortic valve. A third factor
appears to be the development of dilatation of
the pulmonary autograft. This often occurs at
the annular level but may also occur at the sino-
tubular level. Endocarditis continues to pose a
risk to the pulmonary autograft, as to other
inflammatory processes, such a systemic lupus
erythematosus, rheumatic fever and juvenile
rheumatic arthritis.

Techniques to Minimize 
Aortic Insufficiency

Taking these findings into account, several tech-
nical aspects may be important in minimizing
the development of aortic insufficiency after
the Ross procedure. The experience of Ross
would suggest that implanting the pulmonary
valve inside the aortic root might have signifi-
cant merit. Certainly, the potential for dilata-
tion of the aortic root would be minimized if
the pulmonary valve is sewn freehand in a sub-
coronary position or placed inside the aortic
root as a cylinder (inclusion technique). The
subcoronary implantation technique, however,
introduces the potential for misalignment of
the commissures, a problem that surgeons other
than Ross have experienced. The inclusion
cylinder technique may minimize commissural
misalignment but discrepancies between the
pulmonary and aortic roots often make it diffi-
cult to insert one within the other.

Presently most surgeons prefer to transfer
the pulmonary valve as a complete root
replacement. With this approach, natural align-
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ment of the commissures is assured, resulting in
a low incidence of early insufficiency. The thin
wall of the pulmonary root, however, is suscep-
tible to dilatation and subsequent aortic insuf-
ficiency. The technical details of root implanta-
tion, therefore, must take into account this
potential.

Mr. Ross has stressed the importance of
implanting the annulus of the pulmonary root
within the annulus of the aortic valve (Figure
45.3). At this level, the fibrous skeleton of the
heart and the muscular portion of the left ven-
tricular outflow tract provide external support
at the ventriculoaortic junction. Other sur-
geons have suggested providing a more 
complete external support by wrapping the 
pulmonary root in pericardium6 or mesh
(Figure 45.4).

A technical aspect of the procedure used by
some surgeons and demonstrated in this text is
the preservation of the entire aortic sinus sur-
rounding each coronary ostium to replace the

corresponding sinus of the pulmonary root
(large buttons). The non-coronary aortic sinus
is left in situ to externally buttress the resultant
non-coronary sinus of the autograft (Figures
45.5, 45.6, and 45.7). With this technique, most
of the patient’s own aortic wall makes up the
circumference of the neo-aortic root. As such,
the amount of thin pulmonary root exposed to
high intra-aortic pressure is minimized.

Accurate matching of the pulmonary auto-
graft to the left ventricle outflow tract appears
to importantly affect early and late results. Drs.
David and Elkins have independently recog-
nized the importance of this size match and
have devised techniques to adjust the left ven-
tricular outflow tract to match the size of the
pulmonary autograft.7,8 First, it is important to
assess the size of the pulmonary autograft and
compare it to that of the left ventricular outflow
tract. Preoperative echocardiography can often
prepare the surgeon for any major size dis-
crepancy. Hegar dilators or standard valve

418 E.H. Austin, III

Figure 45.3. Attaching the pulmonary autograft
root above the annulus of the original aortic valve
bed may result in dilatation and neo-aortic insuffi-
ciency. Reprinted from Ross DN: Aortic Root

Replacement with a Pulmonary Autograft—Current
Trends. The Journal of Heart Valve Disease 3:360,
1994, with permission.
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Figure 45.4. Technique described 
by Pacifico and colleagues involves
placing pulmonary autograft root on a
Hegar dilator and wrapping the root
with a cylinder of bovine pericardium.
From Pacifico AD, Kirklin JK, McGif-
fin DC, et al: The Ross Operation—
Early Echocardiographic Comparison
of Different Operative Techniques. The
Journal of Heart Valve Disease 3:336,
1994.

Figure 45.5. Technique of Hanley and colleagues
preserves most of the aortic sinus around each coro-
nary ostia and leaves the non-coronary aortic sinus
in situ. Reprinted from Annals of Thoracic Surgery,

Vol 60(5), Black et al, “Modified pulmonary auto-
graft aortic root replacement: The sinus oblitera-
tion,” 1434. © 1995, with permission from Elsevier.
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Figure 45.6. After the pulmonary
autograft is sutured in place the corre-
sponding sinus are replaced with the
aortic coronary sinuses and the non-
coronary sinus of the autograft is 
externally buttressed with the pre-
served non-coronary sinus. (A) As a
result, most of the circumference of the
neo-aortic root at the sinotubular junc-
tion is made up of or is reinforced by
native aortic tissue (B) Reprinted from
Annals of Thoracic Surgery, Vol 60(5),
Black et al, “Modified pulmonary auto-
graft aortic root replacement: The sinus
obliteration,” 1434. © 1995, with per-
mission from Elsevier.

Figure 45.7. The completed pulmonary autograft
root replacement using Hanley’s sinus obliteration
technique. Reprinted from Annals of Thoracic

Surgery, Vol 60(5), Black et al, “Modified pulmonary
autograft aortic root replacement: The sinus obliter-
ation,” 1434. © 1995, with permission from Elsevier.



sizers are used to make the intra-operative 
comparison (Figure 45.8). The surgeon should
recognize that the sizers and dilators have 
a tendency to stretch the tissues, particularly
the pulmonary autograft. This can be done by
closing the commissures between the left and
non-coronary cusps and between the non-
coronary and right coronary cusps (Figure
45.9).7 When a large discrepancy exists, the
technique described by Elkins may be prefer-
able. Two parallel 3-0 polypropylene purse
string sutures are placed around the full cir-

cumference of the left ventricular outflow tract
and tightened to achieve a size that matches the
autograft (Figure 45.10).8 The autograft is then
sewn into place.

Once proper size matching has been achiev-
ed, the potential for late dilatation should 
be addressed. Although a complete wrap of 
the pulmonary autograft may prevent dilata-
tion, most surgeons prefer to buttress the 
proximal suture line with a strip of Dacron,
pericardium, or Teflon felt to fix the diameter
of the ventriculoaortic junction (Figure 45.11).
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Figure 45.8. Determining the relative sizes of the
left ventricular outflow tract and pulmonary auto-
graft is important to avoid significant mismatch.
Standard prosthetic valve sizers can be used.

Reprinted from ACC Current Journal Review, Vol 5,
Doty DB, “Aortic valve replacement with the pul-
monary autograft: The Ross procedure,” 49. © 1996,
with permission from Elsevier.
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Figure 45.9. An oversized aortic annulus can be
reduced by placating the fibrous tissue beneath the
commissures. Reprinted from Journal of Thoracic
and Cardiovascular Surgery, Vol 112(5), David et al,

“Geometric mismatch of the aortic and pulmonary
roots causes aortic insufficiency after the Ross pro-
cedure,” 1233. © 1996, with permission from Elsevier.

Patients with aortic valve disease requiring
valve replacement often have a dilated ascend-
ing aorta. Therefore, a size mismatch often
exists between the ascending aorta and the pul-
monary autograft root. In this circumstance the
dilated ascending aorta must be corrected
down to a size that matches that of the pul-
monary autograft. This is done by removing a
wedge of the ascending aorta to reduce its cir-
cumference to match that of the pulmonary
autograft (Figure 45.12A, B). A cuff of Teflon
felt or Dacron may also be used to reinforce the
anastomosis at this level.

Summary

Aortic insufficiency after the Ross procedure 
is an uncommon but serious complication.
Current data suggests that aortic insufficiency
occurs at a rate of 1 to 3% per patient-year.The
development of aortic insufficiency can be min-
imized by careful patient selection, appropriate
attention to the size match of the aortic and
pulmonary roots and reinforcement of suture
lines to prevent dilatation. As more experience
is obtained with this operation the long-term
results should continue to improve.
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Figure 45.10. Elkins’ technique for reducing the 
size of the left ventricular outflow tract. Two parallel
polypropylene sutures are placed around the aortic
annulus and passed through a felt pledget placed
outside of the non-coronary sinus. (A) The sutures

are then tied over a predetermined valve sizer (B).
Reprinted from Annals of Thoracic Surgery, Vol 61,
Elkins, et al, “Pulmonary autografts in patients with
aortic annulus dysplasia,” 1143. © 1996, with permis-
sion from Elsevier.

A

B
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Figure 45.11. Reinforcement of proximal suture
line with 3 to 4mm strip of Dacron to fix the diam-
eter of the pulmonary autograft at the ventriculo-
aortic level. Reprinted from Annals of Thoracic

Surgery, Vol 61, Elkins, et al, “Pulmonary autografts
in patients with aortic annulus dysplasia,” 1143. ©
1996, with permission from Elsevier.

Figure 45.12. When significant size discrepancy
exists between the ascending aorta and the pul-
monary autograft, a reduction aortoplasty is per-
formed by excising a wedge of the anterior wall of

the aorta. Reprinted from Cardiac Surgery: Opera-
tive Technique, Doty D, 249. © 1997, with permission
from Elsevier.
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Section XI
Surgical Techniques:

Complex Reconstructions



Rastelli’s Operation:
Applications and Techniques

The surgical management of complex forms of
transposition of the great arteries with ventric-
ular septal defect continues to present a chal-
lenge to the cardiac surgeon due to the wide
variability in anatomy and the disappointing
late results with current approaches. For this
reason, several techniques have been proposed.
However, Rastelli’s operation remains the 
most widely applied procedure for surgical
repair of transposition of the great arteries,
ventricular septal defect and left ventricular
outflow tract obstruction. The goal of the pro-
cedure is to divert left ventricular blood flow
through the ventricular septal defect to the
anteriorly positioned aorta. Right ventricle to
pulmonary artery continuity is then achieved
by insertion of a conduit. Although several
modifications have been described, the proce-
dure itself has remained relatively unchanged
since it was first described in 1969.

Anatomy

The essential defect in transposition is discor-
dant connection between the ventricles and the
great vessels. In the subgroup that includes left
ventricular outflow tract obstruction (LVOTO),

usually there is an associated ventricular septal
defect, which can vary in size but is most fre-
quently adjacent to the pulmonary valve. With
an outlet type ventricular septal defect, the
nature of the LVOTO is usually due to poste-
rior deviation of the outlet septal defect, the
mature of the LVOTO is usually due to poste-
rior deviation of the outlet septum causing a
muscular and occasionally tunnel-like obstruc-
tion in the subpulmonary region. Frequently,
the pulmonary valve annulus is hypoplastic and
the pulmonary valve itself can be dysplastic. In
older children, commonly there is a fibrous
ridge present on the outlet septum leading to
progressive and more fixed obstruction. Con-
duction tissue, in the presence of a cono-ven-
tricular VSD that reaches the tricuspid valve,
resides in the posterior and inferior margin of
the VSD. Therefore, muscular resection can be
done safely if confined to the outlet septum or
the antero-superior border of the VSD.

An important feature of all forms of trans-
position is the presence of an infundibulum
supporting the anterior positioned aorta. This
infundibulum is analogous to that in normally
related great vessels supporting the pulmonary
valve. This feature is important when consider-
ing translocation of the aortic root into the left
ventricular outflow tract in that the entire aortic
root can be excised similarly to a pulmonary
autograft in a heart with normally related great
vessels.

46
Management of Transposition with 
Complex Systemic Ventricular 
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Rastelli’s Operation and Aortic 
Root Translocation
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Indications for Rastelli Operation

Left ventricular outflow tract obstruction can
be dynamic or fixed and this must be deter-
mined preoperatively in order to decide
whether an arterial switch procedure with VSD
closure is sufficient to correct the anatomic
defect or whether alternative procedures are
required. If the pulmonary valve annulus is 
of adequate size, then serious consideration
should be given to the arterial switch approach
since the outlet septum will shift towards the
right ventricle once the left ventricle is con-
nected to the systemic circulation and the right
ventricular pressures fall. Partial resection of
the outlet septum can be accomplished through
the neo-aortic root in cases where there is
concern that the LVOTO is fixed.

When there is both annular hypoplasia of the
pulmonary valve with subpulmonary obstruc-
tion and there is a VSD present, then a Rastelli
type of procedure can be performed. The VSD
may be restrictive and this should be reviewed
at the time of surgery since enlargement of 
the VSD is often required. In cases where there
is no VSD, the defect is small, or the defect
remote from the cono-ventricular septum, then
other alternatives to the Rastelli operation

should be considered. These include aortic 
root translocation and enlargement of the LV
outflow tract by septal myotomy (Konno 
procedure).

Surgical Technique

Moderate to deep hypothermia is used in 
all cases with cannulation for bypass being
achieved with an arterial cannula placed 
distally at the level of the innominate artery 
or beyond to permit wide mobilization of the
ascending aorta. A single venous cannula in the
atrial appendage is usually adequate. In most
cases the procedure can be performed without
a period of circulatory arrest other than for
closure of the interatrial communication. Once
on bypass, access to the left ventricular outflow
tract is accomplished through a right ventricu-
lotomy that is slightly oblique in orientation
just below the aortic root aimed towards the
left of the right ventricular outflow (Figure
46.1). Care must be taken to start the ventricu-
lotomy well below the aortic root since the base
of the sinus of Valsalva can extend below the
visible edge of ventricular muscle. The distal
end of the ventriculotomy should end no more
than 4–5mm away from the left main coronary
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Figure 46.1. Depicts the rela-
tionship of the great vessels in
transposition with the aorta
arising from the infundibulum of
the right ventricle. The infundibu-
lar incision is denoted by the
dashed line. Transection of the
main pulmonary trunk posterior
to the aorta is also shown (dashed
circle). Note the position and
course of the left main coronary
artery and left anterior descend-
ing coronary with respect to the
right ventricular infundibulum
and ventriculotomy.



to permit insertion of the conduit and sutur-
ing without compromising the coronary. This
approach gives direct access to the ventricular
septal defect, outlet septum and anterior
portion of the septum (Figure 46.2). The size of
the VSD must be compared to the size of the
aortic root and if necessary, enlargement of the
VSD should be carried out to prevent left ven-
tricular outflow tract obstruction.VSD enlarge-
ment can be done by partial resection of the
outlet septum between the aortic and pul-
monary valves and by excising the anterior
superior edge of the VSD extending to the
anterior free wall ventricle. Once the VSD is of
adequate size, the main pulmonary trunk can be
transected and the proximal end is oversewn to
include the dysplastic pulmonary leaflets. The
branch pulmonary arteries are dissected with
mobilization extended to include upper lobe
branches on both sides. This permits mobiliza-
tion of the transected pulmonary trunk towards
the left, facilitating connection to a conduit
(Figure 46.3).

Diversion of left ventricular blood flow to the
aorta requires creation of a roof to tunnel the

LV flow from the VSD up to the anterior edge
of the aortic valve annulus or superior edge of
the ventriculotomy. The dimensions of the
patch and contour should be such that a
uniform diameter tunnel is created from the
edges of the VSD up to the aorta (Figure 46.3).
This is most easily accomplished by using part
of the tube graft, which is tailored to reach
around the lateral edges of the outlet septum
and aortic annulus. Care, however, must be
taken not to create too large a baffle for the LV
outflow since this will restrict right ventricular
outflow through the ventriculotomy. The VSD
patch should be attached to the ventricle wall
close to the aortic annulus since trabeculations
are frequently present in the infundibulum.
Care must be taken to exclude these trabecula-
tions from the intraventricular tunnel since
they can lead to residual ventricular septal
defects if not closed (Figure 46.3).

Right ventricle to pulmonary artery continu-
ity is then established by conduit insertion
(Figure 46.4). We prefer to use a homograft,
either aortic or pulmonary. The posterior
portion of the annulus of the homograft is sewn
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Figure 46.2. Once the infundibular incision is made,
the ventricular septal defect can be seen in the
outflow segment of the left ventricle. Through the

ventriculotomy, the outlet septum can be inspected
and septal resection with enlargement of the ven-
tricular septal defect can be performed.
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Figure 46.3. Diversion of the left ventricular
outflow through the VSD using a tunnel shaped syn-
thetic patch that accommodates to the contour of the
outflow tract. Note that the patch extends from the
edge of the VSD up to the aortic valve annulus. Once

the left ventricular outflow is diverted to the aorta
through the VSD, the pulmonary arteries are mobi-
lized so that the transected main pulmonary trunk is
to the left of the aorta.

Figure 46.4. Continuity between
the right ventricle and pulmonary
trunk is achieved by use of a
homograft interposition conduit.
The posterior edge of the homo-
graft is sewn directly to the distal
portion of the ventriculotomy.The
anterior roof of the connection is
created with the attached mitral
valve leaflet or preferably with 
the use of glutaraldehyde treated
autologous pericardium or pros-
thetic material.



to the distal one-third of the ventriculotomy.
The proximal connection is covered by either a
portion of the anterior leaflet of the mitral
valve of an aortic homograft, with a patch of
autologous glutaraldehyde treated pericardium
or a portion of the homograft wall, if available.
The distal end of the homograft is then con-
nected to the main pulmonary trunk by direct
anastomosis, preferably to the left of the aorta.
Since the homograft conduit arises from the
anterior-most portion of the ventricle, this
places it directly underneath the sternum so
that diverting the conduit towards the right
would lead to further compression. In our expe-
rience, placing the conduit to the right of the
aorta is an independent risk factor for mortal-
ity and morbidity in the Rastelli operation. In
cases where the pulmonary artery arises right-
ward of the aorta, extensive mobilization of the
branch PAs permits shifting of the main pul-
monary trunk towards the left. Extending the
pulmonary arteriotomy into the left pulmonary
artery branch may also facilitate this anasto-
mosis (Figure 46.4). Extensive mobilization of
the pericardium including an incision of the
diaphragmatic reflection anteriorly, towards 
the apex of the heart permits shifting of the
conduit towards the left minimizing compres-
sion with sternal closure.

Early Complications

The potential sources of early morbidity from
a Rastelli operation are most frequently 
related to anatomic features which restrict the
intraventricular baffle, conduit obstruction, and
injury to conduction tissue. In a recent review
of out experience1 with 101 patients having 
the Rastelli procedure from 1973 to 1998, risk
factors for hospital mortality were the presence
of prior surgery (systemic to pulmonary artery
shunt), use of circulatory arrest for the repair,
longer cardiopulmonary bypass times, the pres-
ence of complete AV block postoperatively, and
placement of the right ventricle to pulmonary
artery conduit to the right of the aorta.The inci-
dence of complete AV block was 6% and the
most frequently observed arrhythmia was junc-
tional ectopic tachycardia, which occurred in
11% of the patients. Delayed sternal closure

due to mediastinal edema or compression of
the conduit was required in 5% of the patients.

In-hospital mortality decreased over the 25
year period of the study from 10% in the period
prior to 1989 to 0% during the most recent
seven year period. Risk factors for early mor-
tality included complete AV block requiring
pacemaker insertion, longer cardiopulmonary
bypass and cross-clamp times. Anatomic risk
factors included the presence of straddling tri-
cuspid valve. Significantly, weight and age at the
time of surgery were not risk factors for early
mortality.

Late Results

Actuarial survival was 93% at one year, 81% 
at five years, 79% at ten years, and 52% at 
20 years. The incidence of late reoperations
increased significantly over time with the most
frequent indication being right ventricular
outflow tract obstruction from conduit or pul-
monary artery stenosis. Left ventricular outflow
tract obstruction was the second most common
indication for reoperation. Freedom from re-
operation was 71% at five years and 47% at 
ten years.

Aortic Root Translocation and
Arterial Switch for Transposition
and Left Ventricular Outflow
Obstruction

Several alternative techniques to the Rastelli
operation have been described with varying
results. Atrial level repair (Mustard or Senning
Operation) with closure of ventricular septal
defect and resection of LV outflow with or
without a conduit is associated with a very high
late mortality and is currently rarely done.
Aortic root translocation posteriorly with
resection of outlet septum was originally pro-
posed by Nikaidoh. He described direct mobi-
lization of the aortic root and attached
coronaries. The main limitation of this proce-
dure was the potential for coronary artery
obstruction particularly if applied to younger
children.
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An alternative procedure we have utilized
applies the concept of a pulmonary autograft 
to this anatomic defect. The advantages of this
approach are that it can be used in infants as
well as older children and since it does not
require the presence of a VSD, it can be applied
to anatomic variants with absent, severely
restrictive VSD, or in cases where the VSD it
remote from the ventriculo-arterial connection.

Surgical Technique

For this procedure, cardiopulmonary bypass is
utilized in the same way as for the Rastelli
operation. Obtaining a significant length of the
ascending aorta by more distal insertion of 
the arterial cannula facilitates resection of the
aortic root. Once the ascending aorta is cross-
clamped and the heart arrested with cardiople-
gia, the ascending aorta is transected above the
level of the commissures. Similarly, a transverse
ventriculotomy is then done as performed in
the Rastelli procedure except that the aim is to
resect the aortic root including infundibular
muscle similar to that done for a pulmonary

autograft in normally related great vessels
(Figure 46.5).

The coronary arteries are then excised as cir-
cular buttons and an effort is made to maintain
the ring of ascending aorta above the sinuses of
Valsalva intact to prevent the distortion of the
aortic root. Once the coronaries are mobilized,
similar to an arterial switch procedure, the
aortic root is then excised by completing the
circumferential incision in the right ventricular
infundibulum (Figure 46.6). The main pul-
monary artery is then transected above the
level of the pulmonary valve and an incision 
is then made across the anterior portion of the
pulmonary annulus extending towards the ven-
tricular septal defect, if present, or towards the
anterior septum similar to a Konno procedure.
This permits enlargement of the left ventricular
outflow tract by insertion of a triangular shaped
VSD patch to accommodate the larger aortic
root. The aortic root autograft is then rotated
180° so that the defects from the coronary
buttons are anterior. The subvalvar portion of
the autograft is then sewn to the left ventricu-
lar outflow by attaching it directly to the pul-
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Figure 46.5. The ventricular and aortic incisions
required for aortic autograft excision are depicted.
Note that the infundibular incision is circumferential

just below the aortic valve annulus. The coronary
ostia are excised as circular buttons from the respec-
tive sinuses of Valsalva.
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Figure 46.6. Once the aortic autograft is excised and
the coronaries mobilized, the main pulmonary trunk
is transected and an incision is extended across 
the pulmonary valve annulus and outlet septum con-

necting to the ventricular septal defect, if present.
Enlargement of the left ventricular outflow tract 
is then accomplished by insertion of a triangular
shaped VSD patch.

monary valve annulus posteriorly and to the
distal edge of the VSD patch anteriorly. The
junction between the VSD patch, ventricular
edge of LV outflow and the aortic autograft
must be reinforced since this is a frequent site
of bleeding.The distal orifice of the aortic auto-
graft is then sewn to the ascending aorta after
the branch pulmonary arteries are mobilized
anterior to the aorta (Lecompte maneuver)
similar to an arterial switch procedure (Figure
46.7). Re-implantation of the coronaries is done
into the neo-aortic root at the side of the
defects from the excision of the coronary
buttons or more distally in the aorta if the
aortic root is too low into the base of the left
ventricle. Right ventricle to pulmonary artery
continuity is then established by inserting an
interposition homograft sewn directly to the
right ventricular infundibulum (Figure 46.8).
Posteriorly, the homograft must be attached to
the distal edge of the VSD patch since this is
now the posterior wall of the right ventricular
outflow tract. Further reinforcement of the

junction between the VSD patch, right ventric-
ular infundibulum and homograft must be done
with additional sutures to prevent bleeding
from the site.

In cases where the pulmonary artery and
aorta are in a side-by-side arrangement, then
anterior mobilization of the pulmonary
branches is not necessary and the right ventri-
cle to pulmonary artery homograft conduit 
can be positioned either to the right or to the
left of the aorta. Since part of this procedure
involves shifting the ascending aorta posteri-
orly, this provides substantial room for the
conduit, minimizing the risk of conduit com-
pression from sternal closure.

Early and Late Results

Experience with this procedure is much more
limited when compared to the Rastelli opera-
tion. However, sources of morbidity and mor-
tality may be similar to those of the Rastelli
operation. Preliminary results indicate
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Figure 46.7. The aortic autograft is re-inserted 
into the LV outflow. The coronaries are then re-
implanted anteriorly. Prior to re-establishing ascend-
ing aortic continuity, the branch pulmonary arteries

are mobilized and brought anterior to the aorta
(Lecompte Maneuver) in preparation for RV
outflow reconstruction.

Figure 46.8. Right ventricle to
pulmonary artery continuity is
achieved by insertion of an
interposition homograft con-
necting the RV infundibulum to
the pulmonary trunk.



however, that there is a tendency towards less
left and right ventricular outflow tract obstruc-
tion with this procedure compared to the
Rastelli operation due to the more favorable
position of the left ventricular outflow recon-
struction as well as the right ventricle to pul-
monary artery conduit.
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In 1984, Hisashi Nikaidoh reported a novel 
procedure for management of transposition 
of the great arteries associated with ventricular
septal defect and pulmonary stenosis.1 Sub-
sequent experience with the Ross, the switch
and homograft operations have made this an
even more attractive operation for management
of transposition with a large aortic outflow 
and a hypoplastic left ventricular outflow. We
have performed the operation with restitu-
tion of right ventricular continuity of the pul-
monary circulation with a separate homograft
which differs from Nikaidoh’s original opera-
tion where the PA was attached to the aorta 
directly.

The operation is performed with single atrial
cannula, distal aortic arch cannulation,
hypothermia with periods of low flow.

As described by Nikaidoh, the aortic root 
is mobilized with minimal mobilization of the
coronary arteries (Figure 47.1).

The aortic root is separated from the ven-
tricle and the pulmonary artery transected
(Figure 47.2).

A portion of the outflow septum is resected
which fully opens the left ventricular outflow
tract (Figure 47.3). The VSD is closed with a
patch of double velour Dacron sutured up to
the edge of the anterior border of the resected
base of the aorta.This gives a very large outflow
tract which is then sutured to the base of the
aorta with a continuous running 4-0 polypropy-
lene suture that incorporates the patch anteri-
orly (Figure 47.4).

The right ventricular outflow tract continuity
with the pulmonary artery is now re-established
with an aortic or pulmonary homograft. This
can be accomplished with an aortic homograft
in which the right ventriculotomy is performed
lower down on the anterior right ventricle and
the outflow curvature augmented with a hood
of thin wall PTFE (Figure 47.5).
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Figure 47.1. Aortic root is mobilized.



440 R.A. Hopkins

Figure 47.2. The main pulmonary artery is transected posteriorly and an incision prepared from the pul-
monary artery across the fibrous ring and into the outflow septum.
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Figure 47.3. The incision across the pulmonary
annulus is extended to the level of the VSD. Muscle
tissue is carefully excised from the infundibular

septum to enlarge the left ventricular outflow. In our
one case, heart block did not develop.
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Figure 47.4. The difference in our technique and the
Nikaidoh technique is that the VSD patch is actually
brought to the edge of the ventricular muscle, which
opens up the whole outflow tract beautifully. It is

sutured, not with interrupted sutures, but with a con-
tinuous running suture for both the VSD patch as
well as the aorta on top of the outflow portion.
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Figure 47.5. This figure shows completion with the homograft.
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Homograft tissue can be used in creative ways
to reconstruct systemic outflow by dedicating
the pulmonary valve to the systemic ventricle,
using nonvalved homograft tissue to augment
the neo-LVOT outflow, and re-establishing 
with a second homograft, pulmonary ventricle
to pulmonary continuity, or in the case of 
single ventricle, performing a variation on the
Norwood operation.

Double Outlet Right Ventricle
with Transposition of the Great
Arteries and Hypoplastic Aorta
with Either Interrupted Aortic
Arch or Severe Coarctation

Figure 48.1 demonstrates the anatomy. The
distal arch may involve a severe coarctation
(Figure 48.1).The operation is performed under
deep hypothermia and total circulatory arrest
and incisions are made as demonstrated in
Figure 48.2 after closing the ventricular septal
defect via right ventriculotomy. Closure of the
VSD in this fashion diverts the left ventricular
outflow to both the hypoplastic aortic valve and
the large pulmonary valve.An aortic homograft
of appropriate size (usually an 8 or 10mm) is
then tailored as demonstrated in Figure 48.3.
The repair is completed by suturing the proxi-
mal nonvalved homograft to the proximal
native pulmonary artery above the sino-tubular
ridge of the pulmonary valve.The distal anasto-
mosis is accomplished to a long Norwood-like

incision in the transverse and distal aortic arch.
The homograft anastomosis is continued well
down to the descending aorta to avoid any late
re-coarctation (Figure 48.4). Double outflow
from left ventricle is accomplished and a stan-
dard RVOT to pulmonary artery homograft
reconstruction completes the repair.

Transposition of the Great
Arteries, Ventricular Septal
Defect, Interrupted Aortic Arch
and Subaortic Stenosis

This operation is performed similarly to the
double outlet variety. The patch for closure of
the ventricular septal defect is constructed so as
to deviate all the left ventricular outflow into
both the hypoplastic aorta and pulmonary
artery. The subaortic stenosis is ignored (Figure
48.5). The interrupted aortic arch is managed
with an end-to-end anastomosis to the homo-
graft conduit and then a slit (Figure 48.6) made
along the top to suture the head vessels as an
on-lay patch to the top of the homograft. The
proximal anastomosis to the pulmonary artery
above the native pulmonary valve completes
the left ventricular double outflow.

The operation can be performed also in the
presence of a coarctation by not utilizing two
separate anastomoses to the aortic components
(Figure 48.7). The operation is then completed
with a pulmonary or aortic homograft recon-
struction of the right ventricular outflow tract.
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Figure 48.1. This demonstrates the anatomy of
double outlet right ventricle with transposition of the
great arteries and severe coarctation with hypoplas-

tic ascending aorta. Repair is only mildly different 
if an interrupted aortic arch is present. Dotted line
marks incision site.

Figure 48.2. Incisions
for correction of double
outlet right ventricle
with transposition of the
great arteries with
hypoplastic aortic
outflow by creating
double outlet left
ventricle.
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Figure 48.3. The homograft aortic valve is excised and a severely oblique distal end of the homograft is
created for the repair.
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Figure 48.4. Completion of repair for double outlet
right ventricle with transposition of the great arter-
ies and hypoplastic ascending aorta utilizing the
principle of the creation of double outlet left ventri-

cle. The valved conduit for the right ventricular
homograft reconstruction is up-sized as much as 
possible and is brought to the right side of the 
systemic outflow reconstruction in most cases.
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Figure 48.5. Transposition great arteries, VSD, interrupted aortic arch and subaortic stenosis.
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Figure 48.6. The head vessels are sutured as a “patch” to the top of the homograft.

Figure 48.7. Creation of double outlet left ventricle
for transposition of the great arteries, ventricular
septal defect, subaortic stenosis with severe coarcta-

tion (not interruption) with ascending aortic
hypoplasia by not utilizing two separate “distal”
aortic anastomoses.
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Figure 48.8. Double outlet single ventricle for repair (Norwood concept).

Single Ventricle, Transposition of
the Great Arteries, Hypoplastic
Aorta (Interrupted Aortic Arch
or Coarctation)

Application of the approach described for 
the two ventricle repairs can also be used in 
the single ventricle (Figure 48.8) in a fashion

similar to a classic Norwood (Figure 48.9). In
this case, where there is hypoplasia of the 
aorta, there is some opportunity for growth 
of the native ascending aorta, but the anasto-
moses are made in a similar fashion (Figure
48.10).
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Figure 48.9. Incisions for reconstruction for single ventricle, transposition great arteries, hypoplastic aortic
valve and ascending aorta. All ductal tissue is discarded.
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Figure 48.10. Application of arch
reconstruction with homograft uti-
lizing the Norwood principle. Two
separate “distal” anastomoses are
fashioned. This figure demonstrates
patching of the main pulmonary
artery where it has been divided
from the heart. A systemic to 
pulmonary artery shunt completes
the repair.



Section XII
Surgical Techniques: Right Ventricular

Outflow Tract Reconstructions



The development of the extracardiac conduit
for reconstruction of “blue” ventricle to pul-
monary artery continuity has revolutionized
the surgery of many complex congenital
defects.1–5 In infants with anomalies such as
tetralogy of Fallot, non-valved reconstruction
of the right ventricular outflow has been well
tolerated with a low early reoperation rate (e.g.,
100% reoperation-free at 4 years in the Boston
Children’s Hospital series).6 However, patients
developing progressive right ventricular dilata-
tion have required later replacement with a
valved prosthesis. Other anatomic situations,
particularly that of pulmonary atresia or pul-
monary atresia accompanying other defects
(e.g., corrected transposition) that have usually
been repaired during childhood rather than
infancy, have done best with right ventricular
outflow tract reconstructions utilizing valved
conduits (Rastelli concept). There are neonatal
and infant reconstructions that are optimally
accomplished with valved conduits (e.g.,
truncus arteriosus, absent pulmonary valve syn-
drome). The allograft has become the conduit
of choice for all right ventricular outflow tract
reconstructions.7

Symptoms of progressive right ventricular
failure due to pulmonary insufficiency include
fluid retention, fatigue,and exercise intolerance.
Once right ventricular dilatation progresses 
to the point that tricuspid regurgitation 
occurs, symptomatology advances rapidly.
Right ventricular function has been demon-
strated to improve following placement of a
pulmonary valve.8 Tricuspid insufficiency is

important as a marker for deteriorating right
ventricular function and as a potent hemody-
namic burden in the presence of outflow tract
abnormalities. As the San Francisco experience
has demonstrated, once tricuspid incompetence
develops rapid and persistent right ventricular
failure follows that is difficult to mitigate 
medically.9 There is marked improvement with
restoration of pulmonary sufficiency even if a
murmur or mild tricuspid regurgitation per-
sists.10 If pulmonary valve replacement is 
postponed and tricuspid regurgitation pro-
gresses, the reconstructive surgery must include
restoration of tricuspid competence.

Performance of most models of mechanical
valves in the right side of the heart has been 
relatively poor, and in general either biopros-
theses or allografts have been recommended. In
the series from Chicago, more than one-third of
the patients developed prosthetic pulmonary
valvular dysfunction less than 1 year following
insertion of a mechanical prosthesis.11 Thus
despite the issue of accelerated failure, if an
allograft is not available a porcine prosthesis is
probably the optimal choice for the right ven-
tricular outflow tract position.

Ideally,anticoagulation in children is avoided.
Unfortunately, porcine prostheses have not
fared well in the right-sided circulation,
although they have done somewhat better in
older children and young adults.12 Mechanical
prostheses are associated with a significant rate
of dysfunction in the right-sided position.13

Synthetic right heart conduits have been 
noted to require replacement 100% of the time
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by 10 years following insertion, although initial
early results are good.6

Fontan and colleagues have reported on
more that 100 allograft aortic valve conduits
with only one replacement for allograft valve
dysfunction and no thromboembolism or
hemolysis; in the same series, a pressure 
gradient (13–85mmHg, mean 39mmHg) was
present in only 14 ventricle-dependent con-
duits.14 In this series from France, gradients
across the allograft conduits occurred at three
sites in the pre-valvular region, five sites in the
valvular or undetermined region, and five sites
in the postvalvular (presumably distal anasto-
mosis) region.15 In the United States Kirklin
and associates have demonstrated a 94% 
actuarial freedom from reoperation for ob-
struction in cryopreserved allograft conduits at
3.5 years.15

A functioning right ventricular outflow valve
is recommended for either primary or second-
ary reconstructions where there is (1) sympto-
matic right ventricular dysfunction, (2) fixed
pulmonary hypertension, (3) hypoplastic pul-
monary arteries, (4) pulmonary insufficiency
with right ventricular dilatation, (5) tricuspid
regurgitation, (6) echocardiographic evidence
of small right ventricular volume or poor per-
formance, (7) absent pulmonary valve syn-
drome, (8) peripheral pulmonary stenoses, (9)
highly reactive pulmonary circulation (e.g.,
neonatal truncus).16

If there were a perfect valve substitute that
could grow or be of adult size when placed in
the pulmonary position, it could be argued that
a valved reconstruction of the right ventricular
outflow tract could be applicable in all cases 
to (1) protect against the long-term effects of
pulmonary insufficiency including right ventri-
cular dysfunction and dilatation, (2) accomplish
right ventricular outflow tract reconstruction
without relative obstruction, and (3) prevent or
mitigate tricuspid dysfunction. At present, we
do not recommend universal application, e.g.,
for routine primary tetralogy of Fallot repairs.17

However, a proportion of patients with non-
valved conduits or transannular patches return
with progressive right ventricular dysfunction,
especially when additional preload or afterload

lesions are present, and require reconstruction
with an allograft.18
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Sizing

Usually an adult-sized right ventricular conduit
(19 to 26mm aortic allograft) is placed, except
in small infants (see Appendix: Valve Diame-
ters). It is generally possible in the patient
weighing 3.5–5.0kg to place a 12-mm conduit
whereas in those weighing less than 3kg an 8-
to 10-mm conduit may be required (See appen-
dix). A 14 to 16mm conduit is used in patients
who weigh 5–10kg. These weight guidelines are
similar to those used by Kirklin and colleagues;
they reported the use of 9 to 12mm allografts
for infants with body surface area (BSA) of
0.2–0.3m2, 12 to 14mm allografts for infants
with BSA 0.3–0.4m2, and 15 to 17mm allo-
grafts for children with BSA 0.4–0.5m2. Once a
child weighs 15–20kg it is almost always pos-
sible to place a 20mm or larger conduit in 
the right ventricular outflow tract position. The
distal anastomosis can be enlarged by sewing
obliquely (beveled); the size in the neonates is
restricted primarily by the maximum ventricu-
lotomy that can be achieved and secondarily 
by thoracic volume. Conduit compression by
the anterior chest is usually easily avoided.

Interestingly, Mercer presented data sug-
gesting that a 12mm (inside diameter; ID) pul-
monary annulus (not conduit) results in only 
a 50% reduction in cross-sectioned area and
might result in acceptably low gradients even as
the child approaches 10 years of age.1 The 12-
mm synthetic conduit has been shown to give
superb early results in infants but always results

in gradients requiring later replacement; it is
also a more difficult material with which to
avoid kinking, compression, and so on.2 An 18-
mm or larger allograft is usually free of signifi-
cant obstruction and is a perfectly adequate 
size into which a child can grow. This implant 
is achievable in most children exceeding 
15kg in weight. This discussion presupposes a
ventricular-supported pulmonary circulation;
atrial-dependent pulmonary circulations re-
quire pulmonary inflow geometry to approxi-
mate normal tricuspid valve areas in order to
avoid obstructive hemodynamics.

Principles

A number of principles are emphasized to opti-
mize the result of allograft insertions for right
ventricular outflow tract reconstructions:3 (1)
avoidance of the use of synthetic tubular grafts
on either end of the conduit; (2) placement 
that avoids compression by the sternum; (3) 
use of nonrestrictive ventriculotomy; (4) use of
a PTFE hood extension to the anterior leaflet
of the mitral valve to complete the exit from the
ventriculotomy into the conduit; (5) oblique
suturing of the distal suture line with poly-
propylene monofilament surgical technique;
(6) slight “stretching” of the conduit to enhance
semilunar suspension (i.e. keep conduit short 
as possible); and (7) avoiding an excessively
long ventriculotomy, which tends to flatten the
anterior mitral leaflet closure and distort the
new outflow valve.
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If extensions of the conduit are necessary,
they should usually be constructed at the prox-
imal end with pericardium. (We rarely have to
use this procedure.) If an allograft pulmonary
valve is used rather than an aortic valve, it
should be recognized that the postvalvular
segment of the allograft is shorter.4 When so
used, the pulmonary allograft requires a patch
of pericardium to close the ventriculotomy in
order to avoid distortion of the valve (analo-
gous to use of the aortic allograft anterior
mitral leaflet).

Technique

Patients are placed on cardiopulmonary bypass
utilizing dual caval cannulation. Hypothermia
and cardioplegic cardiac arrest allow optimal
visualization of the pulmonary arteries for
reconstruction during the distal anastomosis.
The proximal anastomosis is usually accom-

plished during rewarming. The conduit is
selected and thawed. It is trimmed, debulking
the muscle and leaving the anterior leaflet of
the mitral valve attached. Care is taken under-
neath the right coronary ostia where the right
leaflet base is usually close to the muscle being
trimmed (Figure 50.1).

A ventriculotomy is performed high in the
infundibulum, placed so as to avoid the coro-
nary arteries and to minimize right ventricular
dysfunction. It is extended out the main pul-
monary artery when the artery is in continuity
with the base of the heart. When there is no
main pulmonary artery continuity with the 
base of the heart, the confluence or what-
ever element of the main pulmonary artery is
present is opened longitudinally and the inci-
sion extended toward the confluence or into
either, or both, right and left pulmonary arter-
ies if necessary to relieve a stenosis. The length
of the conduit is adjusted so that the annulus 
of the allograft valve seats at the upper edge of
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Figure 50.1. Trimming the allograft. Note the 2-mm remnant (arrow) underneath the right coronary cusp.
Care must be taken when debulking the muscle in this region.



the right ventriculotomy. The distal anastomo-
sis is accomplished with a running 5-0 or 6-0
polypropylene suture or with an oblique or
beveled fashion (Figure 50.2). An end-to-end
distal technique can be used when the main 
pulmonary artery is of adequate caliber and
there is pulmonary valve atresia or side-to-side
technique when bypassing a hypoplastic but
competent pulmonary valve that exits the 
pulmonary ventricle (i.e., some continuity

exists) (Figures 50.3 and 50.4). If the native 
pulmonary valve exits the systemic ventricle,
complete division is performed and the stump
oversewn.

The proximal anastomosis is accomplished
with either a running 4-0 or 5-0 polypropylene
suture technique. The allograft should be
trimmed of excessive muscle to the point that
the fibrous skeleton can be seen. The attached
portion of the anterior leaflet of the donor
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Figure 50.2. Distal anastomosis of aortic allograft (conduit) is performed in an oblique fashion to the 
pulmonary artery for pulmonary atresia when the main pulmonary artery is reasonably well developed.



mitral valve is partially preserved, but chordal
insertions and tags are all excised. This anterior
leaflet mitral valve provides a filling point for
the PTFE hood which is used to enlarge and
smooth the outflow. The membranous septum
is usually retained on the allograft. The suture
line is begun posteriorly and run to the corner
of the anterior leaflet of the mitral valve at
either side of the annulus and secured. The
hood of PTFE is then obtained from an appro-

priate sized tube graft (usually the size of the
annulus or 2–6mm larger). The PTFE gusset is
fashioned and sutured at the far corner away
from the surgeon at the point that the annulus
and ventriculotomy and anterior leaflet of the
mitral valve meet. This is secured with a
running polypropylene suture which is then run
across the top of the anterior leaflet of the
mitral valve securing the PTFE gusset (Figure
50.4). As the other fibrous trigone is reached at
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Figure 50.3. End-to-end anastomosis in an oblique manner when pulmonary ventricular-arterial continuity
is present (e.g., valvular atresia).



the ventriculotomy point meeting the allograft
annulus, the continuous suturing is briefly inter-
rupted while any trimming and tailoring of the
PTFE hood is required. The suture line is then
completed to the edge of the ventriculotomy
where it is secured with an additional poly-
propylene suture which then leaves a limb of
that suture to be continued as continuous
suture along the PTFE hood and ventriculo-
tomy edge meeting the other suture coming
around from the far side.

When there is a native pulmonary annulus,
even hypoplastic (e.g., normally related great
arteries), the posterior allograft annulus is inset
and sewn at the level of the recipient “annulus”
(Figure 50.5). Otherwise, the ventriculotomy is

made high on the infundibulum, and the prox-
imal anastomosis is accomplished between ven-
tricular muscle and allograft (Figure 50.6). The
ventriculotomy is not made so long that there
is flattening of the entrance into the allograft.
It is kept generous so that the outflow area is
slightly larger than the annulus of the trans-
planted allograft valve. This is achieved by aug-
menting the anterior leaflet of the mitral valve
with a patch of PTFE gusset obtained from an
appropriate sized tubular graft. This technique
allows the allograft aortic valve to “sit up”
leaving a wide open outflow from the ventricle
(Figure 50.7). Retention of the allograft 
membranous septum enhances this orientation
(Figure 50.8). If there is marked hypertrophy 

462 R.A. Hopkins

Figure 50.4. Proximal anastomosis completed with a single running polypropylene suture. Note the tie on
the coronary stump.



of the ventricular muscle, undercutting can
enlarge the orifice without lengthening the 
ventriculotomy (Figure 50.9).

When operating on such lesions as truncus
arteriosus, a pledget is often placed in the
suture line beginning at the middle posteriorly,
as there is often a relative deficiency of myo-
cardial tissue and sutures have been place
nearby for ventricular septal defect closure
(Figure 50.10).

As with the use of Dacron conduits, posi-
tioning is arranged to minimize sternal com-
pression. When necessary, the left pericardium
can be incised to allow rotation of the heart to
the left. In any case, some sternal compression
is much better tolerated by the allograft tissue
than rigid Dacron conduits, and it rarely seems
to present postoperatively as the heart size
decreases.
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Figure 50.5. Positioning the allograft at the outlet from the ventricle when an annular remnant is present.
The posterior location of the sutures beginning both proximal and distal anastomoses are shown.
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Figure 50.6. Proximal anasto-
mosis to ventriculotomy when
no pulmonary annulus is present
(conduit). The distal anastomo-
sis is shown here as an end-
to-end one. The pulmonary 
arteriotomy is deviated down
the left pulmonary artery.

Figure 50.7. This drawing demonstrates the
narrowing and flattening of the ventricular
outflow orifice that occurs when the ven-
triculotomy is made too long. The horizon-
tal lines represent the dimensions of the
ventriculotomy and the ventricle lines the
height in the anteroposterior diameter of 
the allograft valve. PTFE is helpful to con-
struct a hood to lengthen and enlarge the
circular outflow to prevent compression of
the annulus and narrowing of the ventricu-
lar outflow into the allograft.
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Figure 50.8. Blow-up view demon-
strating the membranous septal
remnant, which can be used to enlarge
the proximal anastomosis.

Figure 50.9. Enlargement of the ventricular outflow by resecting hypertrophied anterior ventricular
myocardium.
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Figure 50.10. Use of a pledget at the start of the
ventricular anastomosis when there is minimal 
muscular tissue remaining. Alternatively, the allo-

graft can be sutured directly to the VSD patch at the
midpoint of the proximal anastomosis.
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Indications

Pulmonary valve replacement is usually con-
templated in adults in the setting of previous
right ventricular outflow tract surgery for pul-
monary hypoplasia or atresia. In most cases
valve insertion is for symptomatic pulmonary
insufficiency that has resulted in right ventricu-
lar dysfunction with incipient or manifest tri-
cuspid insufficiency (e.g., tetralogy of Fallot).1–6

Sizing

Sizing is easy in adult pulmonary valve re-
placements. There is a broad tolerance in the
size of aortic allografts that can be placed. An
allograft of 22–26mm is usually selected (see
Appendix: Valve Diameters). In general, the
tendency is to upsize. The conduit is chosen to
allow a large oblique distal anastomosis, and
the ventriculotomy is made to accommodate
the chosen allograft. If there are any pulmonary
arterial stenoses, they are managed at the time
of the same operation.

Technique with Aortic Allograft

The patient is placed on cardiopulmonary
bypass usually with dual caval cannulas, but a
single right atrial cannula can also be used if the
only operation to be performed is pulmonary
valve replacement. In the absence of septal

defects, cardioplegia is contemplated on the
branch pulmonary arteries. The right ventricu-
lar outflow tract is approached initially with an
incision in the proximal pulmonary artery,
which is extended across the region of the
annulus. The incision is extended into the right
ventricular muscle for a short distance (ap-
proximately 3–4cm). Any residual valve leaflet
tissue is excised. The incision is then extended
for a distance of approximately 5cm distally on
the pulmonary artery (Figure 51.1).

The prepared aortic allograft is positioned.
The distal anastomosis is accomplished in an
oblique end-to-end fashion with a running 5-0
or 4-0 polypropylene suture technique (Figure
51.2). The allograft is positioned so that the
allograft annulus is at the level of the native
pulmonary annulus.When the recipient annular
region is dilated, the positioning is similar to 
the “inlay” technique of Meisner, Hagl, and
Sebening.7

The proximal anastomosis is then accom-
plished with a single running suture begun pos-
teriorly. Each suture is run along the annulus to
the surface of the right ventriculotomy, which
usually approximates the fibrous trigone on
each side of the allograft (Figure 51.3). If the
allograft sits higher than this point, the anterior
leaflet of the mitral valve can be deviated so as
to cover a portion of this region, requiring then
an additional piece of pericardium or PTFE to
enlarge the outflow and avoid flattening.

The suture line is continued to the right and
left fibrous trigones of the allograft where they
are each secured to a horizontal mattress of the
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Figure 51.1. Incision extending from the ventriculotomy out the pulmonary artery for pulmonary valve
replacement.

Figure 51.2. Distal anastomosis for pulmonary valve replacement with an aortic allograft.



same size polypropylene sutures.This maintains
tension on the suture line while the architecture
of the outflow gussett is created by the surgeon.
A PTFE tube graft of the same size or 2–4mm
larger than the annulus of the allograft is
selected and a gusset obtained. The anterior
leaflet of the mitral valve is allowed to bow
slightly anteriorly to fully open the pathway to
the neo-pulmonary valve and it is divided at
that point as a suture line to be constructed
with the gusset near the annulus of the allo-
graft. The PTFE hood gusset is then sutured to
the far corner with the polypropylene horizon-
tal mattress suture which is tied. The arms of
the sutures are then used as continuous sutur-
ing limbs, one taking the PTFE gusset to the far
edge of the ventriculotomy and the other
coming across the anterior leaflet of the mitral
valve edge to PTFE and completing the suture
line at the level of the other fibrous trigone of

the allograft (Figure 51.4). When the allograft
is replacing a previously positioned Dacron
conduit, the latter is always completely
removed when feasible. Occasionally adher-
ence to the region of the left anterior descend-
ing coronary artery prevents full removal and
residual Dacron can be left undisturbed and 
the suture line brought underneath to the
myocardium directly.

Technique with Pulmonary
Allograft

Pulmonary allografts can be used as conduits or
orthotopic valve replacements.8 The technique
is similar to aortic allograft in the pulmonary
position except that the role of the anterior
leaflet of the mitral valve is replaced with a
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Figure 51.3. Proximal anastomosis is begun at mid-
point posteriorly or annulus to annulus “away” from
surgeon and suture line run posteriorly toward

surgeon. Hood of proximal “outflow” is constructed
from PTFE and mitral leaflet remnant and shaped as
a chevron or shield configuration.



trapezoidal patch of pericardium. This patch is
kept generous so as to not deform the annulus
of the pulmonary valve with tightening during
ventricular contractions (Figure 51.5). The dis-
tal anastomosis is usually not as oblique as with
an aortic allograft, as the amount of con-
duit available distal to the sinus ridge (tops of
commissures) of the pulmonary valve is not as
great and the elasticity and diameter of the 
pulmonary allograft is usually greater. Thus the
arteriotomy in the main pulmonary artery is
kept shorter and closer to the heart than when
an aortic allograft is utilized.

The pulmonary valve allograft appears to
function well in the right ventricular outflow
position.9 Autotransplants to the aortic position

have been reported by Ross and others to func-
tion well and with excellent durability. Thus
portending even better durability in the low
pressure position.10,11 Both Ross and McGrath
have noted that implantation of the allograft
pulmonary valve into both the pulmonary and
the aortic positions is, if anything, technically
easier than with an aortic allograft:There is less
bulk at the proximal suture line, and the wall is
thinner. An extensive series has yet to be
reported that supports the use of the allograft
pulmonary valve in the aortic position. In fact,
some authorities believe that the use of a cryo-
preserved allograft pulmonary valve in the
aortic position is contraindicated. Pieces of
cryoreserved allograft pulmonary artery tissue
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Figure 51.4. Proximal completed. PTFE to leaflet can be at homograft annulus or anywhere in the “hood”
that is convenient.



have been used to augment recipient pul-
monary arteries during reconstructions of the
pulmonary artery bifurcation and, as reported
by Ziemer and colleagues, can be combined
with an allograft pulmonary valve to accom-
plish total right ventricular outflow tract recon-
structions with allograft pulmonary tissue. The
most common use of pulmonary allografts is
now for replacement of the pulmonary valve
when the native pulmonary valve has been 
used for autograft procedures (See Section X
for discussion of the Ross operation and its
variants).

References

1. Bove EL, Kavey REW, Byrum CJ, et al.
Improved right ventricular function following
late pulmonary valve replacement for residual
pulmonary insufficiency or stenosis. J Thorac
Cardiovasc Surg 1985;90:50–55.

2. Ebert PA. Second operations for pulmonary
stenosis or insufficiency after repair of tetralogy
of Fallot. Am J Cardiol 1982;50:637–640.

3. Ilbawi MN, Idriss FS, DeLeon SY, et al. Factors
that exaggerate the deleterious effects of pul-
monary insufficiency of the right ventricular
after tetralogy repair. J Thorac Cardiovasc Surg
1987;93:36–44.

4. Misbach GA, Turley K, Ebert PA. Pulmonary
valve replacement for regurgitation after repair
of tetralogy of Fallot. Ann Thorac Surg 1983;
36:684–691.

5. Bove EL, Byrum CJ,Thomas FD, et al.The influ-
ence of pulmonary insufficiency on ventricular
function following repair of tetralogy of Fallot.
J Thorac Cardiovasc Surg 1983;85:691–696.

6. Ilbawi MN, Lockhart G, Idriss FS, et al. Experi-
ence with St. Jude medical valve prosthesis in
children:A word of caution regarding right-sided
placement. J Thorac Cardiovasc Surg 1987;93:
73–79.

7. Meisner H, Hagl S, Sebening F. Technique of
inlay allografts into the RVOT to prevent pul-
monary insufficiency. In Yankah AC, Hetzer R,
Miller DC (eds). Cardiac Valve Allografts. New
York: Springer-Verlag 1987:205–213.

8. Bailey WW. Cryopreserved pulmonary homo-
graft valved external conduits: early results. J
Card Surg 1987;2:I199–I204.

472 R.A. Hopkins

Figure 51.5. Pulmonary allograft in an orthotopic position. Ventriculotomy is completed with a pericardial
patch. End-to-end distal anastomosis for pulmonary artery in continuity with ventricle.
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The relief of associated pulmonary stenosis 
or atresia in the anomaly of corrected trans-
position (atrioventricular discordance and ven-
triculoarterial discordance) requires attention
to special anatomic features. The correction is
usually but not always associated with closure
of a ventricular septal defect.1 The position of
the conduction system mandates a different
technique for closure of a ventricular septal
defect, as well as care when performing the ven-
triculotomy for relief of the pulmonary outflow
obstruction from the morphologic left ventri-
cle.2 In general, we close the ventricular septal
defect through the defect with sutures placed
on the morphologic right side.2 It is usually
accomplished through the ventriculotomy. The
emphasis of this section is on the correct per-
formance of the ventriculotomy and construc-
tion of the allograft pathway to the pulmonary
arteries.

The conduction bundle courses anterior to
the pulmonary artery just below the annulus.
Thus a ventriculotomy placed high on the mor-
phologic left ventricle (pulmonary ventricle)
places the conduction bundle at risk. In addi-
tion, retraction of the superior border of the
ventriculotomy can induce conduction blocks.
There are usually large coronary arteries from
the circumflex coronary artery coursing across
the upper portion of this anterior (but mor-
phologically left) ventricle that must be
avoided (Figure 52.1).

Technique

The patient is placed on cardiopulmonary
bypass with bicaval cannulation. Hypothermic
cardioplegic arrest is induced. The best way to
create the ventriculotomy is to place a finger
through the mitral valve so as to palpate the
location of the papillary muscles (Figure 52.2)
and perform the ventriculotomy relatively low
on the ventricle, cutting to the surgeon’s finger
(Figure 52.3). The anterior papillary muscle is
usually located just to the right of this ven-
triculotomy.3 This technique is designed to
protect the mitral valve support, the conduction
system, and to allow adequate egress from the
pulmonary ventricle. An allograft aortic valve
conduit must be selected that is of adult size
and that has a long conduit (6cm or more), at
least to the level of the innominate artery
(Figure 52.4).An allograft this large can usually
be placed without the addition of prosthetic
material. The direct suturing of the aortic allo-
graft to the ventriculotomy is thus placed in 
a relatively low position, where the heart is
curving away from the sternum, and there is
rarely difficulty with compression of the pros-
thesis. The ventriculotomy is positioned adja-
cent and fairly far apically. Ventriculotomy is
begun and then, under direct vision, enlarged to
the point that, for a typical-sized patient, a 22
to 24mm allograft valve can be sewn to the 
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Figure 52.1. Cannulation and atriotomy for corrected transposition. Note the location of the coronary 
arteries.

Figure 52.2. Mitral papillary muscle is located by a finger placed through the atrium into the ventricle.



Figure 52.3. Ventriculotomy is made toward the apex, cutting to the surgeon’s finger to avoid the atrio-
ventricular subvalvular apparatus.

Figure 52.4. Aortic allograft conduit is
chosen with a long segment to avoid use of
prosthetic extensions. Courtesy of LifeNet
Tissue Services.



ventriculotomy. The ventricular septal defect 
is then closed as described by de Leval and 
associates.2

The allograft is prepared, leaving the anterior
leaflet of the mitral valve attached but with all
chordae and thin valve excised.Trimming of the
muscular base of the allograft valve is relatively
vigorous, but tissue underneath the fibrous
skeleton of the valve is usually left to a distance
of 2mm. The membranous septum is left
attached to the allograft. This additional mate-
rial, with the remnant of anterior leaflet of 
the mitral valve in association with an addi-
tional piece of PTFE allows suturing of the 
allograft complex to the ventriculotomy in 
such a way that it “sits up” on the ventriculo-
tomy, thereby avoiding flattening of the annulus

and enlarging the ventricular outflow proximal
to the valve.

The length of the allograft required between
the ventriculotomy and the pulmonary arteri-
otomy is assessed. If there is continuity between
the pulmonary artery and the pulmonary 
ventricle, an end-to-side anastomosis is utilized
to the main pulmonary artery in an oblique
fashion. If there is complete pulmonary valvu-
lar atresia, an end-to-end oblique anastomosis
is accomplished.

The distal anastomosis is accomplished first
with a running 5-0 polypropylene suture line
(Figure 52.5). The conduit is cut at the appro-
priate length to allow an easy reach to the ven-
triculotomy. It has not been necessary, in our
experience, to extend it into the midarch of the
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Figure 52.5. Distal native pulmonary artery to allograft anastomosis is performed first.



Figure 52.6. Proximal anastomosis in corrected transposition. This depiction illustrates retention of some
allograft mitral tissue.

Figure 52.7. Angle of entry for the needle to take advan-
tage of both the inner fibrous base underneath the valve
cusps and the fibrous rim externally on the aortic root,
which is higher than the base of the leaflet insertions.



allograft. Such extension is certainly possible,
when necessary, to avoid synthetic material
extensions. We have never needed to extend
conduits proximally or distally, purely for
length reasons as our procurement team
usually obtains the allograft aortic valve with
aorta complete to the distal arch.

After the distal suture line is completed, we
normally remove the aortic cross-clamp, per-
form de-airing maneuvers, and begin rewarm-
ing. The proximal anastomosis is accomplished
with a running 5-0 polypropylene suture tech-
nique utilizing the anterior leaflet of the mitral
valve augmented with a semicircular tubular
gussett of PTFE (Figure 52.6). Some subvalvu-
lar muscle tissue may be left on the allograft to
provide bulk to the suturing. However, care is
taken with all suture bites to enter fibrous
material (Figure 52.7).
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Stenoses in Confluent
Pulmonary Arteries

Proximal Stenosis

If a short stenosis is present near or at the mid-
point of the pulmonary artery bifurcation,
reconstruction of the confluence can be accom-
plished with primary anastomosis of the distal
allograft to the pulmonary artery. The pul-
monary artery is split through the level of the
stenosis (Figures 53.1 and 53.2). The distal end
of the allograft is slightly rounded (Figure 53.3).
The allograft is sutured to the native pulmonary
arterial tissue, with the mid-point of the allo-
graft being shifted to the point of greatest
stenosis. This anastomosis is accomplished with
running 5-0 monofilament suture technique
(Figure 53.4). Alternatively, the distal anasto-
mosis can be enlarged by cutting the distal allo-
graft somewhat obliquely in the transverse
plane to provide a “tongue” of tissue to extend
the distal anastomosis laterally. During this
procedure care must be taken to align the allo-
graft so the mitral leaflet is positioned anteri-
orly (Figure 53.5).

The “height” of the reconstructed pulmonary
artery bifurcation is also accomplished by uti-
lizing an allograft that is large (in diameter) for
the patient (e.g., 23mm allograft for a 1.5-m2

BSA individual) and by making the conduit
slightly long. This reconstruction of the bifurca-
tion with the distal conduit avoids any inter-
position of foreign material. A conduit length

distal to the aortic valve of around 6cm is
usually required for this kind of reconstruction,
and even longer conduit lengths are needed for
large individuals. By selecting longer conduits,
a proximal anastomosis can be accomplished
without the need for augmentation with pros-
thetic material.

Distal Stenoses

When stenoses occur beyond 1–2cm from the
mid-point of the pulmonary artery confluence,
deviation of the distal anastomosis to cover 
the stenoses becomes difficult. After splitting
through the length of the stenosis (Figure 53.6),
the pulmonary artery is enlarged with a patch
of pericardium constructed so as to develop
both height and width to the stenosed pul-
monary artery (Figure 53.7).

Pericardium is usually sutured with 5-0 or 
6-0 monofilament suture to the pulmonary
artery. The sutures are tied at the points at
which the “hood” leaves the native pulmonary
artery (Figure 53.8).

The distal aortic allograft is fashioned so as
to adapt to this augmentation patch, but the
allograft cutback is not exaggerated; rather,
that edge is slightly rounded (Figure 53.9),
which contributes to the height of the recon-
struction as well as bringing the allograft
conduit back to the midline. The distal anasto-
mosis is accomplished with a two-suture
running technique.

The initial suturing is begun by placing a hor-
izontal mattress suture at the junction of the

53
Reconstruction of Right Ventricular 
Outflow with Abnormal 
Pulmonary Arteries
Richard A. Hopkins

480



Figure 53.1. Stenosis extending
to the origin of the right pul-
monary artery involving the con-
fluence. The incision completely
opens the stenotic area.

Figure 53.2. The incision opens the stenosis. Note that
there is less native tissue circumferentially at the stenotic
region (arrows).
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Figure 53.3. Slight rounding of the allograft gives more tissue in the area of the stenosis for circumferen-
tial expansion.

Figure 53.4. Distal anastomosis being completed.



Figure 53.5. Oblique
distal allograft in
horizontal plane as a
“tongue” of tissue to
extend enlargement of the
right pulmonary artery a
bit more distally.

Figure 53.6. The pulmonary arteriotomy is
extended as far distally as necessary to relieve
the stenosis.
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Figure 53.8. Pericardial patch
sutures are tied. If compression
of repair seems likely between
aorta and distended PA’s, then
PTFE should be used for the
hood patch as it is a stiffer 
material.

Figure 53.7. A hood of peri-
cardium is cut to enlarge the distal
right pulmonary artery, sized gen-
erously so as to provide height at
the medial border. If space is
limited behind aorta, the aorta
should be divided and extended
with a tubular graft insert (see
Figure 53.19).
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Figure 53.9. The distal allograft is
shaped to take advantage of the
pericardial enlargement of the pul-
monary artery.

allograft, pericardium, and native pulmonary
artery and then running the suture continu-
ously along the inferior border of the anasto-
mosis. A second horizontal mattress suture is
placed at the analogous point on the upper
border of the anastomosis, and the two suture
lines are run to each other and tied (Figure
53.10). Care must be taken with this anastomo-
sis that (as for all other pulmonary artery suture
lines) the posterior suture line is particularly
well constructed with narrowly placed bites, as
it is difficult to suture any leaks later.

The proximal right ventriculotomy to aortic
allograft anastomosis is performed in the usual

fashion with 4-0 and 5-0 polypropylene set of
continuous sutures (Figure 53.11).

Hypoplastic but Confluent
Pulmonary Arteries

“Skirt” Technique

With the “skirt” technique an oval piece of 
pericardium (treated or autologous) that is gen-
erously sized is sutured with a continuous
suture to a longitudinal pulmonary arteriotomy
(Figure 53.12). This method is utilized in 



Figure 53.11. Proximal hood is
augmented with PTFE gusset.

Figure 53.10. Distal anastomosis is
accomplished with two polypropy-
lene (5-0 or 6-0) sutures, each begun
as mattress sutures at the two trian-
gulation junctures of the peri-
cardium (with the allograft and the
native pulmonary artery).
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situations where there is no main pulmonary
artery, the confluence is hypoplastic, but the left
and right main pulmonary arteries enlarge as
they approach the hila. The pulmonary arteri-
otomy is extended to the more-normal-diame-
ter arteries in the hila. The skirt of pericardium
is sutured with a continuous suture to the edges
of the arteriotomy (Figure 53.13). The size of
the oval pericardium must be generous and
actually almost approaches a circle so as to
provide “height” to the final reconstruction.
It creates an oblong “cone.” The concept of
restoration of height (surgeon’s view) to the
pulmonary artery bifurcation is important, as 
it avoids the recurrence of stenosis at the pul-
monary artery origins. Once the suture line is

completed, an incision is made in the midpor-
tion of the pericardium. A central piece of the
pericardium is excised, and this large aperture
is then sutured end-to-end to the distal aortic
allograft conduit to complete the reconstruc-
tion of the pulmonary artery bifurcation
(Figure 53.14). The proximal suture line to the
right ventriculotomy is completed in the usual
fashion (Figure 53.15).

This technique has the advantage of being
rapid and geometrically simple. It has the dis-
advantage that the aortic allograft is not
sutured directly to the native human tissue, and
an intervening piece of nonviable tissue exists.
This situation creates the possibility of calcifi-
cation and peel formation, which might lead to

Figure 53.12. Incision through the stenotic pulmonary artery confluence and sizing of the oval piece of peri-
cardium for the “skirt” technique.
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Figure 53.13. Enlargement of a stenotic pulmonary artery with a skirt of glutaraldehyde-treated peri-
cardium. Note the circumference added to the pulmonary arterial confluence.

Figure 53.14. The pericardial
skirt provides height to the
bifurcation, enlarging the origins
to the right and left pulmonary
arteries.
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Figure 53.15. Completion of the right ventricular
outflow tract reconstruction with the proximal anas-
tomosis of allograft to ventriculotomy. Proximal

hood is always augmented with PTFE cut from
tubular graft as necessary to enlarge outflow (not
shown here for clarity).

late obstruction. It often occurs when Dacron is
used in this position, but may not be as great a
problem with pericardium. Nevertheless, direct
suturing of allograft to native tissue is preferred
whenever feasible.

Pulmonary Artery Bifurcation
Allograft

Another, and to us more satisfying, technique 
for reconstructing the hypoplastic but confluent
pulmonary arteries is to utilize a pulmonary
artery allograft with its bifurcation and combine
it with a right ventricular outflow reconstruction
using an aortic allograft. An adult-sized pul-

monary artery allograft,as usually harvested,has
a right arterial length of 1.0–2.0cm,a left arterial
length of 1.5–3.0cm, and a segment of main pul-
monary artery between the sinus ridge (top of
the pulmonary valve pillars) attachments and
takeoff of the left and right pulmonary arteries
of 3–5cm. Although this pulmonary arterial
segment is often not long enough to reconstruct
the entire conduit from right ventriculotomy to
distal pulmonary arteries without the addition of
prosthetic material, it can be used to greatly
enlarge and reconstruct the patient’s pulmonary
artery bifurcation. This method has the advan-
tage of joining allograft material directly to
human tissue. It also greatly enlarges the pul-



monary artery bifurcation and utilizes the
“height principle.”As we apply the technique, it
allows use of an aortic valve allograft as the
outlet valve from the ventriculotomy and thus
primary closure of allograft material to right
ventricular native tissue.

The repair is begun just as for the pericardial
“skirt” technique, with dissection of the pul-
monary artery confluence to the distal pul-
monary arteries where adequate diameters 
are encountered.An arteriotomy is made anteri-
orly through the pulmonary artery confluence,
leaving the posterior wall intact (Figure 53.16).

The pulmonary bifurcation allograft has
been thawed and prepared. The distal right and
left main pulmonary arteries are slit with a hor-
izontal incision (Figure 53.17). The filleted allo-
graft is then sutured to the native pulmonary
arteriotomy with a running 5-0 polypropylene
suture technique (Figure 53.18). This method
uses the full circumference of the allograft 
pulmonary arteries to augment the anterior
recipient confluence, thereby enlarging the 
pulmonary artery bifurcation significantly. If
necessary, exposure of the right main pul-
monary artery is enhanced by dividing the
aorta, which can then be rejoined (Figure
53.19). (This maneuver is particularly helpful
when previous scarring, due to Dacron patch
enlargement of the right pulmonary artery,
makes dissection behind the aorta risky.)

On completion of the distal anastomosis, the
aortic cross-clamp can be removed (if cardio-
plegic arrest was utilized to enhance visibility
and decrease blood return in the pulmonary
arterial system). Matching the size of the aortic
allograft to the pulmonary allograft is not 
critical, as the anastomosis is oblique, but in
general a 1- to 2-mm larger aortic allograft is
selected to match the more elastic pulmonary
artery bifurcation. The aortic allograft can be
chosen to match the ventriculotomy and length
requirements from the right ventricle to the
pulmonary artery bifurcation so long as it is an
adult size for the BSA of the patient. The pul-
monary artery bifurcation can then be matched
to the native pulmonary arteries and the 
allograft-to-allograft anastomosis constructed.
The thawed aortic allograft is then sutured end-
to-end to the pulmonary allograft with a

running 5-0 polypropylene suture technique
buttressed with a thin felt strip (Figure 53.20).

The patient is fully rewarmed and the 
proximal aortic allograft to right ventriculo-
tomy is accomplished in the usual fashion with
a running 4-0 polypropylene suture technique
(Figure 53.21). The pulmonary valve tissue has
been totally excised, and only the pulmonary
artery distal to that tissue is utilized for the
bifurcation reconstruction.

Nonconfluent Pulmonary
Arteries

Pulmonary Artery 
Bifurcation Allograft

When the pulmonary arteries are nonconfluent,
choices exist for reconstruction. First, the pul-
monary artery bifurcation can be reconstructed
entirely with a pulmonary bifurcation allograft
with separate end-to-end anastomoses right
and left, as reported by McGrath and col-
leagues (Figure 53.22), or sewn to an aortic allo-
graft in a manner analogous to the technique
just described when the distance is great
(Figure 53.23). Second, the absent posterior
wall of native pulmonary arterial confluence
can be reconstructed primarily or with pieces of
allograft pulmonary artery and then end-to-end
anastomoses to an allograft pulmonary or
aortic valve. Finally, when the right and left 
pulmonary artery discontinuity extends from
hilum to hilum, that lengthy distance can be
spanned with a PTFE graft, which is then
sutured end-to-side to the allograft. Although
this method violates the principle of maximiz-
ing allograft to recipient tissue anastomoses, it
occasionally is the most feasible reconstruction.

The difficulty with the first method is that the
length of allograft spanning the left and right
main pulmonary arteries usually available
rarely exceeds 5cm. That method appears to be
most applicable in cases of acquired “non-
confluent” pulmonary arteries, resulting from
previous shunting procedures, and where at
least one of the arteries is relatively centrally
located so that the bifurcation can be “cheated”
to one side or the other to bridge the gap.
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Figure 53.16. Opening of the
stenotic native pulmonary artery
confluence.

Figure 53.17. Opening of
the allograft-pulmonary
bifurcation in preparation
for its use as an “onlay”
bifurcation reconstruction.
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Figure 53.19. The aorta is divided to
enhance exposure of the distal right
pulmonary artery when dense adhe-
sions prevent safe exposure, or to
extend aorta with tube graft to
increase space for PA repair and
enlargement.

Figure 53.18. Pulmonary
allograft (with valve excised)
to native pulmonary artery
reconstruction.



Figure 53.21. The proximal suture line with augmentation of ventricular outflow is completed while rewarm-
ing the patient.

Figure 53.20. An aortic allograft
containing the valve is used to
complete the reconstruction from
ventriculotomy to pulmonary
arterial allograft bifurcation.
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Figure 53.22. Pulmonary artery bifurcation graft
with end-to-end anastomoses right and left length-
ened by adding an aortic homograft. A large gusset
of either pericardium or PTFE is shown enlarging
the anterior reconstruction from the ventricle. Alter-
natively, if the distance is short, a pulmonary valved

homograft with pulmonary bifurcation left intact 
can be used similarly with separate left and right 
pulmonary artery anastomoses which are usually
bevelled (main figure) or spatulated (rather than 
circular end-to-end as depicted in the upper panel)
to enlarge and smooth the flow dynamics.
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Figure 53.23. Valveless pulmonary artery bifurca-
tion graft with split open anastomosis sewn to an
aortic valve homograft. These repairs are a spectrum

of art and craft and determined by each particular
situation including morbility of native pulmonary
arteries.



Occasionally the establishment of pulmonary
ventricle to pulmonary artery continuity re-
quires bridging a long curved pathway from 
the ventriculotomy to a deeply positioned pul-
monary artery bifurcation. Such a situation may
occur with corrected transposition (atrioven-
tricular discordance and ventriculoarterial dis-
cordance) with pulmonary stenosis or atresia 
in which the ventriculotomy must be positioned
near the apex of the anterior ventricle in 
order to avoid injury to the conduction tissue.
Another example is the rare patient with 
simple transposition (atrioventricular concor-
dance and ventriculoarterial discordance) that
requires a left ventricular apex to pulmonary
artery conduit to relieve significant left ven-
tricular outflow tract obstruction developing
after a Mustard or Senning procedure.1 A long
curved conduit may also be required in some
cases of pulmonary atresia with posterior 
and difficult to mobilize pulmonary arteries.
Although the interposition of a synthetic
conduit can provide the necessary additional
length and curvature, prosthetic material can be
avoided by proper implantation of an aortic
valve and ascending aortic allograft.

This technique requires harvest and cryop-
reservation of the ascending aorta and proxi-
mal aortic arch along with the allograft aortic
valve. The length and curvature of the ascend-
ing aorta are utilized to provide an “arching”
alignment of the conduit from the ventriculo-
tomy to the pulmonary artery. The aortic allo-
graft is usually cut distally at the level of the
innominate artery, but if extra length is neces-

sary the origins of the head vessels can be over-
sewn.The most straightforward implantation of
this “extended” aortic allograft involves anas-
tomosing the distal curved portion of the allo-
graft to the pulmonary bifurcation followed by
a proximal anastomosis to the ventriculotomy.
Because the plane of the anterior leaflet of 
the mitral valve is rotated 90 degrees from the
plane of the curvature of the ascending aorta
(Figure 54.1), the anterior leaflet is usually not
in a good position to serve as a “hood” for the
proximal anastomosis. As such, to avoid distor-
tion of the valve, it is preferable to excise most
of the anterior mitral leaflet and to utilize a
piece of pericardium to complete the anasto-
mosis. To take advantage of the anterior leaflet
of the mitral valve as well as to assure ideal
length and alignment of the “extended aortic
allograft, this author has applied a “divide 
and reapproximate” technique for this 
reconstruction.

Technique

With this modification the “extended” aortic
allograft is cut transversely just above the sino-
tubular junction (Figure 54.2).The distal portion
of the allograft is trimmed and anastomosed 
to the main pulmonary artery (end-to-side) or 
pulmonary bifurcation (end-to-end) using a
continuous suture of 5-0 polypropylene (Figure
54.3). Once the distal anastomosis is complete,
the aortic cross-clamp is removed, the heart 
de-aired and rewarming is begun. Using the
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Figure 54.1. The plane of curvature of the ascending aorta is rotated approximately 90° from the plane of
the anterior leaflet of the mitral valve.

Figure 54.2. The aortic allograft is
divided just above the sino-tubular
junction (A) A distal cut at the base
of the innominate artery (B) generally
provides adequate length for the
distal segment.

497
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Figure 54.3. The distal segment of the divided aortic allograft is anastomosed to the native pulmonary artery
in a patient with corrected transposition.

Figure 54.4. Anastomosis of proximal segment of divided allograft to ventriculotomy.
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Figure 54.5. The distal segment is trimmed and the two allograft segments are reunited in proper 
orientation.

proximal portion of the allograft, the proximal
anastomosis is performed with running 5-0
polypropylene. Now that the allograft valve has
been separated from the curvature of the
ascending aorta, the valve can be rotated so that
the anterior mitral leaflet can serve as the
“hood.” The suture line is begun poste-
riorly making certain that the long axis of the
anastomosis is aligned in the direction of the
distal segment (Figure 54.4). Once the proximal
anastomosis is completed, excess length is
trimmed from the distal segment and continuity
is re-established with a running 5-0 poly-
propylene suture (Figure 54.5). With this 
technique optimal length and alignment can be
achieved.

An alternative application of the “divide 
and reapproximate” principle places the valved
segment of the allograft distally with the long
curved aortic segment anastomosed to the ven-
triculotomy (Figure 54.6). The distal portion of
the valve may result in less valve distortion than
what occurs in the proximal position,2 particu-
larly when some degree of sternal compression
is anticipated. Whichever position is utilized,
the “divide and reapproximate” technique facil-
itates proximal and distal anastomoses, assures
optimal length and alignment and allows ideal
usage of the natural curvature of the aortic 
allograft. Accordingly, this principle can also be
applied to shorter distances between the ven-
tricle and pulmonary artery.
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Figure 54.6. Alternatively, the valved segment of the aortic allograft can be positioned distally.



Pulmonary valve allografts have been used 
successfully to reconstruct or repair the right
ventricular outflow tract in a variety of pedi-
atric cardiac conditions. One of the most attrac-
tive features of pulmonary allografts is their
versatility. Allografts are available in a wide
variety of sizes and are relatively easy to
implant because the tissue is characteristically
pliable. Allografts can be placed in critically ill
neonates and infants for whom there are
limited surgical options but whose congenital
defects require surgical attention. Pulmonary
allografts are used as a simple valved conduit
to replace an existing right ventricular outflow
tract as in a pulmonary allograft procedure,
or in the presence of pulmonary stenosis,
tetralogy of Fallot, or isolated pulmonary valvar
atresia. Bifurcated pulmonary allografts can be
used to repair stenosis or hypoplasia of the
distal main, left and right pulmonary arteries.
Complex repairs that involve de novo creation
of a functional right ventricular outflow such as
with truncus arteriosus, complex pulmonary
atresia, transposition of the great arteries, or
double outlet right ventricle are also treatable
with allograft placement. Pulmonary allo-
grafts are hemodynamically more efficient 
than mechanical prostheses, do not require 
anticoagulation that can be problematic in 
an active pediatric patient and are proving
more durable than other bioprostheses in most
patients.

Right Ventricular Outflow 
Tract Replacement with the
Pulmonary Autograft Procedure

The simplest right ventricular outflow tract 
procedure that uses a pulmonary allograft is a
required consequence of pulmonary autograft
replacement of the aortic valve. The technique
was first described by Ross in 1967 and includes
excision and transplantation of the native pul-
monary valve and varied lengths of proximal
main pulmonary artery, into the left ventricular
outflow tract using one of several techniques.1–4

Use of the Ross procedure is based on the
premise that the best available aortic valve
replacement is autologous tissue that is resist-
ant to calcification and degeneration and can
likely grow. In theory, allograft implantation
into the lower pressure right side of the heart
should result in a decreased incidence of degen-
eration and less severe consequences of failure
than with a left sided implant. Originally, Ross
described the use of an aortic allograft to 
reconstruct the right ventricular outflow tract1

but more recently, a pulmonary allograft valve
conduit is preferred.5

Indications

The pulmonary autograft is a surgical alterna-
tive for children with congenital anomalies of
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the aortic valve and/or left ventricular outflow
tract that are not amenable to balloon valvulo-
plasty or surgical valvotomy. Recent imple-
mentation of the autograft procedure as an
aortic root replacement has expanded indica-
tions for the procedure to include the presence
of endocarditis6 as well as various aortic root
pathologies such as aneurysm, dissection and
multiple level obstruction2,4 that previously
were considered contraindications. The pul-
monary autograft is not advised in the presence
of native pulmonary valve dysfunction, annulo-
aortic ectasia, Marfan’s syndrome, or autoim-
mune disease.

Perioperative Issues

The appropriate size pulmonary allograft can
be determined by patient weight prior to sur-
gery as illustrated in Figure 55.1. In most cases,
an acceptable range of sizes is estimated. An
allograft oversized by 2mm to 3mm is pre-
ferred with the pulmonary autograft procedure.
Because the ABO compatibility issue remains
unresolved, donor-recipient blood type speci-
ficity or compatibility is maintained when 

possible. During initial phases of the surgical
procedure, the chosen cryopreserved pul-
monary allograft is thawed according to pro-
cessing recommendations. Enclosed in a triple
pouch, the allograft valve is submersed in a
37°C to 42°C waterbath until all ice crystals 
are dissolved. Thawing usually takes 15 to 22
minutes. The outer pouch is dried and cut open
with scissors. The second pouch is peeled open
to expose the inner pouch that is passed asep-
tically onto the sterile field. The third pouch is
cut open and the allograft is extracted and
placed into a sterile basin that contains one liter
of 5% dextrose and lactated Ringer’s. The 
allograft is allowed to passively soak for a
minimum of five minutes to dilute the dimethyl-
sulfoxide and is then ready for implantation.

Surgical Technique

Right ventricular outflow tract reconstruction
with a pulmonary allograft is the final step of
the pulmonary autograft procedure. Through a
median sternotomy, cardiopulmonary bypass is
instituted. The diseased aortic valve is excised,
the native pulmonary valve and artery are
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Figure 55.1. Before surgery, a range of appropriate pulmonary allograft sizes can be determined by patient
weight.



removed from the right ventricular outflow
tract and implanted as a root replacement into
the left ventricular outflow tract (Figure 55.2).
A thawed pulmonary valve allograft is intro-
duced onto the surgical field and used to recon-
struct the right sided outflow tract. In general,
some or all of this portion of the procedure can
be accomplished during rewarming with the
cross-clamp off and the heart beating.

Appropriate pulmonary allograft conduit
length is determined by positioning the allo-
graft anatomically and transecting excess tissue
from the distal end. The pulmonary allograft 
is tailored to prevent tension or kinking as a
result of insufficient or excess conduit length
respectively. Distal anastomosis between the
allograft and pulmonary artery bifurcation is
performed first. Proper orientation of the allo-
graft conduit is achieved by noting its natural
curvature which should parallel the curve of the
heart and allow the allograft to bend posteri-
orly and come to rest almost precisely in the
anatomic location of the removed autograft.

Using CV-5 polytetrafluoroethylene suture, the
distal anastomosis is initiated when a double
armed stitch is taken through the left posterior
aspect of the native pulmonary artery. This end
is tagged and the other needle is passed through
the corresponding posterior portion of the allo-
graft. From within the lumen, the latter suture
end is used to continue the running anastomo-
sis rightward and posteriorly (Figure 55.3). The
allograft conduit then can be rotated and
retracted cranially for ectovascular exposure
and to facilitate eversion of the vessel wall
during the posterior portion of the anastomosis
(Figure 55.4). The allograft then is returned to
a more anatomic position. The anterior portion
of the anastomosis is begun with the previously
tagged suture arm and is continued rightward
in running fashion (Figure 55.5).The two suture
ends are tied where they meet on the rightward
anterior surface of the completed anastomosis.

The proximal anastomosis of allograft and
pulmonary outflow tract muscle is accom-
plished with the same suture material. The
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Figure 55.2. The diseased pulmonary valve had been excised. The native pulmonary valve and artery have
been transplanted from the right to left ventricular outflow tract.
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Figure 55.3. The distal anastomosis from homograft
to native pulmonary artery is performed first. A
double armed stitch through the left posterior aspect
of the pulmonary artery is tagged. The other needle

is passed through the corresponding portion of the
allograft and is continued rightward and posteriorly
from within the lumen.
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Figure 55.4. The allograft is retracted cranially to facilitate exposure and the distal anastomosis is 
continued posteriorly.
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Figure 55.5. With the allograft rotated back into anatomic position, the previously tagged suture is used to
perform the anterior anastomosis.

initial stitch is placed through the left posterior
allograft muscle cuff from inside to outside and
tagged. The other suture end is placed in the
opposing infundibular muscle and the posterior
connection is completed from inside the lumen
(Figure 55.6). The former, tagged needle is then
used to complete the anterior suture line from
outside the lumen (Figure 55.7). The anasto-
mosis is complete when the posterior suture is
encountered to the right. The patient is weaned
from cardiopulmonary bypass in standard
fashion.

Helpful Hints and/or Variations 
in Technique

— Larger pulmonary allografts than would be
chosen for other procedures are useful here.

— Proximal suture bites should include right
ventricular endocardium but should be kept
shallow to avoid the first septal branch of
the left anterior descending coronary artery.

— Knots in the polytetrafluoroethylene suture
should be fixed with a clip or separate
suture to prevent slippage.
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Figure 55.6. The proximal anastomosis between
allograft and right ventricular outflow tract muscle is
performed next. Double armed suture is placed
through the left posterior allograft muscle cuff from

inside to outside and tagged. The other needle is
placed through the opposing infundibular muscle
and the anastomosis is completed from within the
lumen.

Results with Procedure

The largest series of patients who have under-
gone the pulmonary autograft procedure are
reported by Donald Ross and his colleagues in
London and by Ronald Elkins et al. in Okla-
homa. Total follow-up in the London series is
24 years with an 80% actuarial survival and
85% freedom from replacement at 20 years
postoperative.7 The Oklahoma series offers

shorter follow-up of ten years but confirms
Ross’ conclusions thus far.8 There has been
little or no residual or recurrent left ventricular
outflow tract obstruction, or recurrent or pro-
gressive autograft insufficiency. Most impor-
tantly, autograft primary tissue failure has not
been observed. The right ventricular outflow
tract allograft also seems to be relatively
durable. Actuarial freedom from reoperation is
80% at 16 years of follow-up.9
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Figure 55.7. The suture line is continued anteriorly from outside the lumen using the formerly tagged
needle.

Alternative Techniques

Alternatives to the pulmonary autograft proce-
dure include allograft aortic root replacement
and aortoventriculoplasty or Konno procedure.
These techniques are suitable when the pul-
monary valve is significantly abnormal or in 
the presence of other contraindications to pul-
monary autografting.

Repair of Simple Right
Ventricular Outflow 
Tract Anomalies

Pulmonary allograft right ventricular outflow
tract reconstruction becomes more complex as
cardiac defects such as pulmonary valvar steno-
sis or atresia and simple tetralogy of Fallot 

are encountered. In such cases the proximal
anastomosis becomes only slightly more com-
plicated thanks to the presence of an outflow
tract, but the distal connection can require
more extensive reconstruction. Incorporation
of some or all of a bifurcated distal pulmonary
allograft is sometimes necessary to repair sur-
gically or congenitally distorted or discontinu-
ous branch pulmonary arteries.

Indications

Pulmonary allograft reconstruction of the right
ventricular outflow tract is indicated in the
presence of obstruction or discontinuity
between the right side of the heart and the 
pulmonary artery system that is sufficient to
prohibit relief without creation of excessive
pulmonary valve regurgitation. The presence 



of iatrogenic pulmonary regurgitation is of 
particular concern when increased distal pul-
monary vascular resistance that will accentuate
the severity of the insufficiency is anticipated
postoperatively. Right ventricular outflow tract
reconstruction with a pulmonary allograft often
is performed when impending right ventricular
failure is secondary to pulmonary regurgitation
following a prior surgical procedure.

Perioperative Issues

A median sternotomy is used to open the
patient’s chest. Total cardiopulmonary bypass
with bicaval and ascending aortic cannulation 
is established. Pulmonary allograft sizing and
thawing are accomplished as previously
described in the chapter. When distal pul-
monary arteries are normal and right ventricu-
lar outflow tract reconstruction is an isolated
procedure, the aorta is not routinely cross-

clamped and minimal hypothermia is used so
that regular cardiac rhythm is maintained. If
concomitant intracardiac defects such as atrial
and/or ventricular septal defect closure or
infundibular muscle resection are required,
the aorta is cross-clamped and the aortic root
injected with cold blood cardioplegia that 
is delivered in bolus doses every 20 to 30
minutes.

Surgical Technique

The pulmonary valve and annulus are evalu-
ated and intracardiac repairs accessed through
a vertical right ventriculotomy (Figure 55.8).
When annular dimensions are deemed inade-
quate, the incision is extended across the pul-
monary annulus and into the main pulmonary
artery. The pulmonary artery trunk and distal
right and left branches are evaluated and dis-
sected out as necessary. CV-5 polytetrafluo-
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Figure 55.8. A vertical right ventriculotomy provides access for repair of more complex cardiac defects such
as simple tetralogy of Fallot or pulmonary stenosis or atresia.
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Figure 55.9. The right ventriculotomy is extended
across the pulmonary annulus when annular dimen-
sions are determined inadequate. Stay sutures are

applied to opposing sides of the ventriculotomy and
retracted to expose a ventricular septal defect.

roethylene suture is used alone for primary
repair of an atrial septal defect and in conjunc-
tion with autologous pericardium for patch
repair. A ventricular septal defect (Figure 55.9)
is closed with a patch and running CV-5 suture,
both of polytetrafluoroethylene (Figure 55.10).
Final allograft preparations are made by trim-
ming excess muscle from below the valve to
minimize suture line bulk. Ideal pulmonary
allograft conduit length is approximated and
any remaining distal arterial tissue is resected
and discarded (Figure 55.11).

The recipient pulmonary artery is transected
at the appropriate level and distal anastomosis
is performed with one of three surgical options.
Two of three variations on the distal anasto-
mosis are completed with continuous running
suture of CV-5 polytetrafluoroethylene and are
begun posteriorly from within the lumen. If the
pulmonary arteries are normal, a circular allo-
graft to native main pulmonary artery connec-
tion is accomplished (Figure 55.12B). The first
suture is taken through the most posterior, left-
ward portion of the native and allograft pul-
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Figure 55.10. If a ventricular
septal defect is present, it is
closed with a patch.

Figure 55.11. The pulmonary allograft is
prepared for implantation by trimming
excess subvalvular muscle. Distal pul-
monary artery conduit is resected to the
appropriate length.



Figure 55.12. The distal allograft to pulmonary
artery anastomosis is performed with one of three
surgical options. (A) In the repair of simple right ven-
tricular outflow tract anomalies, the most common
anatomy found is unilateral distal pulmonary artery
stenosis. The restrictive area is enlarged with a flap
extension of the allograft conduit. (B) In the pres-

ence of normal distal pulmonary arteries, a circular
allograft to native main pulmonary artery anasto-
mosis is performed. (C) Separate anastomoses to
right and left pulmonary arteries is often necessary
to establish right ventricle to pulmonary artery con-
tinuity in complex right lesions.
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A

B

Figure 55.13. (A and B) To perform extension of the distal pulmonary arteries, the anastomosis is begun
posteriorly from within the lumen and proceeds leftward and rightward to meet anteriorly.

monary arteries and is continued bilaterally 
to the most anterior, rightward aspect of the
arteries. A flap extension of the allograft
conduit is used to enlarge unilateral distal pul-
monary artery stenosis that commonly is result-
ant of a systemic to pulmonary shunt on the

right or an existing stricture caused by remnant
ductus arteriosus tissue on the left (Figure
55.12A). Cardiac anatomy that requires distal
flap extension is most commonly encountered
with simple right ventricular outflow tract
anomalies (Figures 55.13A,B). When branch



pulmonary arteries are discontinuous or
severely distorted, a bifurcated pulmonary allo-
graft is anastomosed separately to the right and
left branches (Figure 55.12C). In this case, CV-
6 polytetrafluoroethylene suture is used for the
running anastomosis.

The patient is rewarmed as the proximal 
connection is begun. If the aorta was clamped,
a dose of warm cardioplegia is infused, the
clamp is removed and the myocardium is 
revascularized. The proximal anastomosis is
made by suturing the posterior allograft
directly into the recipient pulmonary valve

annulus or right ventricular infundibulum 
proximal to the valve (Figure 55.14). A shield
shaped patch is constructed of polytetra-
fluoroethylene and used to form a good from
the anterior, lateral allograft to the proximal
right ventriculotomy. Initially separate, but-
tressed, horizontal mattress sutures are taken 
at each of the two junctions where allograft,
patch and ventricular myocardium meet
(Figure 55.15). The remaining anterior portion
of the allograft is attached to the patch mate-
rial superiorly (Figure 55.16) and the remain-
der of the hood is sewn to the edges of the
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Figure 55.14. The proximal anastomosis is initiated by suturing the posterior allograft directly into the 
recipient pulmonary valve annulus or right ventricular infundibulum proximal to the valve.
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Figure 55.15. A shield shaped, polytetrafluoroethylene patch is used to form a hood from the anterior,
lateral allograft to the proximal right ventriculotomy.

ventriculotomy (Figures 55.17A, B). After the
patient is warmed, cardiopulmonary bypass is
withdrawn and decannulation is conducted in
standard fashion.

Helpful Hints and/or Variations 
in Technique

Appropriate sizing of the proximal patch is
extremely important. The patch must be large
enough both longitudinally and transversely to
allow sufficient ballooning to avoid obstruction.
However, the length of the patch edge sutured
to the proximal allograft must not be excessive

or the annulus will dilate and valve regurgita-
tion result.

Personal Results

From April 1995 through December 1996, 91
children who had a simple right ventricular
outflow tract lesion have undergone right sided
reconstruction with a pulmonary allograft in
Denver. At the time of surgery, the patients
were 12 days to 18 years of age (mean age: 5.4
years) and weighed 3.2 to 82.3kg (mean weight:
18.0kg). Diagnoses included 74 children with
tetralogy of Fallot, with or without absent 



pulmonary valve, 11 with pulmonary stenosis
and/or insufficiency and six patients with pul-
monary atresia and ventricular septal defect.
Nine children suffered hospital deaths (10%)
and one child underwent cardiac transplanta-
tion two days postoperatively secondary to
dilated cardiomyopathy and cardiac failure.
Among 81 survivors who were followed for a
mean of 5.9 years, there have been seven late
deaths (9%). Eight children (10%), all of whom

were older than 12 months of age at initial
operation, have required pulmonary allograft
replacement from 14 months to 10.3 years after
implantation.

Alternative Techniques

An alternative to pulmonary allograft conduit
repair of the right ventricular outflow tract with
an existing pulmonary annulus is transannular
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Figure 55.16. The patch is attached to the anterior allograft superiorly.
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A

B

Figure 55.17. (A and B) The sides of the hood are sewn to the edges of the ventriculotomy.

patch repair. The technique utilizes synthetic 
or autologous material to patch enlarge the 
pulmonary annulus. Transannular patching
cannot easily accommodate abnormal distal
pulmonary artery anatomy. A patch is not rec-
ommended in the presence of elevated pul-
monary vascular resistance that increases the
obligatory pulmonary regurgitation and thus
sacrifices long-term right ventricular function.

Repair of Complex Right
Ventricular Outflow 
Tract Anomalies

From the surgeon’s perspective, complex anom-
alies of the right ventricular outflow tract share
two anatomic features; the absence of a con-
nection between the right side of the heart and



the pulmonary arteries and the presence of a
ventricular septal defect. These features char-
acterize truncus arteriosus, double outlet right
ventricle, complex forms of transposition of the
great arteries and pulmonary atresia with ven-
tricular septal defect. These cardiac anomalies
are managed surgically in a similar fashion.
Repair begins with the takedown of previous
shunts or pulmonary artery bands if present,
followed by ventricular septal defect patching
to direct blood from the left ventricle into the
aorta. Extra-anatomic continuity is then estab-
lished between the right side of the heart and
pulmonary artery.

Indications

The diagnosis of truncus arteriosus is sufficient
indication for surgery. Complete repair is stan-
dard procedure soon after the diagnosis is
established. Pulmonary atresia with ventricular
septal defect often includes the complete
absence of a right ventricular outflow tract.
With the diagnosis of transposition of the 
great arteries or Taussig-Bing type double
outlet right ventricle, pulmonary allograft
reconstruction of the anatomic right side of 
the heart is indicated if complete repair is 
anticipated and arterial switch is not possible 
or desirable. In these cases, right ventricular
outflow tract reconstruction would be used in
conjunction with a Rastelli,10 Damus-Kaye-
Stansel11 or Nikaidoh procedure.12

Perioperative Issues

There is no defined right ventricular outflow
tract in complex anomalies that involve the
right ventricle to pulmonary artery reconstruc-
tion. Determination of an appropriate sized
allograft is therefore more important because
the valve usually must sit on top of the right
ventricle and might be subject to sternal com-
pression. A range of appropriate allograft sizes
is estimated according to age and physical size
of the child. An allograft near the small end of
this range is then selected. Pulmonary allograft
thawing technique is described previously in
this section.

Surgical Technique

Truncus arteriosus will be used as the repre-
sentative lesion to illustrate complex complete
repair with a pulmonary allograft. The heart is
exposed through a median sternotomy. While
the cryopreserved allograft is thawing, the
truncal root is mobilized along with its systemic
and pulmonary connections. Cardiopulmonary
bypass is established with cannulation of the
distal ascending aorta above the truncal bifur-
cation and of superior and inferior vena cavae.
Bypass is conducted in a standard fashion 
using moderate hypothermia. The aorta is
cross-clamped and pulmonary arteries are 
controlled. Cold blood cardioplegia is adminis-
tered into the aortic root or coronary sinus 
with reinfusion every 20 to 30 minutes during
repair of internal cardiac anomalies. The 
pulmonary arteries along with surrounding
orifice tissue that supplements the distal anas-
tomosis, are detached from the truncal valve.
If the pulmonary artery branches arise inde-
pendently from the main trunk with little or 
no main pulmonary artery, an increased
amount of truncal tissue is excised. The result-
ant truncal root defect is closed primarily or
with a polytetrafluoroethylene or pericardial
patch.

The heart is then incised to provide access for
intracardiac repairs using a longitudinal right
ventriculotomy (Figure 55.18).That is extended
proximally onto the free wall to expose the ven-
tricular septal defect adequately (Figure 55.19).
The defect is closed with a polytetrafluoroeth-
ylene patch and running suture of CV-5 poly-
tetrafluoroethylene to direct left ventricular
outflow into the truncus (Figure 55.20). The
anterior portion of the ventricular septal defect
patch is usually sutured to the edge of the right
ventriculotomy. An appropriately sized pul-
monary allograft is thawed. The valve conduit
is prepared for implantation by cutting a pie
shaped wedge from the posterior edge of the
subannular muscle to fit the most superior
point of the ventriculotomy (Figure 55.21). The
right ventricle outflow tract subsequently is
constructed using the thawed pulmonary allo-
graft. The distal connection between allograft
conduit and native pulmonary trunk or arteries
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Figure 55.18. Access
for complex intracar-
diac repairs is through
a longitudinal right
ventriculotomy.

Figure 55.19. The ventricular septal
defect is exposed by extending the
proximal extension of the ventriculo-
tomy onto the free wall.



Figure 55.20. A polytetrafluoroethylene patch is used to close the ventricular septal defect and direct left
ventricular outflow through the truncal valve.

Figure 55.21. A pie shaped wedge is cut from the posterior edge of the pulmonary allograft subannular
muscle.
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Figure 55.22. Beginning with the distal pulmonary allograft to native pulmonary trunk or artery anasto-
mosis, the right ventricular outflow tract is constructed.

is performed first (Figure 55.22). With running,
CV-5 or CV-6 polytetrafluoroethylene suture,
one of the three techniques described previ-
ously is performed (Figure 55.23). Separate
anastomoses to each of the left and right pul-
monary arteries are most commonly required
to establish right ventricle to pulmonary con-
tinuity in complex right ventricular outflow
lesions (Figure 55.23A). As described previ-
ously, the first stitch is placed posteriorly and
continued anteriorly and laterally to both sides
from within the lumen. From the lateral posi-
tion, the suture is brought outside the lumen
and the most anterior part of the anastomosis
is completed (Figure 55.24). The proximal allo-
graft connection is performed directly to the
surface of the right ventricle at the apex of the

ventriculotomy incision. The apex of the wedge
that was resected from the pulmonary allograft
subannular muscle is situated at the most supe-
rior point of the ventriculotomy. Care is taken
to avoid suture penetration above the allograft
annulus that might interfere with pulmonary
valve function. The connection is performed
using CV-4 or CV-5 polytetrafluoroethylene
running suture. Beginning at the apex of the
resected annular wedge, the allograft is sewn 
to the upper edge of the ventriculotomy often
including the edge of the ventricular septal
defect (Figure 55.25). Anastomosis continues
left and right to the lateral aspect of the inci-
sion and incorporates approximately 20 to 25
percent of the allograft circumference. At this
point, a rounded, kite-shaped patch cut from
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Figure 55.23. One of three surgical techniques is
used to perform the distal anastomosis. (A) The
anatomy most commonly encountered in complex
right sided cardiac anomalies includes discontinuous
or severely distorted pulmonary arteries. A bifur-

cated pulmonary allograft is anastomosed separately
to the right and left pulmonary artery branches. (B)
Circular anastomosis to the main pulmonary artery
or (C) flap extension to relieve unilateral stenosis are
other options for distal anastomosis.



55. Pulmonary Valve Allografts in Children 523

Figure 55.24. To perform the distal pulmonary allograft anastomosis, the first stitch is placed posteriorly
and continued from within the lumen, laterally and anteriorly to both sides.



524 D.R. Clarke and D.A. Bishop

Figure 55.25. The wedge that was resected from the
pulmonary allograft subannular muscle is fit over the
most anterior point of the ventriculotomy. Beginning

at the wedge apex, the allograft is anastomosed to
the upper edge of the ventriculotomy.
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Figure 55.26. After the proximal allograft to ven-
triculotomy suture line has continued right and left
to include approximately 30 percent of the allograft

circumference, a kite shaped polytetrafluoroethylene
patch is incorporated into the anastomosis.

polytetrafluoroethylene material is incorpo-
rated into the anastomosis as a hood to com-
plete construction of the right ventricular
outflow. Pledgetted sutures are used to initiate
and reinforce the points where allograft, ven-
tricle and patch intersect bilaterally (Figure
55.26). The patch allograft anastomosis is 
completed anteriorly (Figure 55.27) and the
patch to right ventricular anastomosis is con-
tinued down both sides of the ventriculotomy
(Figure 55.28) until they meet at the most infe-
rior point of the ventriculotomy (Figure 55.28)
and the suture is tied off. Patch size and shape
should be cut generously since both can be
modified to fit more exactly during the anasto-
motic process (Figure 55.29). As the proximal

attachment progresses, the patient is rewarmed
slowly. Warm blood cardioplegia is injected 
and the aortic cross-clamp is removed. After
rewarming is complete, cardiopulmonary
bypass is discontinued and the surgery is con-
cluded in standard manner.

Helpful Hints and/or Variations 
in Technique

One must note that although the use of pul-
monary allografts is recommended for right
ventricular outflow reconstruction, aortic 
allografts occasionally are used if additional
conduit length is required or if very high distal
pulmonary resistance is anticipated.
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Figure 55.28. Suture lines con-
tinue down each side to complete
the patch to ventriculotomy 
connection.

Figure 55.27. The polytetrafluoroethylene
patch is anastomosed to the anterior portion
of the proximal pulmonary allograft.



Personal Results

At the Children’s Hospital and the University
of Colorado Health Sciences Center in Denver,
122 children have undergone pulmonary allo-
graft reconstruction of complex right ventricu-
lar outflow tract anomalies from April 1995 to
December 1996.At the time of surgery, patients
ranged in age from six days to 17.3 years (mean
age: 3.2 years). Preoperative diagnosis was pul-
monary atresia with no right sided outflow tract
and a ventricular septal defect in 45, truncus
arteriosus in 38, transposition of the great arter-
ies in 23, double outlet left or right ventricle in
15 patients and aortic atresia with hypoplastic
arch and ventricular septal defect in one 
child. There were 16 early deaths (13%). One-
hundred-and-six operative survivors have been
followed a mean of 4.5 years with 14 late deaths
(13%) and two cardiac transplants, none of
which were allograft related. Eleven children
(10%) have required surgery to replace their

original cryopreserved pulmonary valve due to
allograft fibrocalcification and degeneration.
The remaining allograft recipients are clinically
well.

Alternative Techniques

If an extracardiac conduit is required to re-
pair a complex anomaly of the right ventricular
outflow tract, alternatives to the use of a pul-
monary allograft are limited. Aortic allografts
continue to be used but pulmonary allografts
generally considered more durable in the right
ventricular outflow tract because they have
proven less prone to calcification and degenera-
tion.13,14 The use of cryopreserved aortic valves
is usually reserved for cases in which a longer
conduit is necessary than is available on allo-
grafts. Xenograft bioprosthetic valved synthetic
conduits are an option for some infants and
children. Xenografts in children, however,

55. Pulmonary Valve Allografts in Children 527

Figure 55.29. The suture are tied off where they intersect at the most inferior point of the ventriculotomy.
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exhibit early calcification and degeneration,
formation of intimal peel within the synthetic
conduit, and their rigidity can cause native 
pulmonary artery distortion and cardiac or
coronary compression.15,16 Stentless xenografts
might be useful in reconstruction of the right
ventricular outflow tract but to date, they have
not been evaluated adequately. Non-valved
conduits have been used to provide continuity
between the right ventricle and pulmonary
artery in neonates.17 The repair can be disad-
vantageous in the early postoperative period
when elevated neonatal pulmonary vascular
resistance can increase pulmonary regurgita-
tion and lead to right ventricular failure.

Conclusion

Pulmonary allograft valve conduits facilitate
repair of a variety of right ventricular outflow
tract congenital defects from simple to
complex. Primary repair of congenital cardiac
disease at all levels of complexity in neonates
and infants is the generally preferred method
of treatment. Early repair reduces detri-
mental affects on the heart and contributes 
to more normal development of the lungs18

and brain.19
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Truncus arteriosus (persistent truncus arterio-
sus, truncus arteriosus communis, common aor-
ticopulmonary trunk) is a congenital cardiac
malformation that involves the ventriculoarte-
rial connection in which a single outlet is
present. It is characterized by the presence of a
single semilunar valve annulus as the only exit
from the heart, a subarterial ventricular septal
defect, and the absence or severe deficiency of
the aortopulmonary septum. Two related but
different malformations are aortopulmonary
window and subarterial ventricular septal
defect.

Anatomy and Classification

In 1949, Collett and Edwards1 proposed a clas-
sification system based on the arrangement of
the origins of the pulmonary arteries from the
truncal artery (Figure 56.1). The classification
proposed by Van Praagh and Van Praagh2 also
includes cases with a single pulmonary artery
and various degrees of development of the
ascending aorta and ductus arteriosus. In the
Collett and Edwards Type I truncus, the pul-
monary arteries arise from a common pul-
monary trunk that originates from the truncus.
In Type II, the right and left pulmonary arter-
ies arise close together from the dorsal wall of
the truncus arteriosus. In Type III, the proximal
arteries arise separately from the lateral as-
pects of the truncus. In Type IV, the proximal
pulmonary arteries are absent and pulmonary

blood flow originates from the multiple aorti-
copulmonary collateral vessels.

In practice, the distinction between Types I,
II, and III truncus is imprecise, and the actual
existence of Type III truncus with lateral origins
of the pulmonary arteries is questioned.3 The
Type IV classification of Collett and Edwards
should be replaced by the more precise desig-
nation, pulmonary atresia with ventricular
septal defect. Also the term pseudotruncus
should be replaced by the more descriptive des-
ignation of a condition characterized by pul-
monary atresia and patent ductus arteriosus.3

Morphologically, the arterial trunk or truncus
is large or larger than a normal aorta and arises
as a solitary vessel from the base of the heart.
The coronary and pulmonary arteries arise
from this truncus. The truncus originates 
from both ventricles but usually overrides the
septum to lie more over the right than over the
left ventricle. Although the ventricular septal
defect usually is directly subarterial, in our own
series we have seen patients with a marked
degree of override of the ventricular septal
defect, such that the truncal artery emerges
predominately from the right ventricle.

In general, the ventricular septal defect asso-
ciated with truncus arteriosus is in the anterior
septum, confluent with the truncus, and the atri-
oventricular bundle is posterior and unrelated
to the rim of the ventricular septal defect. If the
ventricular septal defect is related to the mem-
branous septum, the atrioventricular bundle
may be close to the ventricular septal defect
and susceptible to surgical injury. In truncus, the
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conduction system varies in its course and is
related to the location of the ventricular septal
defect and its relationship to the membranous
septum.4 The ventricular septal defect may be
close to or related to the membranous septum,
and the atrioventricular bundle and the begin-

ning of the bundle branches may be vulnerable
to surgical injury.5

Although coronary arteries usually arise
from orifices in the truncal valve sinuses of Val-
salva in a position close to the normal one (left
arising posteriorly into the left and right arising
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Figure 56.1. Anatomic types of truncus arteriosus
from Coletti and Edwards’ classification, beginning 
at upper left and continuing clockwise. In Type I
truncus the pulmonary arteries arise from a common
pulmonary trunk that originates from the truncus. In
Type II, the right and left pulmonary arteries arise

close together from the dorsal wall of the truncus.
In Type III, the pulmonary arteries arise separately
from the lateral aspects of the truncus. In Type IV,
the proximal pulmonary arteries are absent and 
pulmonary flow is derived from aortopulmonary 
collateral vessels.



anteriorly), variations in coronary anatomy
have been reported.2,6–10

The pulmonary arteries usually originate just
downstream from the truncal valve, on the left
posterior lateral aspect of the truncus, although
true lateral, true posterior and true anterior
origins have been described.8 There is often 
a single orifice that soon divides into right 
and left pulmonary arteries (Type I of Collett
and Edwards). Less commonly, the pulmonary
arteries have separate orifices (Type II of
Collett and Edwards).These 2 types account for
86% of cases in the Barratt-Boyes series.11 The
pulmonary arteries may arise from the ascend-
ing aorta, the descending aorta, the innominate
artery or the ductus arteriosus.

The morphology of great arteries varies in
both pulmonary and aortic pathways, and the
pattern of the aortic arch has considerable sur-
gical significance. If the aortic arch is inter-
rupted, it is usually at the level of the isthmus,12

but sometimes proximal to the origin of the left
subclavian artery. In either case, the descending
aorta is supplied by the ductus arteriosus, and
indeed exists as a continuation of the ductus
arteriosus. Truncus arteriosus with aortic arch
interruption is found in up to one-fifth of
autopsy series.2,6,7,12 More recently, Bove and
associates found interrupted aortic arch in 5 of
46 patients, and Hanley and associates found
interrupted aortic arch in 6 of 63 patients.9,13

The truncal valve is posterior and inferior in
position but still points more anteriorly than
the normal aortic valve.12 There is fibrous con-
tinuity between the posterior leaflet and the
anterior mitral valve leaflet.12 The truncal valve
usually has three cusps but may have two to six
cusps. In one series, truncal valve incompetence
was severe in 6%, moderate in 31%, and absent
to minimal in 63% of cases.14 Although dys-
plastic truncal valves have been seen with some
frequency in autopsy series,15 it was formerly
felt that it did not pose a major problem in sur-
gical repair in infancy.8 More recently, however,
one series showed truncal valve regurgitation
severe enough to require truncal replacement
in 5 of 46 patients, 3 of whom also had signifi-
cant systolic pressure gradient.9 In our own
series, we have encountered severely dysplastic
truncal valves in 2 recent patients, both of

whom had interrupted aortic arch concomi-
tantly. The truncal valve gradient in each of
these patients was in excess of 100mmHg.

The pathophysiology of truncus arteriosus is
that of a large left to right shunt at a ventricu-
lar or great artery level, with a high ratio of
pulmonary to systemic blood flow (Qp/Qs).
Systemic pressures usually exist in the right
ventricle and pulmonary arteries. There is
increased pulmonary vascular resistance (2 to 4
Wood units/m2) from birth. Rarely does truncal
valve stenosis or a restrictive ventricular septal
defect modify this hemodynamic pattern.
Through infancy, pulmonary vascular resistance
increases progressively with a gradual decrease
in arterial oxygen saturation.4

The first successful correction of truncus
arteriosus was done in 1962, but was not
reported until 12 years later.16 The first report
of a successful repair was by McGoon and asso-
ciates17 and an additional case was reported was
reported by Weldon and Cameron.18 The first
successful conduit repair in an infant was done
by Barrett-Boyes in 1971.19 With some techni-
cal modifications, the technique described by
McGoon3 for complete correction is used 
currently.

Total surgical correction involves closure of
the ventricular septal defect and establishment
of continuity between the right ventricle and
pulmonary artery by using an extracardiac
conduit. In the earlier descriptions of total cor-
rection, the extracardiac conduit was invariably
a tube of synthetic material, with or without
interposition of a porcine valve. The pseudoen-
dothelialization of the conduit and the rapid
degeneration of the porcine valve became 
recognizable features of early repair and
inevitable replacement of the extracardiac
conduit, usually within two years of placement,
became a well established component of cor-
rection of truncus arteriosus in infancy.20 The
advent of homografts and allografts has largely
supplanted the use of Dacron conduits in the
early correction of truncus arteriosus.

The operation is done through a median 
sternotomy incision. After entry into the peri-
cardium and creation of a pericardial cradle, the
aorta and pulmonary arteries are dissected.
The patient is cannulated for cardiopulmonary
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bypass with the aortic cannula placed just prox-
imal to the innominate origin. In infants in
whom circulatory arrest is anticipated, a single
atrial cannula is used. Otherwise, dual caval
cannulation with maintenance of cardiopul-
monary bypass is preferred. Venting of the left
ventricle is desirable to prevent overdistension
as the patient is cooled. If ventricular fibrilla-
tion has ensued as the patient is cooling, the left
ventricle can be vented by simply placing a
cannula across the foramen ovale or atrial
septal defect. Coronary anatomy is assessed
(Figure 56.2).

After bypass has begun, the patient is cooled
to a rectal temperature of 20°C which provides
latitude for further cooling if circulatory arrest
becomes necessary. During cooling, it is desir-
able to occlude blood flow to the pulmonary
arteries to prevent flooding of the lungs and
overdistention of the left atrium and ventricle.
It is also necessary to occlude flow to the pul-

monary arteries during instillation of cardio-
plegic solution.

After the aorta is cross-clamped, the pul-
monary arteries are detached from the truncal
artery and the defect in the truncal artery is
closed (Figure 56.3). Closure must be done so
that distortion of the truncal valve is avoided.
Placement of a patch rather than a primary
closure may be necessary. It is desirable to leave
intact as much proximal length of the truncal
artery as possible to prevent distortion of the
coronary ostium and possible distortion of the
truncal valve.

When the coronary artery pattern over the
right and left epicardium has been defined, a
longitudinal or transverse incision is made in
the right ventricular infundibulum. It is not 
necessary to excise any right ventricle free wall
to accommodate the anastomosis between the
right ventricle and the extracardiac conduit.
After creation of the ventriculotomy, the 
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Figure 56.2. Upon identifying and obtaining control
of the pulmonary arteries, the coronary anatomy is
carefully inspected, and a site for the right ventricu-

lotomy chosen that will not compromise coronary
circulation.
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Figure 56.3. Immediately following establishment
of cardiopulmonary bypass, the pulmonary arteries
are occluded. Core cooling is accomplished, and the
truncal artery is cross-clamped. Following adminis-
tration of cardioplegic solution, the pulmonary arter-
ies are then detached from the truncal artery.
Occasionally, reconstruction of the pulmonary artery
confluence is required. The defect in the truncus

created by detaching the pulmonary arteries is then
repaired. Previous illustrations have always depicted
a primary closure of the defect in the truncal artery.
This may result in distortion of the truncal valve or
coronary ostia. Consequently, a patch of allograft
may be utilized to preserve the three-dimension
geometry of truncal artery.



ventricular septal defect is usually easily seen,
because it involves the infundibular septum.
When there is considerable override of the ven-
tricular septal defect and leftward displacement
of the ventricular septal defect, it may become
necessary to enlarge the ventricular septal
defect in order to accommodate unrestricted
outflow from the left ventricle into the neo-
aorta. The ventricular septal defect is closed

with a synthetic patch, using either a continu-
ous running or interrupted technique (Figure
56.4). A continuous 4-0, 5-0 or 6-0 polypropy-
lene suture with a tightly curved needle is 
preferred by the author.

Alternatively, a 5-0 braided polyester suture
with small pledgets may be placed in an inter-
rupted horizontal mattress fashion. The suture
line should remain on the right ventricular
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Figure 56.4. A right ventriculotomy may be carried
up to the annulus of the truncal artery. The ventric-
ular septal defect should be readily visible immedi-
ately beneath the truncal valve. Illustrated is a patch
closure of the ventricular septal defect utilizing a

running continuous suture. Mattress sutures with
small Teflon pledgets may also be utilized for this.
For the patch, I prefer Dacron Sauvage, the porosity
of which gradually diminishes throughout the post-
operative period.



aspect of the ventricular septal defect. The
cephalad margin of the suture line may be
anchored to the epicardium and myocardium of
the cephalad margin of the ventriculotomy.

After closure of the ventricular septal defect,
an extracardiac conduit is selected. Because of
the increased pulmonary vascular resistance or
neonatal pulmonary arterial pressures, a valved
conduit usually is necessary, although correc-
tion of truncus arteriosus in neonates with 
non-valved conduits has been reported.21,22 The
valved conduits became commercially available
in the 1970s, and are supplied by several man-
ufacturers in sizes ranging from 12 to 30mm.
These conduits usually give an excellent result,
but the valve component of the conduit degen-
erates rapidly and must be replaced within 2
years in approximately 50% of the patients.20

Aortic and pulmonary homografts preserved
with the various techniques have been used,
even before the advent of commercially avail-
able conduits. With earlier preservation tech-
niques, homografts tended to calcify, and their
use was abandoned in most institutions.23 Other
groups who used homografts have remained
enthusiastic about them.24

Unlike the disappointing results obtained
with synthetic valved conduits in small infants,
results have improved considerably with the
use of allografts as cryopreservation techniques
have been improved. Within the past 5 years
there has been a resurgence of interest in 
cryopreserved human aortic and pulmonary
homografts, although the long-term durability
of these conduits remains to be seen. In a recent
report, small pulmonary allografts (7–9mm in
diameter) were found to last longer than com-
parable aortic allografts.25

The conduit that is selected should be
trimmed to an appropriate length by estimating
the distance from the ventriculotomy to the
transected pulmonary arteries. The length
should be such that the conduit is neither
redundant nor subject to compression by the
sternum.The anastomoses should also be under
no tension and should not compress the left
coronary artery (Figure 56.5).

The pulmonary anastomoses should be 
done first. The author uses a continuous suture
technique with fine polypropylene suture. The

origins of the pulmonary arteries may be
enlarged with pericardial patches or by spatu-
lating the pulmonary end of the valve conduit.

The ventricular anastomosis is accomplished
by similar technique. Care must be taken to
avoid distortion of the conduit, and synthetic
conduits may be beveled for this purpose. If an
aortic homograft is used, the anterior mitral
valve leaflet may be used as a gusset. I have not
personally found this to be particularly useful
as the tissue is usually fairly thin, somewhat
friable, and almost invariably deficient. Alter-
native materials for proximal augmentation
include pericardium or synthetics, usually
Dacron or PTFE. Pericardium has the addi-
tional disadvantage of being prone to aneurysm
formation if there is any downstream resistance
in the pulmonary circulation. Dacron is felt by
some groups to predispose the allograft to early
calcification and degeneration. Whatever 
material is used, adequate outflow from the
right ventricle into the pulmonary circulation is
essential. Insufficient augmentation of the
proximal portion of the conduit will result in
distortion of the pulmonary allograft and 
compression, which invariably leads to early
replacement. The ventricular anastomosis may
be done with the aorta still cross-clamped, or
may be done during rewarming with the aorta
unclamped and heart beating.

A surgical technique for treating the combi-
nation of interrupted aortic arch and truncus
arteriosus was proposed by Hanley.13 Because
of the need to reconstruct the aortic arch, this
procedure should be performed using profound
hypothermia and circulatory arrest.

The presence of truncal valve insufficiency
complicates the surgical procedure and should
be assessed. Mild insufficiency may be toler-
ated, but the ventricle should be well vented
and should not be allowed to overdistend. More
severe truncal valve insufficiency may not be
amenable to valvuloplasty, and may require
valve replacement.9,26 Good results may
nonetheless be achieved with an aggressive
approach.

We have recently encountered in our prac-
tice several patients with a combination of
truncus arteriosus, severe truncal valve stenosis,
and interrupted aortic arch.These patients have
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been treated with a combination of truncal
valve replacement (neo-aortic root replace-
ment), with reattachment of the coronary arter-
ies, anastomosis of the distal end of the allograft

to the proximal descending thoracic aorta,
and reattachment of the interrupted arch con-
taining the head and neck vessels to the cryo-
preserved allograft. The remainder of the
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Figure 56.5. Following closure of the ventricular
septal defect and reconstruction of the truncal artery,
right ventricular to pulmonary arterial continuity is
established using either an aortic or pulmonary arte-
rial allograft. The lower panel demonstrates use of
an aortic allograft in which the anterior mitral valve
leaflet has been preserved and is utilized in the anas-
tomosis of allograft to right ventricle. While this is
technically an attractive maneuver, utilization of the
anterior mitral valve leaflet has been associated with

false aneurysm formation if there is downstream
obstruction to pulmonary blood flow, from branch
pulmonary arterial stenoses. The upper panel
demonstrates preservation of the same geometry uti-
lizing a proximal hood of synthetic material. For
some time, we have preferred polytetrafluoroethyl-
ene (PTFE), as there is some evidence that allograft
degeneration is lessened if PTFE, as opposed to
Dacron, is utilized for the proximal hood.



operation is then completed in a usual Rastelli-
type manner (Figures 56.6 and 56.7).

One patient with severe truncal valve steno-
sis and interrupted aortic arch also had what
was felt to be a restrictive ventricular septal
defect with marked override of the truncal
valve, such that there was concern over whether
or not the patient would ever be a candidate 
for a biventricular correction. This patient was
treated with replacement of the truncal valve,
reattachment of the coronary arteries, enlarge-
ment of the ventricular septal defect at the time
the valve was replaced, established of continu-
ity between ascending and descending aorta
using the cryopreserved allograft, and reattach-
ment of the aortic arch containing the head and

neck vessels onto the cryopreserved allograft
(Figures 56.8 and 56.9).A patch enlargement of 
the pulmonary artery confluence was accom-
plished, and a systemic to pulmonary arterial
shunt (modified Blalock-Taussig) performed to
both provide for and control pulmonary circu-
lation (Figure 56.10). This patient was later
reassessed, and underwent completion of the
Rastelli type repair at 11 months of age by
closing the ventricular septal defect, and estab-
lishing right ventricular to pulmonary arterial
continuity, with takedown of the modified
Blalock-Taussig shunt. A staged approach was
utilized in this patient because of concern over
the size and location of the patient’s ventricu-
lar septal defect. With enlargement of the ven-
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Figure 56.6. Interruption of the aortic arch distal to
the left subclavian artery is depicted in this illustra-
tion. The dotted lines represent possible areas of
transection of the truncal artery, proximal aortic

arch, and junction between ductus arteriosus and
proximal descending thoracic aorta, in preparation
for interposition of an allograft as a valveless
conduit.



tricular septal defect, this proved to be non-
restrictive, and a non-restrictive intracardiac
conduit could be placed. This procedure is 
illustrated.

Because truncus arteriosus is relatively rare,
few large series of patients have been des-
cribed. One must be aware of the age of
patients included in the series reports as well as
the inclusion of patients who have coexistent
anomalies or extracardiac valve conduits for
other reasons.

A large review of results of surgical repair for
truncus arteriosus as a discrete entity was pro-
vided by Marceletti and associates at the Mayo
Clinic.27 The initial report of 92 patients was
later expanded to 100 patients28 and then to 167

patients.14 Marceletti’s report described a 25%
mortality rate within 30 days of operation, and
noted that mortality was correlated with the
age of the patient at the time of the repair;
patients younger than 2 years had a higher risk.
These results have changed dramatically over
the years.

A more recent and encouraging experience
was described by Ebert and associates20,29 who
reported an 11% mortality rate for repair of
truncus arteriosus in 56 infants younger than 
6 months of age. They also reported that 50%
of the conduits were replaced within 2 years of
operation, but note mortality was associated
with conduit replacement. The conduits that
were used in these patients were commercially
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Figure 56.7. Interruption of the aortic arch between
the left carotid and left subclavian is depicted in this
illustration.The dotted lines represent possible areas

of transection of the truncal artery, proximal aortic
arch, and ductus arteriosus in preparation for inter-
position of an allograft as a valveless conduit.



available synthetic conduits with porcine
valves. This series demonstrated the value of
early corrective operation. Excellent results
have been reported with neonatal correction by
two groups.9,13 Repair should be accomplished
once the diagnosis has been established in the
neonatal period.

Incremental risk factors identified in the
combined experience of the University of
Alabama in Birmingham and Green Lane 
Hospital in Auckland, New Zealand included
the following:11

1. Poor preoperative clinical status
2. Important truncal valve incompetence
3. A previously placed pulmonary artery band
4. Younger age
5. Pulmonary vascular disease
6. Earlier date of operation
7. Major co-existing cardiac anomalies (this 

is not supported by multivariate statistical
analysis)

In a more recent series, according to both
univariate and multivariate techniques, severe
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Figure 56.8. The dysplastic and stenotic valve has
been excised and the coronary arteries have been
detached. The proximal truncal artery has been uti-
lized in reconstructing the pulmonary artery conflu-
ence. To preserve the geometry of the pulmonary
artery confluence and avoid producing a gull-wing
deformity, patches have been used to repair the

defect created by transection of the truncal artery
proximal and distal to the origins of the pulmonary
arteries. Pericardium, allograft, or synthetic materi-
als may be used as patches. The insert depicts
opening of the aortic arch longitudinally along its
entire length.



truncal valve regurgitation, interrupted aortic
arch, coronary artery anomalies, and age at re-
pair greater than 100 days were important risk
factors for perioperative death. In the 33 pa-
tients without these risk factors, early sur-
vival was 100%. In the 30 patients with one or
more of these risk factors, survival was 63%.
Pulmonary hypertensive episodes were fewer,
and duration of ventilator dependence and pul-
monary artery pressure were significantly less
in patients undergoing the operation before 30
days of age.Advances in surgical technique and
better understanding of neonatal physiology

mean that young age at repair is no longer an
incremental risk factor for death. Repair in the
early neonatal period clearly reduces the preva-
lence of postoperative pulmonary vascular
morbidity.13

The pulmonary vascular structure in a large
group of children with various congenital
anomalies, including a large group with truncus
arteriosus was studied by Juaneda and
Haworth30 by using quantitative morphometric
techniques. These studies showed abnormal
extension of muscle, increased pulmonary arte-
rial medial thickness, and intimal proliferation
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Figure 56.9. The distal portion of the aortic allograft
has been anastomosed to the proximal descending
aorta. 6-0 or 7-0 polypropylene is utilized for this
anastomosis. The proximal portion of the allograft
has been anastomosed to the truncal valve annulus
and the coronary arteries reattached. 5-0 or 6-0

polypropylene is used for the valve anastomosis and
7-0 polypropylene is used to reimplant the coronary
arteries. The aortic arch is reattached to a longitudi-
nal arteriotomy in the allograft using 6-0 polypropy-
lene.The reconstructed pulmonary artery confluence
is posterior to the allograft.



even in infants less than one year of age with
truncus arteriosus. Even in the presence of
increased pulmonary vascular resistance (>8
woods units/m2), the changes were potentially
reversible in infants. These studies strongly
support early intracardiac repair.

The natural history of truncus arteriosus is
such that only approximately 10% of patients
born with truncus survive to 1 year of age
without operative intervention. Early definitive
correction is clearly the approach of choice.The
advent of cryopreserved aortic and pulmonary
artery allografts has contributed significantly to
the improved survival statistics.
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The spectrum of pulmonary atresia with ven-
tricular septal defect, nonconfluent or absent
central pulmonary arteries with multiple major
aortopulmonary collateral arteries (MAPCAs)
presents a significant surgical challenge. Com-
plete repair requires unifocalization of all 
available segmental and lobar pulmonary blood
supply so that a central pulmonary ventricle 
to pulmonary arterial reconstruction can be
created. When central pulmonary arteries are
not merely nonconfluent but actually absent,
there are additional surgical challenges as the
central main pulmonary arteries need to be
created. When there are central pulmonary
arteries, unilateral reconstructions are usually
staged with the intention of encouraging pul-
monary artery growth as well as eliminating
dual blood supplies and the recruitment of seg-
ments dependent upon only collateral arteries
into the central circulation prior to the final
correction. Currently, neonatal unifocalization
with complete repair is the approach of choice
(See next chapter). Such neonatal corrections
are most successful when the number of seg-
ments receiving separate multiple aortopul-
monary collateral arteries are relatively few
and particularly when at least one lung is
limited to only one or two MAPCAs. Patients
requiring complex unifocalizations sometimes
do not present to the surgeon during the neona-
tal stage of life (as they are often neither in
failure or cyanotic), and staged procedures are
usually needed in the older children.

We have used cryopreserved valveless pul-
monary homografts for hilar reconstructions

and unifocalizations as staged procedures prior
to completing the central reconstruction with a
valved homograft.1 We have also used PTFE
grafts for portions of the repairs and as the
conduit of choice for any systemic to pul-
monary artery connections.

Technique

In the typical case presented here, the child had
three primary MAPCAs supplying the right
lung and two primary MAPCAs supplying the
right lung and absent central pulmonary arter-
ies. Figure 57.1 shows the anatomy prior to any
correction. The first stage operation consists of
a left thoracotomy and a valveless pulmonary
bifurcation cryopreserved homograft is thawed
and sewn into side to arteriotomies in each of
the major aortopulmonary collaterals. In this
case, the MAPCA was left attached to the aorta
with a snare which was later tied at the final
operation. Alternatively a PTFE 6mm tubular
graft could have been placed as a modified
Blalock to the allograft and ligated at the final
operation. This is a long beveled anastomosis
utilizing the “legs” of the bifurcation graft
trying very hard to extend the anastomosis 
well out into the hilum into presumably more
normal pulmonary arterial wall than just a
MAPCA. The main pulmonary artery trunk is
positioned (Figure 57.2). The pulmonary valve
has been excised from the cryopreserved graft
and the main pulmonary artery oversewn. This
is tacked to the pericardium anterior to the left
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phrenic nerve so the recovery at the final oper-
ation is simplified. The second stage is demon-
strated in Figure 57.3 which shows the creation
of a systemic to pulmonary artery shunt to the
right pulmonary artery and the creation of uni-
focalization with another pulmonary artery
bifurcation graft which includes anastomoses to
all three MAPCAs and again placing the main
pulmonary artery trunk of the unifocalization
homograft anterior to the right phrenic nerve
and tacked to the pericardium.

Figure 57.4 demonstrates the final correction.
There are a number of important features. First,
the systemic pulmonary artery blood flow

sources are ligated.The ascending aorta must be
divided and lengthened with a Dacron graft to
provide space in the retroaortic position for pul-
monary arteries. This space does not exist in
these patients in the absence of pulmonary
arteries because no such space ever developed.
Central pulmonary artery tubular reconstruc-
tion is best performed with either a homograft
tubular graft or with PTFE and this should be at
a minimum 14mm in diameter and preferably 
18mm to approximate an adult size. This tube
graft spans from one hilum to the other by
attaching to the anteriorly located centralized
pulmonary bifurcation grafts on either side.
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Figure 57.1. Anatomy of pulmonary atresia with absent central pulmonary arteries with complete pul-
monary blood supply being provided by MAPCAs.



This is then connected to the right ventricular
outflow tract with a homograft valve containing
conduit with an augmented outflow tract patch
utilizing the anterior leaf of the mitral valve and
PTFE. If aggressive twists and curves are
needed for this midline spanning graft, then we
utilize collagen impregnated Dacron tube grafts.

Variations

1. Occasionally it is easier to reconstruct the
hilum with PTFE and in this case, the central
PTFE graft can be sewn end-to-side to the hilar

reconstruction with the PTFE on that side and
on the other side to a valveless pulmonary bifur-
cation graft.

2. Lengthening the aorta is critical and 
must be adequate to avoid compression to this
central spanning graft. Collagen impregnated
Dacron is usually the material of choice for
aortic lengthening.

3. When done as a staged procedure, it is
optimal to perform the first two stages as thora-
cotomies so as to leave the central mediastinum
free of adhesions for the final correction.

4. The valveless pulmonary bifurcation
grafts must be anteriorly located as they can be

546 R.A. Hopkins and E.H. Austin, III

Figure 57.2. Left pulmonary
arterial reconstruction is per-
formed first. In this case, a staging
procedure was performed leaving
a MAPCA attached to the aorta
with a snare that was later tied.
This provided “shunt flow” to
maintain patency of the recon-
struction. A pulmonary artery
bifurcation graft with the valve
excised is used to reconstruct the
hilar vessels, attaching it to the
MAPCAs. It is important to leave
the main pulmonary artery of the
homograft as far anterior as pos-
sible, and tacked to the peri-
cardium so that it can be retrieved
without putting the phrenic nerve
at risk.



very difficult to reach and surgery dangerous to
the phrenic nerve if they are not tacked to the
pericardium.

5. There is a tendency is to use too large 
a graft for the pulmonary artery bifurcation
grafts. A 14mm valveless pulmonary bifurca-
tion graft is the largest necessary. There is also
a tendency for these to enlarge a bit for the 

first year or two after the operation, so there-
fore, if larger grafts are used, they can become
somewhat bulbous. Even smaller grafts in the
10–12mm range (main PA segment, branch 
PAs 5–7mm) are fully adequate for this recon-
struction and simplifies the attachment of the
long arms to the segmental or lobar pulmonary
arteries.
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Figure 57.3. Second stage consists of reconstructing
the right sided arterial supply, separating the
MAPCAs from the aorta by ligations, and placing
the reconstructed hilar pulmonary arteries on shunt
flow which can be easily ligated at the final correc-

tion. All three MAPCAs are connected to the 
pulmonary artery bifurcation graft from which the
pulmonary valve has been removed. Again, this 
graft is fixed anterior to the right phrenic nerve for
ease of later retrieval.



6. These patients are maintained on antico-
agulation after each of the first two stages until
the centralized reconstruction has been com-
pleted to avoid any clot formation in the semi-
blind pouch. The systemic pulmonary artery
supply into the unifocalized allograft recon-
struction tends to provide wash-out when the
PTFE tube graft is sutured to the top or side 
of the main pulmonary artery portion of the

homograft rather than out into the pulmonary
arteries proper.

7. This technique of staged unifocalization 
is also applicable when MAPCAs supply just
one lung (usually the right). The utilization of 
a shunt is optional, but necessary if the proce-
dure is staged and performed through a right
thoracotomy. If performed at one stage, then
the shunt is replaced by the anterior recon-
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Figure 57.4. The final correction in which all sys-
temic pulmonary arterial blood sources are ligated.
The ascending aorta must be divided and lengthened
so as to provide space in the retroaortic position for
the new pulmonary arterial confluence, which is

usually best reconstructed with PTFE as this has
some resistance to compression than homograft
tubular grafts often do not. A homograft valve com-
pletes the repair by connecting to the right ventric-
ular outflow tract.



struction as demonstrated in Figures 57.5, 57.6
and 57.7.

A number of groups have published on this
topic.2–10 Other techniques have been used
including pericardial tubes, etc. which have
been less than ideal because of fibrosis. The
advantages of this technique utilizing pul-
monary allograft are: 1. facilitates the creation
of very distal anastomoses keeping the recon-
struction away from the histologic collateral
artery 2. results in construction of adult sized
hilar pulmonary arteries 3. centralizes and
repositions the pulmonary arterial reconstruc-
tion more anteriorly which increases accessibil-
ity at final repair.

The long-term result of such complete
repairs is not yet established. It is possible that
many of these patients will ultimately come to
heart-lung transplantation. This approach is
applicable to the subset of older patients with 
tetralogy of Fallot accompanied by pulmonary
atresia and nonconfluent pulmonary arteries in
which more than one aortopulmonary collat-
eral supplies separate lobar segments. It can
also be applied to children in whom previous
palliative procedures have resulted in complex
lobar arterial anatomy constructions which
necessitates salvage type procedures in the path
towards complete correction.1,11
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Figure 57.5. Anatomy in which right lung is supplied completely by MAPCAs, but left lung has pulmonary
arterial origin.



Figure 57.7. In this case of pul-
monary atresia, the right ventri-
cle to pulmonary arterial
continuity has been re-estab-
lished at the final stage, with a
pulmonary valve homograft
that includes its bifurcation.
The reconstruction is positioned
anteriorly. The pulmonary
homograft hilar reconstruction
of the right pulmonary artery is
attached to the right limb of 
a pulmonary homograft that
includes the pulmonary arterial
bifurcation. The left pulmonary
artery is detached from its
patent ductus arteriosus blood
supply and is sutured end-to-
end to the left limb of the 
pulmonary homograft. The
proximal valved end of the
homograft is then attached to
the ventriculotomy in the right
ventricle utilizing a generous
hood constructed of PTFE. The
shunt is divided.

Figure 57.6. This demonstrates
a first stage unifocalization uti-
lizing the valveless pulmonary
artery bifurcation technique
with detachment of the
MAPCAs from the aorta and
reconstruction with anasto-
moses to various parts of the
pulmonary artery bifurcation,
which is then positioned anteri-
orly. The shunt maintains
patency and the second stage 
follows relatively soon (within
three months) utilizing a
median sternotomy.
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Pulmonary atresia with ventricular septal
defect is a spectrum of lesions distinguished by
a marked heterogeneity of pulmonary blood
supply.1–3 Perhaps the most challenging subset
of patients with this anomaly are those in whom
pulmonary blood flow is derived entirely or 
in large part from aortopulmonary collateral
arteries (MAPCAs). These collaterals, which
are thought to arise from the embryonic
splanchnic plexus, can originate from the aorta,
the subclavian or carotid arteries, the coronar-
ies, or the bronchial arteries. Each collateral
may supply as little as one lung segment or as
much as an entire lung, and may be character-
ized by extrapulmonary and intraparenchymal
stenoses. In such patients, true pulmonary arter-
ies are typically either hypoplastic or absent
altogether.1–6

A variety of philosophies and therapeutic
approaches have been employed in the man-
agement of this challenging lesion.7–19 All of
these approaches, whether involving shunts or
conduits to the hypoplastic true pulmonary
arteries, and/or partial unifocalization of collat-
erals, entail staged procedures.7–16,18 It is our
opinion that the staged approach is inadequate
for the majority of patients, due both to high
attrition during infancy and to progressive loss
of lung microvascular cross-sectional area
because of either underdevelopment, focal pul-
monary vascular obstructive disease, or surgical
palliation.10–13,20,21 In order to reduce the mor-
bidity and mortality inherent in the delays 
associated with the staged method, we have
developed a single stage approach for com-

pletely unifocalizing and repairing pulmonary
atresia with ventricular septal defect and
MAPCAs in early infancy.17,22

In the single stage approach, allograft tissue
is an important material that is used over the
full range of patients with pulmonary atresia
and MAPCAs. Allograft tissue is employed for
three basic purposes: 1) peripheral unifocaliza-
tion and neo-pulmonary artery reconstruction,
2) central branch pulmonary artery recon-
struction, and 3) right ventricular outflow tract
reconstruction.

Surgical Techniques

Surgical Exposure and 
Collateral Mobilization

In patients undergoing single stage unifocaliza-
tion, our standard approach is through a
midline sternotomy. Initially, we attempt to
expose and control all collaterals and true pul-
monary arteries before resorting to cardiopul-
monary bypass, and then ligate the collaterals
at the institution of bypass. This is essential to
prevent collateral steal, which may be a signif-
icant cause of neurologic morbidity in these
patients. In order to control and adequately
mobilize all collaterals through the midline
incision, it is often necessary to dissect through
the transverse sinus in order to expose descend-
ing aortic collaterals that arise at the level of
the carina, and to open the respective pleural
sacs and retract the lungs in order to access col-
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laterals arising from other portions of the
descending thoracic aorta. Once all collaterals
are controlled, cardiopulmonary bypass at
moderate hypothermia is instituted and unifo-
calization is performed with a beating heart.

Peripheral Neo-Pulmonary 
Artery Reconstruction

Although native tissue to tissue anastomosis is
almost always achievable between collaterals
and other collaterals or between collaterals and
true pulmonary arteries, it is sometimes benefi-
cial to augment the peripheral neo-pulmonary
arteries, either to enlarge discreetly hypoplastic
or stenotic arterial segments, or to optimize the
cross-sectional area of anastomosed collaterals.
For this purpose, we prefer to use pulmonary
artery allograft, which is more pliable and
appropriate to the delicate collateral tissue
than aortic allograft. Peripheral pulmonary
artery and collateral unifocalization anasto-
moses are performed with running 7-0 monofil-
ament suture in all infants and most young
children. For native tissue to tissue connec-
tions, absorbable suture is used, while non-
absorbable suture is used for allograft patch
augmentation, primarily because of its better
handling properties.

Just as the collateral anatomy is different in
every one of these patients, anastomosis and
augmentation techniques are highly variable,
with an individualized approach in every case.
Nevertheless, there are some common types 
of augmentation. Within reason, we attempt to
optimize the cross-sectional area of both the
neo-pulmonary arteries and the collateral anas-
tomoses. A technique frequently employed is 
to fillet open two adjacent parallel collaterals,
perform a native tissue side-to-side posterior
longitudinal anastomosis to construct the pos-
terior wall of the unifocalized arteries, and then
augment the anterior side-to-side anastomosis
with allograft tissue. The newly created single
vessel will have a larger diameter, and growth
potential is maintained since allograft tissue is
never placed circumferentially. If necessary, this
anterior augmentation can be extended distal
to the side-to-side collateral anastomosis onto

branch points with a pantaloon-shaped patch.
Similar techniques are frequently used between
collateral vessels and true pulmonary arteries.
For peripheral anastomoses, we will also fre-
quently enlarge a single dominant collateral
over its length (or simply across a discreet
stenosis) with a longitudinal anterior arteri-
otomy and allograft patch reconstruction.
Smaller collaterals may be plugged into this
dominant collateral posteriorly, with oblique
end to side or true side to side anastomosis
(Figure 58.1).

Central Pulmonary 
Artery Reconstruction

In patients with pulmonary atresia and
MAPCAs, except those with generous true 
pulmonary arteries and minor collateral con-
tribution to pulmonary blood flow, it is almost
always necessary to augment the central pul-
monary arteries. In some cases, the anatomy 
of collaterals and true pulmonary arteries is
conducive to reconstruction of the central 
pulmonary arteries without the need for 
nonautologous tissue. But in many cases, it is
necessary to reconstruct the central pulmonary
arteries using allograft tissue in order to
augment the diameter of the left and right
branch pulmonary arteries. A segment of pul-
monary artery allograft can be fashioned as
needed into a single patch that extends from
hilum to hilum, as separate patches on the left
and right or as a single unilateral patch (Figure
58.1). Sometimes we will use an extension of
the right ventricular outflow tract valved allo-
graft conduit for central pulmonary artery 
augmentation (see below), though there is 
generally inadequate length to extend such a
patch to the hilum, especially on the right 
side. In the rare situation where there is insuf-
ficient pulmonary artery or collateral tissue to
create hilum to hilum native tissue continuity,
it may be necessary to reconstruct the central
pulmonary arteries in their full circumfer-
ence using an allograft tube (Figure 58.2). In
such rare situations we have used nonvalved
segments of pulmonary artery allograft. If 
an appropriately sized conduit is not available,



554 D.B. McElhinney et al.

Figure 58.1. A large collateral to the right lung is 
filleted open and augmented with a patch of pul-
monary allograft (hatched). Two smaller collaterals
are anastomosed end-to-side to the augmented col-
lateral, which is then anastomosed obliquely to the
central right pulmonary artery. The small true pul-

monary arteries are opened superiorly along most of
their length, then augmented with a single patch of
pulmonary allograft. A valved pulmonary or aortic
allograft conduit is sewn end-to-end to the central
pulmonary arteries for reconstruction of the right
ventricular outflow tract.
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a larger allograft can be downsized and extra
tissue used for distal augmentation. As 
with distal reconstruction, we tend to use
running 7-0 monofilament suture for central
pulmonary artery repair, with absorbable
suture in tissue to tissue anastomoses and non-
absorbable suture when allograft tissue is being
sewn.

Right Ventricular Outflow 
Tract Reconstruction

Conduit reconstruction of the right ventri-
cular outflow tract in pulmonary atresia with
MAPCAs is essentially the same as for other
lesions requiring right ventricle to pulmonary
artery conduit repair. The primary difference is

A

B

Figure 58.2. Four tortuous collaterals to both lungs
are divided and sewn to a tube of pulmonary allo-
graft. Blood flow to this unifocalized neo-pulmonary

artery will be supplied through either a valved allo-
graft conduit from the right ventricle or a systemic-
pulmonary artery shunt.
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that the distal tissue of the allograft conduit
may be employed extensively to augment the
left and right pulmonary arteries (Figure 58.3).
Also, because pulmonary arterial pressure may
be anticipated to be somewhat higher in this
lesion than in other defects that require right
ventricular outflow tract reconstruction, we
tend to utilize aortic valved conduits more
often in this patient population.

UCSF Experience

Between July 1992 and May 1997, 42 infants
(median: 4.5 months; range 2 weeks to 11
months) with pulmonary atresia, ventricular

septal defect, and MAPCAs underwent surgery
at UCSF. This represents 70% of all patients (n
= 61) who presented during this time period.
The median number of collateral arteries in
these patients was 4, with a range of 1 to 7. Col-
laterals supplied a median of 16.5 lung seg-
ments (range 4 to 20) and 38% of patients had
complete absence of true pulmonary arteries.
Complete single stage unifocalization using
techniques described above was performed in
93% (n = 39) of patients, while the remaining 
3 patients underwent sequential unilateral 
unifocalization procedures because of multiple
peripheral segmental level collateral stenoses
or, in one case, because bypass was contraindi-
cated due to severe associated disease.

Figure 58.3. Moderate sized true pulmonary arter-
ies are opened along their length. Collaterals to each
lung are divided from their origin, opened longitudi-
nally, and sewn side to side to the incision in the true
left and right pulmonary arteries.A valved right ven-

tricle to pulmonary artery allograft conduit is
attached to the unifocalized neo-pulmonary artery,
with segments of allograft tissue extended out to
augment both central branch pulmonary arteries.
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The issues associated with reoperations with
patient with extracardiac valved conduits have
been reviewed in depth by one of the true leaders
in the field,Professor Jaroslav Stark in Chapter 2
and elsewhere.1 In essence, if a patient lives long
enough, the current generation of homografts
need replacement whether in the right or left
sided positions. Use of Dacron tube extensions
and misplacement of the conduit under the
sternum have been the most frequently associ-
ated events leading to early replacement. Age 
of the child at the time of the conduit insertion 
is clearly important. However, right ventricular
outflow tract homograft re-replacements are
usually relatively quick and easy operations. In
our practice, we have never had a mortality for
such a re-replacement for right sided homo-
grafts.As the subpulmonary ventricle peak pres-
sure approaches systemic,we prefer to replace so
that supra systemic pressures are not reached.
Conduit valve incompetence is associated with
distal stenoses especially when combined with
tricuspid valve regurgitation or especially com-
pelling factors for replacement. Homograft
conduit replacement surgery also gives the
opportunity to repair any other defects, either
residual or acquired such as ventricular septal
defect, AV valve regurgitation, multilevel
stenoses such as pulmonary artery stenoses, or
midchamber muscle bundle development in the
right ventricle. Pre-operative assessment must
clearly define the areas of obstruction in the
conduit as these do occur relatively equivalently
at the right ventricular outflow anastomosis,
midconduit, homograft leaflet, distal conduit,

distal anastomosis, or pulmonary artery regions.
Replacement surgery should include relief of
obstruction at all levels.Repair of tricuspid valve
when significantly regurgitant should also be
accomplished.

Reoperative median sternotomy is the usual
approach. If the right ventricle is eroding into
the sternum, then we cannulate the femoral
artery and vein and place the patient on car-
diopulmonary bypass to decompress the heart
as sternal entry is accomplished with an oscil-
lating saw. If the homograft is deviated into the
left chest and there appears to be a reasonable
plane between the anterior ventricle and the
sternum, then the femoral vessels are only
exposed and reoperative entry is performed 
in the usual fashion. Aprotinin bleeding pro-
phylaxis protocol is utilized for reoperations.
Unless reconstructive procedures are needed
on the left side of the heart, aortic cross clamp-
ing is not necessary and only mild hypothermia
needs to be utilized.

After a sternal entry has been accomplished,
dissection of the heart is performed to the point
that cannulation can be accomplished and car-
diopulmonary bypass initiated. At this point,
the conduit is dissected. It is preferable to
remove all of the conduit material except the
posterior peel on the cardiac structures. If felt
or other pledget type materials were used at the
original operation, it should be removed as late
infections sourced to this material have been
described.

All of the homograft is removed and any
reconstructions of the pulmonary arteries
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required are performed in a fashion similar to
those described in Chapter 53. Occasionally a
nice path exists from the right ventricle to the
pulmonary arteries with the posterior peel such
that it can be roofed with a patch for a non-
valved repair. This is only performed if there
are no distal stenoses, no increase in pulmonary
vascular resistance, and normal diameter and
numbers of pulmonary arteries. In addition,
right ventricular function should be normal.
There cannot be any significant insufficiency of
the tricuspid valve.

While we usually favor a pulmonary homo-
graft, in some RVOT reoperations, the conduit
bed insets down into the cardiac structures in
such a fashion that an aortic homograft can be
sewn into the distal anastomosis and down into
the right ventricle in such a fashion that the
anterior leaflet of the mitral valve completes
the proximal anastomosis along the rim of right

ventricular tissue that is stiffened with the pre-
vious scar tissue (Figures 59.1 and 59.2). This
allows for an all homograft repair without the
need for any additional PTFE or Dacron mate-
rial. Pulmonary arterioplasties are preferen-
tially performed with tongues of homograft or
PTFE (vida supra).

We have experimented with placement of
PTFE artificial pericardium and have come to
no firm conclusions about its utility. We have
seen patients in whom bovine pericardium has
been used previously as an artificial pericardial
barrier after reoperation for homograft and
would not recommend its use as it increases 
the difficulty at the next homograft replace-
ment operation. In general, the replacement of
a homograft conduit while somewhat challeng-
ing to the reconstructive cardiac surgeon, is
usually achieved with minimal difficulties and
often with surprisingly brief hospital stays.2–4

Figure 59.1. The aortic homograft can be inset into
the gulch created by the previous conduit, thereby
reducing the above heart profile, avoiding compres-
sion, minimizing need for prosthetic material for the

hood and obtaining very laminar flow profiles
without excessive curvature of the homograft
conduit.
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aortic homografts are used for this reconstruction.
Pulmonary homografts are preferred for RVOT
reoperative reconstructions if distance to the native
pulmonary artery is short enough.



Distal extension of the allograft is seldom
required, usually only in cases with noncon-
fluent central pulmonary arteries or when a
long LV-PA conduit is required. The use of
proximal extension in all cases of RVOT recon-
struction incorporating a valved allograft
conduit has been based on the following 
principles:

1. Placement of the allograft valve cephalad 
to the native position to reduce sternal 
compression.

2. Use of a complete cylinder of prosthetic
material at the base of the allograft to limit
root dilatation.

3. The use of a knitted, collagen-impregnated
Dacron tubular prosthesis as the extension.

The need for a competent valve to protect
the right ventricle from volume or pressure
overload is a fundamental reason for implant-
ing an allograft valve conduit. Insufficiency of
the allograft valve can occur early or late post-
operatively and is related to either distortion 
by the sternum, dilatation of the valve root
after implantation or leaflet degeneration.
Valve obstruction may also result from sternal
compression or leaflet degeneration in the early
or late postoperative period.

Children requiring a valved allograft will
have significant right or biventricular hypertro-
phy that narrows or obliterates the retrosternal
space, most easily recognized on a lateral chest
film. When the allograft is sutured directly into
the right ventricular outflow tract, the bulk of

the muscular base of the allograft and the
enlarged heart displace the valve anteriorly,
resulting in compression of the allograft by the
sternum at the time of chest closure, particu-
larly in infants and small children. The distor-
tion of the natural circular valve structure alters
leaflet coaptation, producing insufficiency or
reduces the effective cross-sectional area, pro-
ducing stenosis. These changes can be demon-
strated by color Doppler flow imaging. We 
have observed that sternal compression may
produce insufficiency without sufficient com-
pression to cause restriction to antegrade flow.
By incorporation a short cylindrical segment 
of Dacron, the allograft valve will sit cephalad
and posterior to the upper end of the right 
ventriculotomy and will also be angled more
toward the distal anastomosis to the native pul-
monary artery. The allograft valve will be less
susceptible to sternal compression in this posi-
tion. Additionally, the complete ring of Dacron
sewn to the muscular base of the allograft will
fix the diameter of the root and reduce early 
or late dilatation and valve insufficiency. The
length of the complete cylinder of Dacron
varies, depending on the size of the patient,
from 6 to 20mm. The use of the long obliquely
cut Dacron extension below the cylindrical
portion for anastomosis in the RVOT also
removes the trifurcated suture lie and poten-
tial sites of troublesome bleeding where the
ventricular wall, the base of the allograft and
the head meet using the conventional 
technique.1
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Early experience with woven Dacron conduit
containing a biologic valve was unsatisfactory
because of the development of a thick, fibrous,
obstructing pseudo-intima immediately proxi-
mal to the valve.2,3 It was inferred that the use of
Dacron extensions proximal to an allograft
valve conduit would meet a similar fate. Haveric
and co-workers in Europe demonstrated that
the use of high porosity knitted Dacron allowed
fibrous ingrowth and anchoring as well as vascu-
larization of the pseudo-intima,4 markedly
reducing the risk of obstruction. During our
early experience in Canada and the United
Kingdom, bleeding from the porous knitted
Dacron conduit was managed with a commer-
cial form of fibrin glue applied to the conduit
immediately prior to use.5 Unfortunately, the
commercial fibrin sealant was unavailable in the
United States, and less satisfactory sealant tech-
niques were employed. Since 1990, a collagen-
impregnated knitted Dacron vascular graft
(Hemashield, Meadox Medicals, Inc., Oakland,
NJ) has been used widely with excellent 
handling characteristics and hemostasis.2,6 This
conduit is now used exclusively in our practice
for this procedure.

Technique

1. The pulmonary allograft is intended to lie
in its natural orientation with the right and left
bronchus aligned appropriately.

2. The muscular base of the allograft is
trimmed to 3 or 4mm below the nadir of the
valve cusps.

3. The knitted Dacron extension is 1 or 2mm
larger than the measured valve diameter and is
sutured end-to-end to the base of the allograft
with 4-0 polypropylene, taking care to avoid
injury to the valve cusps.

4. The allograft is positioned to lie cephalad
and posterior to the top of the surgical defect
in the right ventricular outflow tract. It is
usually possible to locate the allograft valve
such that the cylindrical portion of the Dacron
extension is at least 3 or 4mm long in infants,
and up to 20mm long in larger patients.

5. The distal end of the allograft is then
trimmed as close as necessary to the top of 

the valve commissures, leaving adequate allo-
graft tissue to augment the PA confluence as
necessary.

6. With the distal end of the allograft held
against the native PA confluence, the posterior
wall of the cylindrical portion of the Dacron
extension is then marked where it meets the
upper end of the defect in the RVOT. The
Dacron extension is tailored obliquely from
this point to a length 5–8mm longer than the
right ventriculotomy.

7. The distal anastomosis between pul-
monary artery confluence and allograft conduit
is completed with running 4-0 polypropylene
suture. The proximal anastomosis between the
hooded Dacron extension and right ventricle is
then completed with a running 4-0 polypropy-
lene suture and appropriate tailoring of Dacron
to fit the defect.

Results with a Cylindrical
Dacron Proximal Extension

Between July 1988 and June 1996, 43 patients
underwent reconstruction of the right ventricu-
lar outflow tract incorporating an allograft valve
conduit with a sealed knitted Dacron extension.
Ages ranged from five days to 14 years with 
a mean of 2.1 years. Diagnostic categories
included tetralogy of Fallot with hypoplastic
pulmonary arteries, pulmonary atresia with 
ventricular septal defect, pulmonary atresia 
with ventricular septum, absent pulmonary
valve syndrome, transposition of the great arter-
ies with subpulmonary stenosis, complete AV
canal with pulmonary artery band, and pul-
monary artery band with mycotic aneurysm of
the PA.There were three early deaths from viral 
pneumonia, inadequate pulmonary blood flow
and myocardial failure. There were three late
deaths, two in patients with pulmonary atresia
and respiratory failure; the third died from
cardiac tamponade secondary to endocarditis
and dehiscence of the Dacron-allograft suture
lie. Gram positive cocci were present on histo-
logical section at the site of rupture.The patient
was two months postoperative without a posi-
tive history of perioperative infection.
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Editor’s Note
In general, as the reader will note in other chap-
ters of this book, the editor tries to avoid using
Dacron conduit extensions. As noted in the
contribution by Dr. Duncan, there is a history
of peel formation. However, anatomical con-
straints as described by Dr. Duncan sometimes
occur and therefore these techniques are in-
cluded so that the surgeon reader will have
available some options for alternative recon-
structions. In general, while controversial, the
editor of this book would recommend use of
material other than Dacron, such as PTFE,
autologous or bovine pericardium (for applica-
tions where shrinkage is not a problem), etc. for
reconstructions in the right ventricular outflow
tract and pulmonary arteries. However, Dacron
extensions have been used by many surgeons in
many complex situations with good results. The
Dacron material preferred by Dr. Duncan does
not bleed, has excellent handling characteristics
and is especially useful in situations where the
conduit needs to bend sequentially in different
planes—i.e. needs to be both flexible but rigid
enough to resist compression by surrounding
structures and scar tissue.



Hypoplastic Left Heart
Syndrome

The first stage of palliation for hypoplastic left
heart syndrome requires reconstruction of 
the entire aortic arch by augmenting the often
diminutive ascending aorta, transverse aortic
arch and region of the excised ductus arteri-
osus.1–4 The proximal main pulmonary artery is
anastomosed to the newly constructed ascend-
ing aorta.

PFTE and glutaraldehyde fixed autologous
pericardium were used initially as the material
to augment the aortic arch. PTFE and peri-
cardium are “sheets” that can be rolled in one
dimension to develop a tubular patch, however,
reconstruction of the entire aortic arch requires
that this tubular graft have a secondary curva-
ture of 180° as it extends from the ascending
aorta around the transverse arch to the
descending aorta. Pericardium and PTFE are
inelastic and cannot develop a curvature 
in two different planes at 90° to one another
without developing ridges or buckles. This
results in obstruction within the aortic arch.
Also the PTFE suture line frequently bleeds
excessively.

The introduction of cryopreserved allograft
pulmonary artery for the repair of hypoplastic
left heart syndrome alleviated many of these
problems. The patch of pulmonary allograft is
cut from the curvature between one of the
branch arteries (usually the left) and the main
pulmonary artery.

Operative Technique

A median sternotomy incision is made. Car-
diopulmonary bypass is established by a venous
cannula placed in the right arterial appendage
and arterial return via an arterial cannula
placed in the main pulmonary artery. As soon
as bypass has commenced, the branch pul-
monary arteries are occluded with tourniquets.
Arterial inflow into the main pulmonary artery
perfuses the systemic circulation through the
patent ductus arteriosus. Core cooling is con-
tinued for 20–25 minutes until a nasopharyn-
geal temperature and rectal temperature of
16–18° has been reached. Circulatory arrest is
established and the branches of the aortic 
arch are occluded with tourniquets. Cold blood 
cardioplegia is delivered. With the circulation
arrested, the atrial cannula is removed.Through
the atrial appendage cannulation site, the atrial
septum is identified and excised. The main 
pulmonary artery is transected just proximal 
to the bifurcation which is usually several 
millimeters distal to the commissural posts of 
the pulmonary valve (Figure 61.1, dashed line
1). The ductus arteriosus is ligated close to 
the pulmonary artery confluence. The ascend-
ing aorta is incised and this incision is carried
distally through the aortic arch to the opened
ductus arteriosus (Figure 61.1, dashed line 2).
All of the ductal tissue is excised and the 
incision is carried distally onto the descend-
ing aorta for a distance of about 1cm (Figure
61.2). The patch of pulmonary allograft used 
to reconstruct the arch is taken from one of 
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2

1

Figure 61.1. Hypoplastic left heart syndrome.
1. Dashed line indicates the level of transection of
the proximal main pulmonary artery

2. Dashed line indicates the incision in the ascend-
ing aorta extending around the aortic arch and past
the ductal orifice for a distance of 1cm.

the branch pulmonary arteries and extends
onto the main pulmonary artery segment of 
the allograft (Figure 61.2 inset). This patch 
has a tubular shape with an additional curva-
ture to allow this tubular patch to extend from
the descending aorta to the ascending aorta
leaving a normal curvature to the underside of
the newly reconstructed aortic arch. It is im-
portant to keep the homograft slightly taut as
it is being sewn into place. If redundancy is left
in the allograft patch, then the allograft will
develop a bulge when the arch is exposed 
to systemic output and pressure (Figure 61.3).
It is important to trim the patch so that the
patch has a nice radius of curvature on the
underside of the arch to direct flow around 
the arch in a normal fashion (Figure 61.4). If 
the midportion of the patch is too large, the
transverse arch becomes quite large which can
compress the left pulmonary artery and/or the
left mainstem bronchus as they pass under the

reconstructed arch and result in poor growth of
these two structures. In addition, the distended
allograft can result in a ledge-like deformity 
at the suture line on the descending aorta
(Figure 61.3).

The incision in the ascending aorta is carried
proximally to the point that corresponds with
the level of the adjacent transected main pul-
monary artery (Figure 61.5). Six to seven inter-
rupted sutures of 7-0 Prolene are placed to
approximate the often tiny ascending aorta 
to the proximal transected main pulmonary
artery. Any compromise in this anastomosis
may result in coronary insufficiency. This may
be immediately apparent when coming off
bypass or may lead to sudden cardiovascular
collapse in the postoperative period. The
remaining portion of the main pulmonary
artery is sewn to the proximal part of the recon-
structed aortic arch (Figure 61.4). The heart is
filled with saline solution to displace any air.
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The neo-ascending aorta and right atrial
appendage are recannulated and cardiopul-
monary bypass is resumed. Complete rewarm-
ing is begun. The first stage palliation is
completed by construction of a right modified
Blalock-Taussig shunt between the innominate
artery and right pulmonary artery. The distal
main pulmonary artery is either closed prima-
rily if adequate tissue is present or, more often,
with a small circular patch of pulmonary 
allograft.

The pulmonary allograft, when properly tai-
lored, conforms more naturally to the curvature
of the reconstructed aortic arch and the suture
lines are more hemostatic. During the second
and third stages of the palliation for hypoplas-
tic left heart syndrome, reoperation involves
recannulation of the reconstructed aortic arch.
The pulmonary allograft, in general, can be can-
nulated the same as native aorta. Pursestring
sutures are easily placed and cannulation can
be accomplished in the normal fashion.

Figure 61.2. The hypoplastic aortic arch is aug-
mented with a piece of pulmonary allograft taken
from the main and branch portion of the pulmonary
allograft (inset).The augmentation patch is sewn into

the aortic arch starting in the descending aorta. The
suture line is continued around the aortic arch onto
the ascending aorta.



Figure 61.3. This figure depicts
reconstruction of a hypoplastic
aortic arch with a patch of pul-
monary allograft which is too
large.This large piece of allograft
bulges out when under systemic
pressure causing a pseudocoarc-
tation at the distal suture line 
as well as compression of the 
left mainstem bronchus and left
branch pulmonary arteries.

Figure 61.4. The correctly tai-
lored piece of pulmonary allo-
graft (inset) will restore a normal
size and shape to the aortic arch.
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L-Transposition of the Great
Arteries with Outflow Chamber
and Aortic Arch Hypoplasia

The patients with L-transposition of the great
arteries with an outflow chamber and hypoplas-
tic aortic arch present a technical challenge for
reconstruction of the aortic arch.5,6 The aorta is
positioned anterior and leftward and the main
pulmonary artery is rightward and posterior
(Figure 61.6). One option for repair of the
aortic arch and association of the proximal
main pulmonary artery into the aortic arch is
accomplished by augmenting the aortic arch in
the same fashion as described above for typical
hypoplastic left heart syndrome.5 Following the
arch reconstruction, an additional hood of allo-
graft is used to associate the main pulmonary
artery to the rightward aspect of the recon-
structed aortic arch. This is similar to the tech-
nique of Damus-Kaye-Stanzel anastomosis.

Another technique, which we prefer, involves
transection of the ascending aorta (Figure
61.7). The aortic arch is opened longitudinally
from the divided ascending aorta all the way
around to the ductus arteriosus. The ductus

arteriosus is completely excised and the inci-
sion is extended onto the descending aorta for
a distance of about 1cm. All of this is accom-
plished utilizing deep hypothermia and circula-
tory arrest. A piece of pulmonary allograft is
then sewn into place to reconstruct the entire
aortic arch and ascending aorta (Figure 61.8).
This reconstructed aortic arch is then anasto-
mosed in an end-to-end fashion to the divided
mail pulmonary artery (Figure 61.9). The prox-
imal end of the divided ascending aorta is then
incorporated into the suture line. The location
of this anastomosis is determined by bringing
the divided proximal ascending aorta over
against the suture line. An ellipse of either pul-
monary allograft or proximal main pulmonary
artery or both, is taken to create a nice defect
in which to anastomose the proximal ascending
aorta (Figure 61.9 inset). The small ascending
aorta functions primarily as a large single 
coronary artery with some antegrade flow pos-
sible depending upon the degree of subaortic
obstruction. This technique, I believe, gives a
more anatomic outflow tract from the single
ventricle into the reconstructed aortic arch.The
distal main pulmonary artery is closed with a
circular patch of pulmonary allograft and the

Figure 61.5. The proximal main
pulmonary artery is attached to
the proximal ascending aorta
with multiple interrupted sutures
of 7.0 Prolene. These interrupted
sutures are necessary to avoid
narrowing of the orifice into the
proximal ascending aorta which
is the pathway for all coronary
blood flow.



Figure 61.6. This depicts the anatomy of L-transposition of the great arteries with hypoplasia of the ascend-
ing aorta and a potentially restrictive bulboventricular foramen.

Figure 61.7. The main pulmonary artery is divided.
The distal pulmonary artery is closed with a patch of
allograft material. The ascending aorta is divided
about 5mm distal to the level of the pulmonary

artery transection. The aorta is incised from the
ascending aorta, around the aortic arch and into the
descending aorta.
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Figure 61.8. A piece of pulmonary allograft taken from the main and branch pulmonary arteries is used to
reconstruct the entire aortic arch.

Figure 61.9. The reconstructed aortic arch is anas-
tomosed to the proximal main pulmonary artery
arising from the dominant ventricular chamber. An

ellipse is taken from either side of the suture line to
create an opening for anastomosis of the proximal
aorta into the suture line (inset).
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operation completed by placing a 3.5 to 4.0
Gore-Tex shunt between the innominate artery
and the right pulmonary artery (Figure 61.10).

Interrupted Aortic Arch
(Isolated or Associated with
Ventricular Septal Defect,
Truncus Arteriosus or
Transposition of the 
Great Arteries)

Interrupted aortic arch can occur in isolation or
in association with ventricular septal defect,
truncus arteriosus or transposition of the 
great arteries. When the operation is per-
formed through a median sternotomy incision,
deep hypothermia and circulatory arrest are
employed to facilitate the repair. Arterial can-
nulae are placed in both the ascending aorta as
well as the main pulmonary artery. Venous

return is accomplished through a cannula in the
right atrial appendage. Once cardiopulmonary
bypass is commenced, the branch pulmonary
arteries are occluded tourniquets. The aortic
arch, ductus arteriosus and descending aorta
are mobilized during core cooling. Following
the establishment of circulatory arrest, the 
head vessels are occluded with tourniquets.The
ductus arteriosus is ligated and all ductal tissue
is excised. Usually the distal aorta can be mobi-
lized enough and brought superior and anterior
to allow a direct anastomosis to the side of the
ascending aorta with extension of the incision
into the most distal branch of the ascending
aorta (Figure 61.11). However, sometimes
undue tension on the anastomosis may result in
anastomotic stenosis. In addition, a very taut
anastomosis can cause compression of the left
mainstem bronchus. In those situations, several
techniques can be utilized to augment the aortic
anastomosis by incorporating pulmonary allo-
graft into the repair. In the first technique,
usually involving a Type B interruption, the

Figure 61.10. The complete procedure showing the
reconstructed aortic arch and inclusion of the prox-
imal ascending aorta into the suture line. The distal

pulmonary artery is closed with a patch of allograft
material and pulmonary blood flow is obtained by a
modified Blalock-Taussig shunt.
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superior aspect of the anastomosis is begun and
the upper half of the circumference of the anas-
tomosis is made directly with a running suture
(Figure 61.12).5 The remaining portion of the
anastomosis is made utilizing a gusset of pul-
monary allograft to bridge the distance and
permit an anastomosis without undue tension
particularly in the inferior aspect of the anas-
tomosis (Figure 61.13). The complete repair
(Figure 61.14).

Another technique involves sewing the
entire back wall of the anastomosis first. An
incision on the left lateral aspect of the aorta is
carried down further on the descending aorta
and another incision is carried onto the proxi-
mal ascending aorta (Figure 61.15). An ellipti-
cal portion of pulmonary allograft is then sewn
into this defect to augment the aortic arch 
anastomosis (Figure 61.16).This technique does
allow extension of the incision down into the
proximal ascending aorta to augment a small
ascending aorta when an adequate size aortic
valve is present.

Some patients with interrupted aortic arch
and ventricular septal defect have severe pos-
terior malalignment of the infundibular septum
which results in severe left ventricular outflow
tract obstruction. In these patients the divided
proximal main pulmonary artery is incorpo-
rated into the aortic arch reconstruction.5 The
distal main pulmonary artery is closed with 
a patch of allograft and a modified Blalock-
Taussig shunt is placed.

Tubular Hypoplasia of the
Transverse Aortic Arch with 
or without Coarctation

When coarctation is associated with a diffusely
hypoplastic transverse aortic arch, coarctation
repair alone may not relieve the aortic obstruc-
tion because of residual obstruction across the
hypoplastic transverse arch. These patients 
may have an associated ventricular septal

Figure 61.11. Interrupted aortic arch. The ductus
arteriosus is ligated and the ductal tissue is excised.
The incision is extended proximally onto the left sub-

clavian artery. An incision in the ascending aorta is
extended up onto the left carotid artery.



Figure 61.12. The upper one-half of the anastomosis, both anteriorly and posteriorly, is made with a running
suture.

Figure 61.13. (A) Homograft patch is harvested
from the inner curve of pulmonary artery bifurca-
tion. (B) The allograft patch is sewn in place to

augment the anastomosis and prevent undue tension
in the lower half of the suture line between the
descending aorta and the proximal ascending aorta.
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Figure 61.14. The completed repair showing a
widely patent anastomosis with autologous tissue
making up one-half of the circumference of the

aortic arch and the pulmonary allograft making up
the underside of the aortic arch.

Figure 61.15. The mobilized and divided descend-
ing aorta with an additional left lateral incision. The
posterior suture line is completed by direct anasto-

mosis. An incision is extended into the descending
aorta and into the proximal ascending aorta.
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defect which can be repaired at the same time.
During core cooling for deep hypothermia and
circulatory arrest, the entire aortic arch is mobi-
lized. Following establishment of circulatory
arrest, the ductus arteriosus is ligated and all of
the ductal tissue is excised. An incision (dotted
line) is carried from the proximal ascending
aorta around the hypoplastic transverse aortic
arch to the orifice of the ductus arteriosus
(Figure 61.17). All of the ductal tissue is
excised. A piece of pulmonary allograft is cut
from the inner curvature between the left or
right branch pulmonary artery and main pul-
monary artery. This patch is sewn into place
(Figure 61.18). It is important not to make this
patch too large as this will result in bulging 
of the allograft posteriorly and inferiorly into
the pulmonary artery. The allograft should be
kept taut during the anastomosis. A properly
cut patch will result in a reconstructed aortic
arch which appears normal in size and shape
(Figure 61.19).

Damus/Kaye/Stanzel
Anastomosis with or without
Aortic Arch Augmentation

Those patients with subaortic obstruction and
who are destined to a single ventricle repair
(Fontan) and who have a normal pulmonary
valve, can frequently undergo a Damus/Kaye/
Stanzel anastomosis.7,8 This involves association
of the divided proximal main pulmonary artery
with the aortic arch so that the unobstructed
outflow tract to the pulmonary valve an be uti-
lized for systemic outflow to the aorta (Figure
61.20). Depending upon the anatomy and 
relationship of the great vessels and whether
there is an associated aortic arch hypoplasia
will determine whether the allograft needs to
extend just onto the proximal aortic arch or
whether it will need to be extended around the
entire aortic arch onto the descending aorta
similar to a Norwood type of repair. In most

Figure 61.16. An elliptical piece of pulmonary allograft is used to augment the anastomosis as well as the
proximal ascending aorta and descending aorta.
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Figure 61.17. Hypoplasia of the
transverse aortic arch associated
with a patent ductus arteriosus and
coarctation of the aorta. Dashed
line depicts the incision in the
aortic arch and excision of the
ductus from the descending aorta.

Figure 61.18. The ductus arteriosus tissue has been excised from the descending aorta.A patch of pulmonary
allograft is cut and sewn into the underside of the aortic arch.
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Figure 61.19. The completed
repair showing a widely patent
transverse aortic arch.

Figure 61.20. In patients who have subaortic
obstruction and require a Damus-Kaye-Stanzel
anastomosis, the proximal main pulmonary artery is

divided (dashed line). An incision is made in the
ascending aorta (dashed line).
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instances, if the proximal main pulmonary
artery is just sewn to an incision in the aortic
arch, distortion of the pulmonary valve will
occur with the development of pulmonary
insufficiency. It is usually necessary to use a
hood of pulmonary allograft to fashion a
pathway from the divided proximal main pul-
monary artery into the aorta so that no distor-
tion of the pulmonary root or aortic root will
occur. When the aortic arch is normal, the pul-
monary allograft hood can be attached just to
the ascending aorta (Figure 61.21A, B). This
can be performed under continuous cardiopul-
monary bypass. When the arch is hypoplastic
and the entire arch needs to be augmented,
deep hypothermia and circulatory arrest is
required. A Norwood operation is then under-
taken (Figure 61.22).

When the relationship of the great arteries is
a posterior and rightward pulmonary artery
and an anterior and leftward aorta, the tech-
nique depicted in Figures 61.22 and 61.23 A and
B is used.The main pulmonary artery is divided
and the distal end closed primarily or with a
patch of pulmonary allograft. An “L” incision is
made in the ascending aorta to create a flap of
aorta which will make up part of the posterior
wall of the connection between the proximal
main pulmonary allograft and the ascending
aorta (Figure 61.23 A and B). A hood of pul-
monary allograft is used to complete the anas-
tomosis. The repair is completed by making a
systemic artery to pulmonary artery shunt.
Usually this is a 3.5mm or 4mm PTFE graft
from the innominate or subclavian artery to the
pulmonary artery.

Figure 61.21. The proximal mail pulmonary artery
is attached for a distance of about 1cm to the ascend-
ing aorta. The remainder of the anastomosis is made
by using a hood of pulmonary allograft to direct 
flow from the proximal pulmonary artery into the

ascending aorta. (A) A piece of pulmonary allograft
is fashioned so as to direct blood flow into the
ascending aorta with out distorting the pulmonary
valve. (B) Completed repair.



Figure 61.22. When the pulmonary
artery is posterior and rightward,
an L-shaped incision is made in the
ascending aorta creating a posteri-
orly based flap. This flap makes up a
portion of the posterior wall of the
hood to direct flow from the proxi-
mal main pulmonary artery into the
aorta.
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Pulmonary Artery
Reconstruction during the
Fontan Operation

Often times patients who are candidates for a
Fontan operation for terminal palliation have
some pulmonary distortion or need augmenta-
tion of their central pulmonary arteries. This 
is most frequently seen in patients following 
a Norwood operation where the central pul-
monary artery confluence may sometimes be
narrowed. Whether the patient is to undergo a
total cavopulmonary connection or a hemi-

Fontan, the superior cavopulmonary connec-
tion can be accomplished in the same fashion.
following commencement of cardiopulmonary
bypass, an incision is made in the right pul-
monary artery and extended as far leftward as
necessary to augment the pulmonary arteries
(Figure 61.24). The incision is extended right-
ward to a point just past the posterior aspect of
the superior vena cava.This incision in the main
pulmonary artery is T’d off for a few millime-
ters transversely.An additional incision is made
in the superior vena cava in a transverse
manner. The medial one-half of the superior
vena cava is incised. A small ellipse of cava is

Figure 61.23. (A) A piece of pulmonary allograft is
tailored to direct the blood flow from the proximal
pulmonary artery into the ascending aorta. (B) It is

important not to distort the pulmonary valve as this
will likely result in pulmonary insufficiency.
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cut away from each edge of the incision. The
posterior aspect of the superior vena cava is
anastomosed with a fine monofilament suture
to the anterior aspect of the right pulmonary
artery. A piece of pulmonary allograft is cut in
a fashion so that the one end will taper into the
left pulmonary artery and the proximal end will
be incorporated into the medial aspect of the
vena cava and right pulmonary artery (Figure
61.25). This creates a good sized, streamlined
anastomosis between the superior vena cava
and the pulmonary artery. For those patients
undergoing a hemi-Fontan, a small circular
piece of Gore-Tex is sewn into the atrial side of
the superior caval orifice to prevent superior
caval flow from entering the right atrium
(Figure 61.26).

At the time of subsequent completion Fontan,
this piece of Gore-Tex occluding the orifice to
the superior vena cava is excised and a fenes-
trated baffle is placed between the inferior vena
cava and the superior caval orifice. For those
patients undergoing a primary Fontan, a fenes-
trated baffle is placed between the inferior vena
caval orifice and the superior caval orifice from
within the atrium (Figure 61.27). This directs 
all of the inferior caval blood flow into the
cavopulmonary anastomosis.

Another technique for completing the
Fontan circulation is to utilize a tube of pul-
monary or aortic allograft to connect the
divided inferior vena cava to the pulmonary
arteries (Figure 61.28).A standard bidirectional
Glenn anastomosis is used to connect the 

Figure 61.24. This depicts a patient status post a
Norwood procedure and prior to a hemi-Fontan or
Fontan operation. There is frequently hypoplasia of
the central pulmonary arteries. An incision is made
in the right pulmonary artery and extended all the

way to the left pulmonary artery at the pericardial
reflection. The incision is T’d off at the rightward
most aspect of the incision in the right pulmonary
artery.



Figure 61.25. A long
piece of pulmonary
allograft is sewn into the
pulmonary artery starting
at the distal left
pulmonary artery and
carried across the entire
pulmonary artery
confluence. An oval
shaped defect is created in
the posterior and medial
aspect of the vena cava.
The posterior aspect of the
vena cava is sutured to the
anterior aspect of the right
pulmonary artery.

Figure 61.26. The
pulmonary allograft is
continued across onto the
right pulmonary artery
and superior vena cava to
create a large anastomosis.
Through a limited right
atriotomy, the orifice to
the superior vena cava is
closed with a circular
patch of Gore-Tex.



Figure 61.27. When a
full Fontan is
performed, a
fenestrated baffle of
Gore-Tex is placed
from the inferior vena
cava to the superior
vena caval orifice.
When the patient has
had a previous hemi-
Fontan, the circular
piece of Gore-Tex
occluding the orifice of
the superior vena cava
is excised and a
fenestrated piece of
Gore-Tex is used to
baffle the inferior vena
caval drainage to the
superior vena cava.

Figure 61.28. To avoid
intra-atrial conduits, a
connection can be made
between the inferior
vena cava and the pul-
monary arteries with a
tube graft of pulmonary
or aortic allograft.The
inferior and superior
vena cavae are divided
and the cardiac ends
oversewn.The superior
vena cava is anasto-
mosed directly into the
right pulmonary artery
as standard bidirectional
Glenn anastomosis.A
tube graft of aorta or
pulmonary allograft is
used to connect between
the divided inferior vena
cava and the right pul-
monary artery.
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superior vena cava to the pulmonary artery
either previously or at the time of the full
Fontan.
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Introduction

Despite steady advances, persistent morbidity
and mortality among patients with single ven-
tricle physiology continued to stimulate con-
genital heart surgeons to devise new techniques
and strategies to improve event-free survival. In
the absence of a true anatomic repair, cure for
these patients is unfortunately not an option.
Physiologic repair, based on the Fontan princi-
ple of right heart bypass originally described in
1971,1 consists of converting the parallel circu-
lation to one that is series, with the single ven-
tricle as the only power source. This approach
provides the best long-term palliation for
selected. Over the years numerous modifica-
tions of the Fontan operation have been pro-
posed with the ultimate goal of improving
functional results.2–7 To our knowledge the
extracardiac Fontan was originally described
independently by Humes et al. and Nawa et al.
in 1988.8,9 Since 1992 we have used this opera-
tion as the technique of choice for physiologic
correction of patients with single ventricle
physiology.

Preoperative Strategy

An essential component of the extracardiac
conduit Fontan circulation is a bidirectional
superior cavopulmonary shunt. We prefer to
perform this procedure prior to completion 
of the extracardiac conduit Fontan, as either a

primary palliative procedure between 2 and 4
months of age,10 or between 3 and 6 months 
following neonatal palliation with a systemic 
to pulmonary artery shunt or pulmonary artery
banding.11 In toddlers and older children who
have been palliated earlier in life, we create a
bidirectional cavopulmonary shunt prior to
completion of the extracardiac Fontan in the
majority of cases, though on occasion we will
perform the cavopulmonary shunt during the
same operation as Fontan construction.

After bidirectional superior cavopulmonary
shunt, the patient is managed medically until 
he or she reaches a minimum weight of 15kg
(usually about 3 years of age). At this weight,
the patient is large enough that an adult size
conduit measuring 20 to 22mm can be used for
the extracardiac conduit without difficulty,
thereby eliminating the need for reoperation as
the patient grows by the time the patient is
scheduled to undergo the extracardiac Fontan
operation, every effort has been made to
prepare the patient so the Fontan operation is
limited simply to placement of the extracardiac
conduit without additional procedures. The
objective of this strategy is to minimize opera-
tive and cardiopulmonary bypass time, allowing
for maximum preservation of pulmonary vas-
cular and ventricular function in order to lower
the potential for postoperative Fontan failure.
This requires that other procedures (such as
atrioventricular valve repair, relief of residual
outflow tract arch obstruction, extensive pul-
monary artery reconstruction or enlargement
of an atrial septal defect) be performed prior to
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the extracardiac Fontan. In our experience,
these can usually be conveniently performed at
the time of the bidirectional Glenn shunt.

Operative Procedure

The operative plan for extracardiac Fontan
centers on preservation of ventricular and 
pulmonary vascular function. Aortic cross-
clamping and cardioplegic arrest are avoided.
No active cooling is used and the operation is
performed on a warm beating heart. The pump
priming solution is supplemented with calcium
to optimize cardiac function. Whenever possi-
ble, partial cardiopulmonary bypass with con-
tinued ventilation is used to maintain perfusion

of the pulmonary circulation via the bidirec-
tional Glenn shunt.

Through a standard median sternotomy, the
ascending aorta, main and branch pulmonary
arteries and superior and inferior venae cavae
are dissected free using electrocautery to mini-
mize postoperative bleeding. The diameter of
the inferior vena cava is inspected and an aortic
allograft conduit or non-ringed polytetrafluo-
roethylene tube of approximate size is selected.
If a descending aortic allograft is to be used,
care is taken to ensure that all intercostal arter-
ies are ligated securely.

Following heparinization, the aorta and infe-
rior and superior cavae are cannulated (Figure
62.1). To improve operative exposure, the infe-
rior venous cannula is positioned as low as pos-

Figure 62.1. Extracardiac
Fontan operation. Aorta and
the inferior and superior venae
cavae are cannulated. The infe-
rior venous cannula is posi-
tioned as low as possible.
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sible. To gain additional length on the inferior
vena cava below the level of the diaphragm, we
usually take down the pericardial reflection 
of the inferior vena cava using electrocautery
and dissect the vessel to the level of the hepatic
veins. A pursestring suture is placed immedi-
ately above the hepatic veins (Figure 62.1
inset). When cannulation of the superior vena
cava is required, the cannula is placed as cepha-
lad as possible at the junction of the innominate
veins, or alternatively in the left innominate
vein (Figure 62.1).

The patient is then placed on normothermic
cardiopulmonary bypass. The superior vena
cava is not connected to the circuit at this stage,
allowing the superior cavopulmonary shunt to
continue to perfuse the lungs. Mild to moder-

ate ventilation is maintained, allowing ade-
quate operative exposure. The main pulmonary
artery (if present) is divided and both ends are
oversewn with running polypropylene suture.
Two straight vascular clamps are placed across
the inferior vena cava, one at the cavopul-
monary junction, taking care to avoid injury to
the coronary sinus and the right coronary
artery (Figure 62.2), and the other just above
the inferior caval cannula. The inferior vena
cava is divided between the clamp and the
cannula leaving sufficient length on the caudal
segment to facilitate the subsequent anastomo-
sis. The vessel is divided with a moderate bevel
to allow for a non-stenotic anastomotic lumen.
The cardiac stump of the inferior cava is over-
sewn in two layers with running polypropylene

Figure 62.2. The inferior vena
cava is divided above the venous
return cannula. Care is taken to
avoid injury to the coronary sinus
and the right coronary artery.
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suture. The graft is cut with a similar bevel 
and anastomosed to the inferior vena cava 
with a single continuous polypropylene suture
(Figure 62.3).

Following completion of the inferior vena
caval anastomosis, the superior caval cannula is
connected to the circuit, the patient is placed 
on full bypass, and the superior vena cava is
clamped just below the cannula. A longitudinal
incision is then made on the antero-inferior
aspect of the right pulmonary artery. This inci-
sion is made as long as possible to allow unob-
structed flow of inferior vena caval blood to
both pulmonary arteries. It is started from a
point just below the takeoff of the right upper

lobe artery and carried centrally to the medial
aspect of the superior cavopulmonary anasto-
mosis (Figure 62.3). This arrangement allows
for the superior and inferior cavopulmonary
connections to be offset from one another,
which has been shown to minimize flow turbu-
lence and energy loss and to direct the larger
inferior caval flow to the larger right lung
(Figure 62.4).12,13

In selected patients, we have performed the
inferior cavopulmonary anastomosis on par-
tial cardiopulmonary bypass, without superior
caval cannulation. With this technique, a large
side-biting vascular clamp is placed on the
undersurface of the right pulmonary artery,

Figure 62.3. The incision in the pulmonary artery is made as long as possible, which allows for some offset
of the superior and inferior cavopulmonary connections.
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allowing flow from the superior cavopulmonary
anastomosis to continue unimpeded into the
left pulmonary artery. This approach requires
adequately large pulmonary arteries that the
clamp can be placed without occluding the
superior vena cava. In addition, superior caval
cannulation is required if central or left pul-
monary artery augmentation is required.

In the event that significant stenosis exists 
in the proximal right pulmonary artery, the 
pulmonary artery incision can be extended 
centrally under the aorta to include the stenotic
area. This technique expedites the operation by
avoiding the need for separate patch enlarge-
ment of stenotic areas. The graft is carefully
measured and then cut with a long medial taper
to accommodate the large right pulmonary

artery incision. The length of the lateral aspect
of the graft is most critical since it joins the right
pulmonary artery nearly at a right angle and it
is at risk of distorting the lateral corner of the
anastomosis if the graft is not cut to just the
right length (Figure 62.3 inset). The graft is also
cut and positioned in such a fashion so as to
give it a slight anterior and lateral curvature in
order to avoid compression of the pulmonary
venous drainage. The graft-right pulmonary
artery anastomosis is then carried out in a
similar fashion using a single circumferential
suture line (Figure 62.4).

Before completion of the proximal anasto-
mosis, the graft is de-aired by loosening the
inferior vena caval snare. The position of the
graft is carefully inspected with special atten-

Figure 62.4. Completed suture lines for extracardiac Fontan.



tion to possible pulmonary artery distortion or
pulmonary vein compression. Prior to discon-
tinuation of bypass, catheters for monitoring
pressure are placed in the extracardiac conduit
via the inferior vena cava and in the common
atrium via the right atrial appendage. The
patient is then weaned from bypass on low dose
dopamine.

If the systemic venous pressure following
bypass is £18mmHg with a transpulmonary
gradient £10mmHg, the patient is decannu-
lated. If those pressure guidelines are not met,
consideration is given to placing a fenestration
between the conduit and the right atrial free
wall. This can be performed without return to
cardiopulmonary bypass by anastomosing the
extracardiac conduit to the right atrium in a
side to side fashion with the aid of partial occlu-
sion vascular clamps. Alternatively, a 4–5mm
polytetrafluoroethylene tube graft can be 
anastomosed between the right atrium and the
conduit,14 and an adjustable snare can be used
to occlude the shunt postoperatively in a
manner similar to the method described by
Laks.7

UCSF Experience

Between October 1990 and October 1996, 59
patients underwent an extracardiac conduit
Fontan operation. Median age was 5.7 years
(1.5 to 44 years) and median weight was 17kg
(10–70kg). Eight of the 59 patients had previ-
ously undergone an atriopulmonary or atri-
oventricular Fontan at an outside institution
and subsequently presented 8 to 20 years later
with complications related to the original oper-
ation.15 In these patients, the previous Fontan
connection was taken down and replaced with
an extracardiac conduit.

In the majority of the patients (83%), a 
non-ringed polytetrafluoroethylene graft was
used to complete the extracardiac Fontan. In 
8 patients, a cryopreserved descending aortic
allograft was used, and direct anastomosis
between the main pulmonary artery and the
inferior vena cava was performed in 2 patients
with L-transposition of the great arteries. The
median conduit size was 20mm (range 16–

25mm) and was similar among patients with
synthetic and allograft conduits. The smallest
allograft conduit used was 18mm and the
largest was 25mm.

There was one early death and another five
months after surgery. The early death was a
patient who underwent revision of a failing atri-
opulmonary Fontan. Follow-up was available at
a median of 2 years postoperatively, with 92%
of patients in New York Heart Association
functional class I (70%) or II (22%). Five
patients (12%) had new persistent early post-
operative arrhythmia or conduction block and
four patients (10%) had transient abnormali-
ties. Fontan failure occurred in one patient, in
whom the Fontan was taken down to a cavopul-
monary shunt.

Comparison to Other 
Fontan Techniques

A persistent source of postoperative morbidity
and mortality following the Fontan operation
has been supraventricular arrhythmias. The
reported overall incidence of early and late
postoperative atrial tachyarrhythmias follow-
ing various Fontan techniques has ranged from
5–32%.16–20 Four primary factors are important
potential contributors to atrial arrhythmias and
sinus node dysfunction: 1) exposure of the right
atrium to the elevated post-Fontan systemic
venous pressure with subsequent atrial dilata-
tion and hypertrophy, 2) extensive atrial inci-
sions and suture lines, 3) surgery in the vicinity
of the sinus node, and 4) poor ventricular func-
tion. In contrast to the lateral tunnel Fontan,
the extracardiac Fontan operation excludes the
right atrium from the systemic venous circula-
tion entirely and is only exposed to the low
pressure pulmonary venous circulation. In the
absence of ventricular dysfunction or valvar
regurgitation, elevated atrial pressures are
avoided. The extracardiac Fontan also has the
advantage of completely avoiding atrial suture
lines and surgery in the vicinity of the sinus
node. Finally, the extracardiac conduit Fontan
operation is performed on a warm beating
heart so that ischemic arrest and its deleterious
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effects on ventricular function are avoided. We
believe that the combination of these factors
contributes to the low incidence of postopera-
tive arrhythmias in our experience.

In a modification of the lateral tunnel tech-
nique, an intra-atrial conduit Fontan has also
been described.8 This requires reduced atrial
suturing relative to the lateral tunnel technique,
as it requires anastomotic suture lines only
around the orifices of the inferior and superior
venae cavae. However, this is still a significant
suture load, and it also requires an atriotomy
incision and cardiac ischemic arrest. Another
recent modification of the lateral wall tech-
nique involves placement of an incomplete
conduit in an epicardial location to connect the
inferior vena cava to the pulmonary artery.21

This is essentially the mirror image of the
lateral wall technique with the “baffle” on the
outer aspect of the atrium. While an atriotomy
incision is avoided, this operation involves
extensive atrial suture lines, albeit epicardial in
location, with some of the suture lines in the
vicinity of the sinus node.Aside from its growth
potential advantage, the main feature of this
operation that is shared by the extracardiac
Fontan is that it can be accomplished without
arresting the heart.

Potential disadvantages of the extracardiac
Fontan operation include the lack of growth
potential, the risk of conduit obstruction 
secondary to neointimal peel formation, and
the risk of thromboembolism. Lack of growth
potential of the conduit theoretically puts the
patient at risk for reoperation as the patient’s
increasing cardiac output outstrips the con-
duit diameter. By performing the extracardiac
conduit Fontan when the patient is ≥15kg in
weight, it is possible to use a conduit measur-
ing 20–22mm in diameter. A conduit of this 
size should accommodate the patient’s future
growth and exercise demands. In our experi-
ence with the extracardiac Fontan there have
been no cases of conduit obstruction. How-
ever, we do recommend close monitoring of
these patients with frequent echocardiography
or magnetic resonance imaging, especially in
symptomatic patients. We believe that the use
of allografts or expanded polytetrafluoroethyl-
ene tubes, rather than Dacron, will reduce or

eliminate progressive conduit obstruction due
to pseudointimal peel formation.

The risk of postoperative thromboembolism
has been reported to be 18–20% in patients
undergoing various types of Fontan operation.
The high incidence of thromboembolic events,
regardless of technique, points to the possibil-
ity of an underlying hypercoagulable state in
the post-Fontan circulation. In view of this 
elevated incidence of thromboembolic com-
plications, our patients are currently discharged
from the hospital on chronic acetylsalicylic acid
and a three month course on warfarin.With this
management strategy, there have been no cases
of thromboembolism among our patients and
no significant complications from anticoagula-
tion or antiplatelet therapy. Until more is
known about the post-Fontan hypercoagulable
state, it seems prudent to us to recommend this
regimen.
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Section XIII
Future Directions



Advances in medical research in recent years
have led to the use of human allograft tissue for
the replacement or repair of diseased or injured
tissues. Tissue banks exist for the purpose of
facilitating this process and are an integral part
of providing this health care service. A tissue
bank is defined as an organization that re-
covers, processes, stores, and/or distributes
tissues for clinical transplantation.1 Tissue
banking encompasses a wide array of tissues,
and the scope of activities pursued by various
tissue banking organizations is broad and
varied. As the field of tissue banking grows, the
need for adequate oversight of the activities of
tissue banking has emerged.

Until recently, tissue banking was performed
without the oversight of the federal govern-
ment. Although voluntary compliance with
national standards-setting organizations like
the American Association of Tissue Banks
(AATB) has been encouraged, and pursued by
the allograft heart valve banking community,
federal regulations have been imposed on 
allografts which are similar to medical devices
used for comparable purposes. This review
addresses the current status of federal oversight
for human allograft tissue heart valves, and
reviews the historical developments of such
regulations.

A Brief History of 
Tissue Banking

Although tissue transplantation has been
described as early as the 17th century,2 the
establishment of the United States Navy Tissue
Bank in Bethesda, Maryland in 1949 marked
the emergence of the modern tissue bank. The
formation of the U.S. Navy Tissue Bank was 
a result of the need to recover and preserve
tissues to be used both at the battle front, and
at home to facilitate the recovery of traumati-
cally injured servicemen. Furthermore, the
Navy Tissue Bank sought to advance the
science of tissue banking through ambitious
research programs. These programs, pioneered
by noted researchers and clinicians, have added
a significant amount of knowledge to the field
and have led many to accept tissue transplan-
tation as a legitimate treatment method.

The initial clinical use of human heart valve
allografts for reconstruction of ventricular
outflow tracts was reported in the early 1960s.3

Since then, technological advances and the
emergence of cryopreservation techniques
have led to the use of allografts as a superior
alternative to the use of xenografts or mechan-
ical prostheses for certain surgical repairs 
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of defective or diseased hearts. The advantages
of human valve allografts are well known,
and include a superior record of mortality 
and morbidity in children, optimal hydraulic
function resulting in minimal pressure gradi-
ents and central non-obstructive flow, as 
well as freedom from thromboembolism and
hemolysis.4,5

As the use of allograft tissue as an accepted
treatment modality gained popularity, the
demand for such tissue has increased. This
increased demand has been the impetus for 
the formation and evolution of tissue banking
organizations. Today, tissue banks differ in size,
scope, and service area, ranging from hospital-
based services to large, regional organ and
multi-tissue banking organizations.6

Regional tissue banks are usually established
as nonprofit organizations, whether part of a
hospital, university, or as an independent organ-
ization, to satisfy the need for allograft tissue,
as well as to provide a mechanism for the dona-
tion of cadaveric human tissues. Large regional
tissue banks may be part of the local organ 
procurement organization (OPO) or they may
work in close cooperation with the local OPO,
relying primarily on tissue donations from the
next-of-kin of cadaveric donors. These tissue
banks usually supply many different types of
allograft tissues to local and regional health
care institutions, and practitioners. The bank-
ing methodologies employed by large regional
tissue banks are diverse and complex. Many dif-
ferent types of preservation techniques are uti-
lized, based on the tissues being preserved as
well as the needs of the clinicians within the
tissue bank’s service area.

Recently, the tissue banking/transplant com-
munity has witnessed the establishment of com-
mercial tissue banking organizations. Although
the National Organ Transplantation Act of 1984
(PL 98-507) prohibits the sale of human organs
and tissues, tissue banks are allowed to charge
for the services they render. It is generally held
that the performance of tissue banking activi-
ties is a service intended not for the benefit 
of the organizations or personnel performing 
the task, but rather for the benefit of both the
donating individual and the recipients of the
graft material.

American Association of 
Tissue Banks

The American Association of Tissue Banks is 
a scientific, not-for-profit, peer group organiza-
tion founded in 1976 to facilitate the provi-
sion of transplantable tissues of uniform high
quality in quantities sufficient to meet national
needs. AATB publishes the Standards for
Tissue Banking1 to ensure that the conduct of
tissue banking meets acceptable norms of tech-
nical and ethical performance. The American
Association of Tissue Banks established these
Standards in 1984. Although voluntary, compli-
ance with the Standards for Tissue Banking
ensures all activities related to the collection,
processing, storage, and distribution of human
tissues are carried out in a safe and professional
manner.

Among the Association’s accomplishments
in its continued evolution, is the establishment
of a constructive dialogue with the U.S. Food
and Drug Administration (FDA), and the
formal training and certification of tissue bank
technical specialists. In addition, AATB carries
out a program of inspection and accredita-
tion, established in 1986, to ensure that tissue
banking activities are being performed in a pro-
fessional manner consistent with the Standards
of the Association. Based upon the Standards
and procedures developed by the Association,
desiring tissue banks may receive accreditation
for retrieval, processing, storage, and distribu-
tion of tissues, following a rigorous inspection
of operations.

A Brief History of Federal
Regulatory Efforts

The Medical Device Amendments of 1976, with
broad sweeping implications for all medical
devices manufactured and sold in the U.S.,
were not written with allograft tissue in mind.
However, these regulations have come to af-
fect several types of allograft tissue currently
banked in this country, including cryopreserved
allograft heart valves. Although the U.S. Food
and Drug Administration has involved itself in
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the tissue banking community for many years,
this involvement was limited to one of moni-
toring the activities of tissue banking, and
engaging in dialogue with the tissue banking
community.

This passive role changed when the FDA’s
Center for Devices and Radiological Health
(CDRH), announced a meeting to be held in
June, 1990 for the purpose of engaging the
tissue banks in dialogue related to the regula-
tion of heart valve allografts as a medical
device. This meeting, attended by heart valve
processors, FDA staffers, and AATB represen-
tatives, established the fact that the FDA would
require the processors of allograft heart valves
to submit substantial data intended to support
the continued distribution and use of allograft
heart valves. Two documents were discussed
during this meeting. The first, dated May 1,
1990, is entitled “Replacement Heart Valves-
Guidance for Data to be Submitted to the 
Food and Drug Administration in Support of
Applications for Premarket Approval (Draft
Version).” It presents requirements for the
types of data to be submitted for premarket
approval for mechanical or biological heart
valves introduced into interstate commerce
after the enactment of the 1976 Medical Device
Amendments to the Food, Drug and Cosmetic
Act. The second document, an outline guidance
for human heart valve allografts, was written
for the purpose of developing a comprehensive
guidance concerning the information necessary
to submit to the FDA for the market clearance
of allograft heart valves. The unique nature 
of heart valve allografts was discussed, and the
difficulties in comparing human origin heart
valves to manufactured mechanical or biologi-
cal heart valves was brought to light. By
meeting’s end, it was apparent that allograft
processors would be required to submit data,
substantially equivalent to a Premarket
Approval Application (PMA), including clini-
cal data, in order to continue to distribute allo-
graft heart valves for patient use. It also became
apparent during the summer of 1990 that the
FDA intended to regulate allograft heart valves
in the same manner that the agency regulates
all other replacement heart valves; as Class III
medical devices.

The FDA held a subsequent meeting to
discuss the regulation of allograft heart valves
on August 20, 1990 with the convening of the
FDA’s Circulatory System Devices Panel. The
purpose of this meeting was to further discus-
sions regarding proposed regulation, as well as
to review a draft guidance document for this
regulation, entitled “Preliminary Draft Guid-
ance for the Submission of PMA Applications
to FDA for Heart Valve Allografts” (Dated
August 8, 1990). This document explains and
supplements the requirements of the regulation
“Premarket Approval of Medical Devices”.7

During the panel meeting, several experienced
and prominent cardiothoracic surgeons pre-
sented data related to allograft use. The allo-
graft’s unique niche in valve replacement and
outflow tract repair was emphasized, as well as
the fact that allografts had been successfully
used for over twenty years in the absence of
federal regulation. Regardless of these presen-
tations, it was apparent that the FDA had made
its decision to regulate allograft heart valves
within the strictest medical device category.

The FDA classifies medical devices accord-
ing to the attendant risk associated with their
use. A Class III medical device is a designation
given by the FDA to indicate medical devices
that are considered to carry with them, the
highest risk to the patient, should they fail.
Mechanical and bioprosthetic heart valves fall
into this category, as determined by regulations
promulgated by the FDA during the 1980s.8,9

Under the regulatory scheme of a Class III
device, a manufacturer is expected to submit
data to the FDA indicating that the device is
both safe and effective for the mitigation or
treatment of disease. Normally, data is gener-
ated from preclinical in vitro studies as well as
clinical trial data generated from the use of the
device under an Investigational Device Exemp-
tion (IDE). Clinical studies conducted under
IDEs are usually carried out by a limited
number of centers over several years to accu-
mulate enough data to support the claim of
safety and effectiveness. Investigational Device
Exemption applications include all aspects of
manufacturing, labeling, distribution, precli-
nical data and clinical study design. Once
approved by the FDA, the manufacturer is free
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to distribute the investigational device under
the auspices of the protocol outlined in the 
IDE application. This regulatory scheme posed
many unique challenges to the allograft heart
valve processors, including the enormous finan-
cial burden required to successfully comply
with the regulations.

In preparation to bear the burden of the 
regulatory pressures, six nonprofit heart valve
processors, LifeNet, American Red Cross, Uni-
versity of Chicago Cryolab, Oregon Tissue
Bank, Alabama Tissue Center at the University
of Alabama, Birmingham, and Northwest
Tissue Center, formed a consortium in the fall
of 1990. The purpose of this consortium was 
to seek legal and regulatory advice concerning
compliance, and to navigate the unknown
waters of FDA regulation. In September, 1990,
the nonprofit heart valve consortium met with
a representative of the FDA to begin the
process of education with regard to the many
issues of federal regulatory compliance.

Shortly after the issue of a final draft guid-
ance document for heart valve allografts in
June, 1991, the FDA issued a “Notice of Applic-
ability of a Final Rule” (NAFR),10 informing
tissue banks that allograft heart valves were
indeed subject to the regulations issued in the
1980s governing all replacement heart valves.
In order for allograft heart valve processors to
continue distributing heart valves, they were
required to have an approved PMA application
by August 26, 1991. Since none of the proces-
sors had sufficient data to submit a PMA appli-
cation, all were expected to support an IDE
application within the allotted time. Through
the assistance of legal counsel and some Con-
gressional support, several requests for filing
extensions were granted, postponing the final
required submission date until June, 30, 1992.
These extensions allowed the nonprofit heart
valve consortium time to compile the lengthy
IDE submission in order to fulfill regulatory
requirements. The nonprofit heart valve con-
sortium, with advice and consent of the FDA,
filed a joint IDE application (IDE# G910145P).
This necessitated an intense examination of 
the intricacies of each members’ tissue procure-
ment and processing methods, and cooperation
to develop identical procedures needed to

compare data generated following the implan-
tation of each members’ valves. Once received
and approved by the FDA’s Office of Device
Evaluation, the clinical study outlined in the
consortium’s Investigational Device Exemp-
tion application began in earnest on September
18, 1992. Although the consortium made every
effort to comply with federal regulations, the
statutory authority to regulate allograft heart
valves, as well as the timing and administrative
procedures in imposing these regulations on
allograft heart valve processors continued to be
questioned by the consortium.

Litigation

On July 25, 1991, at the same time the tissue
banks were preparing for the rigors of an IDE
application and the resultant clinical trial, the
consortium filed a petition in the United States
Court of Appeals for the Seventh Circuit
seeking review of the NAFR published in the
Federal Register on June 26, 1991.10 While
awaiting the Seventh Circuit Court’s decision,
the heart valve processors simultaneously filed
suit in the United States District Court, again
challenging the NAFR for reasons similar to
those presented in the Court of Appeals. On
that same day, the tissue banks also filed a
motion with the Court of Appeals seeking an
order to stay any action by the FDA pending
the court’s decision on their petition. On
November 12, 1991, the Court of Appeals
denied the motion to stay FDA action, con-
cluding that the NAFR was a permissible inter-
pretation of the regulations. But, on December
12, 1991, the District Court granted the request
to stay pending resolution of the action before
the Court of Appeals.

Following dismissal of the petition in the
Seventh Circuit Court, the consortium pursued
their suit in the District Court.9 They claimed:
1) the FDA did not have the authority to 
regulate the distribution of human heart valves
under the Food, Drug and Cosmetic Act; 2) the
FDA’s attempt to require premarket approval
of allografts under the 1980 and 1987 regula-
tions violated the procedural requirements of
the Food, Drug and Cosmetic Act; and 3) the
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FDA denied the banks the opportunity to
comment on the 1980 and 1987 regulations,
which was in violation of the Administrative
Procedures Act and the Food, Drug and Cos-
metic Act. Nothing in the regulations or ad-
ministrative record provided notice that the
regulations would apply to allograft heart
valves. These claims were subsequently dis-
missed in the District Court. Two of the tissue
banks in the consortium appealed the decision.
The other banks decided to forge ahead and
collect the required PMA data in an effort to
obtain valuable clinical information for all
parties involved.

As a result of the appeal, The United States
District Court for the Northern District of Illi-
nois accepted a settlement of this litigation, in
which the FDA agreed to rescind its premarket
approval requirements for allograft heart
valves. On October 14, 1994, approximately two
years after the IDE went into effect, the FDA
published its rescission of the NAFR in the
Federal Register.11 Their intent was to begin ini-
tiating procedures for the purpose of placing
these valves into a Class II device category 
with the establishment of “special controls” to
ensure safety and effectiveness.

Federal Oversight of 
Tissue Banking

Until late 1993, the federal regulatory efforts
aimed at human tissue only incorporated a
small amount of the total tissue donated and
distributed in the country. With the publication
of what is called the “Interim Rule for Banked
Human Tissue” in December of 1993, FDA
made its most ambitious foray into the trans-
plant community. The stated intention of this
rule is to “. . . require certain infectious disease
testing, donor screening, and record keeping to
help prevent the transmission of AIDS and
hepatitis through human tissue used in trans-
plantation.”12 This regulation became effective
December 14, 1993, and while it encompasses
all human tissue, it specifically exempts tissues
currently regulated under other regulatory
schemes, including allograft heart valves. This
regulation was promulgated under the author-

ity granted by section 361 of the Public Health
Service Act (42 U.S.C. 264), which authorizes
the Secretary of Health and Human Services 
to make and enforce such regulations as are
deemed necessary to prevent the spread of
communicable disease. The invocation of
section 361 is usually reserved for crisis situa-
tions, where the spread of communicable
disease is imminent. Allograft tissues have
enjoyed a remarkably safe use for decades, with
the rate of disease transmission far less than
that of blood transfusions. However, the FDA
discovered through undercover investigations,
that human tissue was being made available
from sources outside the U.S., that did not meet
minimal screening standards for the transmis-
sion of infectious agents. Although the FDA
admitted that these instances did not represent
the practices of most tissue banks in this
country, it felt it was necessary to promulgate
these regulations.

Following the publication of the interim rule,
several guidance documents have been circu-
lated giving interpretative guidance to FDA
compliance officers and the tissue banking
community. The FDA published its “Final Rule
for Human Tissue Intended for Transplanta-
tion” on July 29, 1997, which amends CFR part
1270, clarifies sections originally published in
the 1993 publication, and provides additional
guidance for industry.13 This “Final Rule”
became effective for human tissues procured
on or after January 26, 1998. A new guidance
document accompanied the “Final Rule” enti-
tled “Guidance for Industry; Screening and
Testing of Donors of Human Tissue Intended
for Transplantation.” This, the Agency’s most
ambitious and complete guidance document is
the product of more than three years of inter-
face and communication with the tissue
banking community.

The FDA established a special office, the
Human Tissue Program within the Office for
Blood Research and Review of the Center for
Biologics Evaluation and Research (CBER) to
monitor tissue banking activities. CBER is one
of the FDA centers responsible for regulating
biologic products such as therapeutics, vaccines,
blood, and blood products. The mission of the
Human Tissue Program, established in 1995,
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is to develop and coordinate policy, and to
provide scientific review of issues and findings
to assure that tissue of human origin meets all
requirements as defined in the regulations for
banked human tissue.

Although the human tissue regulations and
accompanying guidance documents do not
specifically apply to allograft heart valves, it is
quite difficult to separate the donor screening,
testing, and record keeping requirements from
other human tissue in programs that bank 
multiple tissues. In fact, all of the nonprofit
heart valve processors also bank other tissues,
such as musculoskeletal tissues. Since many
donors of heart valves are also donors of other
tissues, the application of different regulatory
requirements for each tissue has resulted in an
untenable system for most tissue banks. The
result has been an awkward regulatory scheme
for allograft heart valves, which encompasses
both medical device law and the regulations for
banked human tissue.

The Future of Regulation

The future of federal regulatory oversight of
heart valve allografts is uncertain at this
writing. Since the Federal Register publication
of October 14, 1994, rescinding the enforce-
ment of the IDE, little progress has been made
to resolve issues regarding the regulation of
allograft heart valves. A meeting of the Circu-
latory System Devices Panel scheduled for
August, 1995 for the purpose of classifying allo-
graft heart valves, has been indefinitely post-
poned. In October, 1995, a FDA conference was
held to discuss the development of “special
controls” under Class II medical device regula-
tions which may be appropriate for allograft
heart valves, should they be placed in Class II.
It is interesting to note that the FDA’s proposed
special controls include issues traditionally out
of the scope of medical device regulation,
including adherence to the interim rule for
banked human tissue, and infectious disease
screening criteria found in blood banking 
regulations.

On February 28, 1997, the FDA published a
proposed regulatory scheme for human tissue,

entitled “A Proposed Approach to the Regula-
tion of Cellular and Tissue-Based Products.”13

The new regulatory framework as proposed in
this document, is intended to provide a unified
approach to the regulation of both traditional
and new products. In addition, this proposed
approach would provide only the degree of
government oversight thought necessary to
protect the public health. It is interesting to
note that this proposal calls for the reclassifica-
tion of allograft heart valves, moving them from
the medical device regulations to those of tra-
ditional banked human tissue. The implemen-
tation of this regulatory scheme is currently
underway and anticipated to be fully imple-
mented by early in the twenty-first century. The
first steps in the proposed regulatory approach
were carried out when the FDA published
three proposed rules, covering establishment
registration in 1998,14 donor suitability in
1999,15 and good tissue practices in 2001.16

To-date, only the registration rule17 has been
finalized.

Summary

Presently, heart valve allografts, and the proces-
sors and distributors of these medical products
are subject to the general controls applicable to
all medical devices, including the requirements
of premarket notification, quality systems reg-
ulations, and FDA inspection. The regulatory
fate ought to be consistent with the regulation
of other allograft tissue. Regardless of all of the
activity in CDRH, the speculation that allograft
heart valves may be moved to CBER, and reg-
ulated under the auspices of the Human Tissue
Program is encouraging. In the interim, allo-
graft heart valves, having survived the initial
onslaught of federal regulatory pressure, con-
tinue to be made available for patients in need.
Although the experience of the past ten years
has at times been overwhelming for the
providers of these needed medical products,
and has no doubt contributed to the elimina-
tion of some tissue banking programs, the edu-
cation gained from the experience has enabled
the remaining tissue banks to successfully face
the impact of future regulatory efforts.
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There is a broad spectrum of biological valves
available for use in patients. These valves offer
the advantage of decreased need for anti-
coagulation, decreased incidence of throm-
boembolism and with variable hemodynamic
performance. The spectrum ranges from
porcine prostheses, modified orifice porcine
prostheses, bovine pericardial valves, fresh 
and cryopreserved homografts, and stentless
xenografts. All of these have been discussed in
previous chapters, but a synopsis of each cur-
rently available prosthesis and their character-
istics are defined below.

Choice of Valvular Prosthesis

Since the initial placement of a prosthetic
device by Hufnagel in 1953,1 a wide variety of
valvular prostheses have become available 
for native valve replacement. The evolu-
tion of valvular surgery, from the original 
Starr-Edwards mechanical prosthesis to the 
commonly used St. Jude Medical and 
Carpentier-Edwards Pericardial bioprosthesis,
has produced a plethora of technology. Valvu-
lar reconstruction and auto-replacement has
become exceedingly popular over the last
decade, but prosthetic valve replacement still
remains the most reliable and only alternative
to severely diseased cardiac valves. The choice
of which valve prosthesis to employ requires
individualization to specific patient needs and
limitations. Particular characteristics which
must be considered include patient age, activity

status, ability to self medicate, geographical
area, opportunity for follow-up, social situation,
life expectancy, and contraindication to antico-
agulation. Specific valve characteristics to be
considered include durability, thrombogenicity,
hemodynamics, performance, availability,
failure modes and cost.

Valvular prostheses can be broadly classified
into either mechanical or biological.Mechanical
prostheses generally have a greater longevity
than biological prostheses, but have the disad-
vantage of requiring long-term anticoagulation.
Warfarin therapy is commonly employed, with a
goal of prothrombin ratio of 1.5 to 2.0 (INR 2.0
to 2.5) times normal for aortic position. Antico-
agulation with warfarin carries a mortality rate
of 0.2% per patient-year and a 2–3% per
patient-year of anticoagulant-related hemor-
rhage. Bioprosthetic valves have the advantage
of not requiring anticoagulation, although their
are inferior long-term durability makes them a
poor choice in certain populations.

Randomized studies over the last two
decades have chronicled the disadvantages and
advantages of mechanical and biological valve
prostheses. The Veterans Affairs Cooperative
Study reported no difference between mechan-
ical and biological prostheses in patient survival
or in the incidence of thromboembolic events
at 11 years.2 Mechanical valves had a higher
incidence of hemorrhage whereas biological
valves had a higher incidence of reoperation.
The purpose of the present review is to sum-
marize selected in vitro studies and provide an
overview of certain valve characteristics.
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Mechanical Valve Prostheses

Starr-Edwards Valve

St. Jude Valve

Medtronic-Hall Valve

The Medtronic-Hall valve is a pyrolytic carbon
and metal single tilting disk prosthesis first
implanted in 1977 and now available in 20mm
to 31mm sizes.3 The valve has a unique design
with the disk centrally positioned resulting in
an enlarged orifice. This enlargement reduces
the stagnation and turbulence of blood in this
area. Ten year data reveals a low incidence of
thromboembolic events and a 100% freedom
from prosthetic dysfunction.4–6

Björk-Shiley Valve

The Björk-Shiley valve is a single tilting disk
mechanical prosthesis first implanted in the
aortic position in 1969.7 Since then, it is esti-
mated that nearly 24,000 of these valves were
implanted in patients worldwide, with as many
as 7,000 presently living with the valve in place.8

This valve was removed from the market in
1986 because of reports of strut fracture in
certain models. A review of the valve’s per-
formance in 785 patients over a 15 year period
revealed no structural deterioration, but valve
thrombosis was observed at a rate of 0.36% per
patient-year.9,10 Prophylactic valve replacement
is only indicated in certain models released in
Europe only.11

Carbomedics Valve

The Carbomedics valve is a pyrolytic carbon
bileaflet valve which was first marketed in 
1986. Its design allows rotation of the valve
within the sewing ring for optimal orientation
of the prosthesis during implantation. The
design also protects against deformity of the
sewing ring which can result in leaflet binding.
Early data reveals 100% freedom from pros-
thetic failure and 92% freedom from throm-
boembolic events.12

Omniscience and Omnicarbon Valve

The Omniscience valve is constructed of a
pyrolytic carbon tilting disk seated in a metal
housing. This valve became available in 1978 in
19mm and 31mm sizes. Freedom from struc-
tural dysfunction of the Omniscience has been
reported as 100% at 9 years.13 Reports of some-
what higher rates of thromboembolic events at
five year follow-up led to the development of
the Omnicarbon valve.14 The Omnicarbon is an
improved version of the Omniscience valve,
modified with the purpose of improving anti-
thrombotic characteristics by changing the
housing material to pyrolytic carbon and short-
ening the pivot to form a low profile. Four year
follow-up with this valve reports a freedom
from thromboembolic complications of 96%.13

Biological Valve Prostheses

Carpentier-Edwards Porcine Valve

The standard Carpentier-Edwards model 2625
porcine valve became available in 197515 and
was followed in 1982 by the supra-annular
model, which incorporated low pressure fixa-
tion and slight modification of the sewing ring
and stent.16 The second generation CE porcine
bioprosthesis provides improved tissue preser-
vation and reduced failure from structural
valve deterioration.17 The porcine tissue of the
second generation prosthesis is fixed with 
glutaraldehyde at 2mm HQ and treated with
polysorbate 80, an antimineralization surfac-
tant. Although significant advances have
occurred over that last two decades, but long-
term durability continues to be the main dis-
advantage.18–20 In a review of 2,444 patients
receiving a second generation CE porcine
valve, freedom from structural valve deteriora-
tion at 10 years was 90 ± 2% but fell to 82 ± 6%
at 12 years.21 First generation CE porcine valves
have an overall freedom from valve deteriora-
tion of 29% at 17 years.16 Multiple long-term
studies have shown that age and valve position
play a significant role in valve durability.22,23

Jamieson showed that freedom from valve
deterioration at 10 years in the age group
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between 36 to 50 years was 85 ± 6%, but
increased to 99 ± 1% in the group 70 years and
older.21

Hancock II Porcine Valve

The Hancock II bioprosthesis is a second gen-
eration porcine aortic valve manufactured by
Medtronic. The valve is fixed in glutaraldehyde
at low pressure and chemically treated with
sodium dodecyl sulfate to retard calcification.
It mounted on a low profile Delrin stent and
designed for supra-annular implantation. A
review of 843 patients over a 10 year period
reveal a freedom from valve failure of 92%, but
the freedom from thromboembolic complica-
tions was only 80% in the aortic position.24

Medtronic Intact Porcine Valve

The Medtronic Intact porcine xenograft was
introduced into the market in 1984 and is the
first zero-pressure glutaraldehyde-fixed valve.25

The prosthesis is treated with the antical-
cification agents toluidine blue and has an
intra-annular configuration similar to that of
the first-generation porcine bioprosthesis. Re-
ported data at seven years reveals a freedom
from structural valve deterioration of 97%.26,27

Long-term durability remains to be defined.

Carpentier-Edwards Pericardial Valve

The Carpentier-Edwards pericardial valve was
introduced into clinical use in 1981 to overcome
the complications and failures associated with
previous pericardial valve substitutes.28 Long-
term follow-up suggest that durability in the
aortic position of the CE pericardial valve may
be superior to existing porcine bioprosthesis,
with freedom from prosthetic dysfunction
being 100% and 83% at 12 and 13 years, respec-
tively.29 The initial mitral version of the CE
pericardial valve was rapidly withdrawn from
the market because of excessive flexibility of
the stent, but was reintroduced for clinical
implantation in 1984. Freedom from primary
valve dysfunction in the mitral position in all
age groups was 79% at 8 years.30 Age adjusted
freedom from valve dysfunction in the mitral
position was 100% among patients 70 years and
older, 91% ± 9% in the 60 to 69 year age group,
and 64 ± 17% in the less than 60 year age group
(Table 64.1 and 64.2).31

In vitro Hydraulic Performance Data
for the Available Prostheses

It is very difficult to compare hydraulic per-
formance of prostheses to the next in vivo.
While measurements can be obtained by
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Table 64.1. Age Adjusted Aortic Valve Performance.

Freedom from Freedom From
Valve Aortic Structural Thromboembolic Freedom From Freedom From Freedom From
Position Deterioration Event Hemorrhage Reoperation Endocarditis

Starr-Edwards361 100% 75% 75% 80% 93%
St. Jude372 100% 90% ± 4% 81% ± 11% 94% ± 3% NA
Metronic-Hall53 100% 87% ± 4% 80% ± 8% 97% ± 2% 96% ± 2%
Carbomedics124 100% 94% ± 1% 87% ± 1% 95% ± 1% 98% ± 1%
Omniscience135 100% 89% ± 4% 98% ± 1% 95% ± 2% 95% ± 2%
Omnicarbon136 100% 95% ± 3% 100% 97% ± 2% 97% ± 1%
CE Porcine217 39% ± 8% 76% ± 3% 98% ± 1% 37% ± 8% 93% ± 1%

First generation
CE Porcine208 82% ± 6% 85% ± 2% 96% ± 1% 80% ± 6% 96% ± 1%

Second generation
Hancock II233 92% ± 3% 80% ± 4% 96% ± 3% 89% ± 2% 95% ± 1%
Medtronic Intact 97% ± 1% 94% ± 1% 98% ± 1% 94% ± 2% 95% ± 1%

Porcine259

CE Pericardial 2810 100% 95% ± 3% 95% ± 2% 100% 98% ± 1%

1: 20 Years; 2: 16 years; 3: 10 years; 4: 5 years; 5: 9 years; 6: 4 years; 7: 17 years; 8: 12 years; 9: 7 years; 10: 8 years.



echocardiography, the characteristics of valves
do change over time and the best evaluation is
done with serial echocardiographic studies over
many years. Explant studies also define the fact
that the hydraulic and hemodynamic perform-
ance of a given prosthesis at the time of implan-
tation changes and evolves over time. However,
it is helpful to have in vitro hydraulic perform-
ance data for the comparison of various valves
as a starting point for selection, and as an 
estimate of relative performance early after
implantation (Table 64.3).

Rationale for Valve Choice 
in Atrioventricular and Ventricular
Outflow Tract Reconstructions

Choosing an AV valve replacement from the
available options is relatively straightforward.
For the mitral position, all patients under the
age of 65 or who have more than a 12 year
expected survival should receive a mechanical
prosthesis, unless there is a specific and signifi-
cant contraindication to anticoagulation.32

While multiple styles have been used and are
available, the double tilting disc valve made of
pyrolytic carbon currently offers the best com-
bination of low thromboembolic potential,
durability, low profile and hydraulic perform-
ance. For patients over the age of 65, bio-
prosthetic valves in the mitral position have
functioned well with infrequent need for re-
replacement and the advantage of anticoagula-

tion flexibility.Thus, in patients who are in atrial
fibrillation, the tendency would be to place a
mechanical valve since there is already a need
for anticoagulation. However, elderly patients
do develop additional illnesses which can be
complicated by anticoagulation, and thus the
placement of a bioprosthesis leaves at least the
option for discontinuing anticoagulation as nec-
essary in the future, simplifying other kinds 
of medical care, such as orthopedic or genito-
urinary operations. Many elderly patients
become so frail and unstable that falls while on
anticoagulation become quite risky. Similarly,
younger patients who are mentally retarded or
otherwise might have difficulty with anticoagu-
lation can also be appropriately managed with
a bioprosthetic mitral valve. Selection depends
upon profile, surgeon’s familiarity, acute
hydraulic and hemodynamic performance,
durability expectations related to manufactur-
ing processes aimed at reducing the rate of cal-
cification, and cost.

For the tricuspid valve position, multiple
studies have reaffirmed the bioprosthesis as the
valve replacement of choice when valve repair
cannot be accomplished. First choice is always
repair. Since the tricuspid valve prosthetic
replacement is always extraordinarily large,
hemodynamic performance becomes less of an
issue and choice depends upon the surgeon’s
belief about durability claims made by the 
manufacturers for their specific processing
methodologies.
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Table 64.2. Age Adjusted Mitral Valve Performance.

Freedom from Freedom From
Valve Mitral Structural Thromboembolic Freedom From Freedom From Freedom From
Position Deterioration Event Hemorrhage Reoperation Endocarditis

St. Jude372 100% 86% ± 7% 90% ± 7% 93% ± 3% NA
Metronic-Hall53 100% 91% ± 3% 86% ± 5% 88% ± 4% 88% ± 4%
Carbomedics124 100% 89% ± 2% 87% ± 1% 95% ± 3% 98% ± 1%
CE Porcine167 14% ± 4% 79% ± 3% 83% ± 6% 10% ± 5% 93% ± 1%
CE Porcine218 82% ± 6% 76% ± 10% 96% ± 1% 40% ± 8% 92% ± 2%

Second generation
Hancock II243 81% ± 6% 88% ± 3% 97% ± 3% 81% ± 6% 96% ± 1%

Porcine
Medtronic Intact9 97% ± 2% 94% ± 1% 98% ± 2% 94% ± 2% 95% ± 1%

Porcine26

CE Pericardial3010 79% ± 13% 92% ± 3% 98% ± 2% 66% ± 11% 95% ± 3%

1: 20 Years; 2: 16 years; 3: 10 years; 4: 5 years; 5: 9 years; 6: 4 years; 7: 17 years; 8: 12 years; 9: 7 years; 10: 8 years.
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Table 64.3. In Vitro Data.

Valve Internal External Mean Open Closed
Label EOA Diameter (mm) Diameter (mm) Gradient (mmHg) Angle (Deg) Angle (Deg)

Mechanical Aortic Valve Replacements
St. Jude Medical (Standard)
19 1.63 14.7 19 22.3 85 30
21 2.06 16.7 21 13.3 85 30
23 2.55 18.5 23 8.2 85 30
25 3.09 20.4 25 3.6 85 30
27 3.67 22.3 27 2 85 25
29 4.41 24.1 29 >1 85 25
31 5.18 26 31 >1 85 25

St. Jude Medical HP
17 1.63 14.7 17 22.3 85 30
19 2.06 16.7 19 13.3 85 30
21 2.55 18.5 21 8.2 85 30
23 3.09 20.4 23 3.6 NA NA
25 3.67 22.3 25 2.5 NA NA
27 4.41 24.1 27 >1 NA NA

Carbomedics (Standard)
19 1.59 14.7 19.8 35 78 25
21 2.07 16.7 21.8 15 78 25
23 2.56 18.5 23.8 12 78 25
25 3.16 20.5 25.8 8 78 25
27 3.84 22.5 27.8 4 78 25
29 4.44 24.2 29.8 2 78 25
31 4.44 24.2 31.8 NA 78 25

Carbomedics (TopHat Supra-Annular)
19 1.59 14.7 23.7 45 NA NA
21 2.07 16.7 26.1 20 NA NA
23 2.56 18.5 28.3 15 NA NA
25 3.16 20.5 31.1 8 NA NA
27 3.84 22.5 33.5 4 NA NA

Carbomedics (Reduced)
19 1.59 14.7 18.8 45 78 25
21 2.07 16.7 20.8 20 78 25
23 2.56 18.5 22.6 15 78 25
25 3.16 20.5 25 8 78 25
27 3.84 22.5 27 4 78 25
29 4.44 24.2 29 2 78 25

Medtronic Hall Mechanical Valve
20 1.74 16 20 14.4 75 0
21 1.74 16 21 14.4 75 0
22 2.26 18 22 8.4 75 0
23 2.26 18 23 8.4 75 0
24 3.07 20 24 4.6 75 0
25 3.07 20 25 4.6 75 0
27 3.64 22 27 3 75 0
29 5.45 24 29 1.4 75 0
31 5.45 24 31 1.4 75 0

Omniscience
19 1.63 14.4 19 47 80 12
21 2.11 16.4 21 31 80 12
23 2.55 18 23 15 80 12
25 3.14 20 25 8 80 12
27 3.8 22 27 NA 80 12
29 3.8 22 29 3 80 12
31 4.52 24 31 >1 80 12
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Table 64.3. Continued

Valve Internal External Mean Open Closed
Label EOA Diameter (mm) Diameter (mm) Gradient (mmHg) Angle (Deg) Angle (Deg)

Sorin Monostrut
17 1.1 12 17 95 70 0
19 1.5 14 19 50 70 0
21 2 16 21 28 70 0
23 2.5 18 23 20 70 0
25 3.1 20 25 10 70 0
27 3.8 22 27 4 70 0
29 4.6 24 29 >1 70 0
31 4.6 24 31 NA 70 0

Starr-Edwards
21 1.41 13 21 39 NA NA
23 1.67 15 23 28 NA NA
24 1.79 15 24 22 NA NA
26 1.94 16 26 18 NA NA
27 2.16 17 27 15 NA NA
29 2.57 18 29 11 NA NA
31 2.89 19 31 10 NA NA

Bioprosthetic Aortic Valve Replacements
Carpentier-Edwards Porcine Valve (Standard)
19 0.9 17 19 32.7
21 1.2 19 21 21.3
23 1.1 21 23 30.2
25 1.5 23 25 19.4
27 2.4 25 27 11
29 2.7 27 29 18.3
31 1.6 29 31 29.3
Carpentier-Edwards Pericardial Valve (supra-annular)
Model 2700 Perimount
19 2.54 18 28 26.3
21 3.14 20 31 22.6
23 3.79 22 33 14.4
25 4.52 24 35 NA
27 5.31 26 38 NA
29 6.15 28 40 NA

Carpentier-Edwards Pericardial Valve (supra-annular)
Model 2800 Perimount
19 2.54 18 26 NA
21 3.14 20 28 NA
23 3.79 22 31 NA
25 4.52 24 32 NA
27 5.31 26 35 NA
29 6.15 28 37 NA

Medtronic Intact Porcine Valve
19 1.01 16.6 25 32.35
21 1.37 18.5 27 17.55
23 1.56 20.3 30 13.8
25 1.85 22.1 33 9.75
27 2.11 23.7 35 7.33
29 2.51 25.5 38 5.13

Hancock Standard Porcine Valve
23 1.74 20 28.5 10.9
25 1.94 21.8 31.5 8.63
27 2.14 22.3 34.25 7.03
29 2.71 24.1 36.5 4.53
31 2.85 26 40 3.98

Continued



In the ventricular outflow tract positions,
except for endocarditis, when the homograft is
always preferred, choices become a little more
complex. Repairs are generally preferred to
sacrifice of the native valve when applicable.
For right sided positions, the cryopreserved
homograft appears currently to be the best
option for most patients. There are occasional
anatomic constraints where a more rigid tube
and bioprosthesis combination are advanta-
geous but a mechanical valve in the pulmonary
position is to be discouraged.

For the systemic, aortic outflow tract re-
construction, there are various factors which
control selection. In general, a mechanical valve
is chosen for the adult patient under 60 years
of age without specific contraindications to
anticoagulation as in most cases, this provides
the best durability and hemodynamic perform-
ance. If necessary, annulus enlargement tech-
niques can be used to ensure adequate size
prosthesis. Over the age of 70, pericardial or
porcine bioprostheses offer excellent choices
for durability and hemodynamic performance
and again, annulus enlargement techniques can
be used as required. Anticoagulation can be
used as driven by other factors, but the bio-
prostheses allow Coumadin or aspirin to be 

discontinued when other medical conditions
complicate the picture.

The stentless xenograft prostheses in their
various formats are useful for the small aortic
root in patients over 55, particularly those with
left ventricular hypertrophy (LVH) and thus
the need for optimal hydraulic performance.
Homografts can be used but offer no specific
advantage in the elderly patient except for the
rare (in this age) complex multilevel outflow
reconstructions. There is evidence that the
superb hydraulics of stentless and allograft
valves result in very very low gradients (e.g., 2
to 6mmHg) and impedence to total flow which
in turn results in better ventricular remodeling
and regression of LVH33–35 that may only be
captured with stented valves when aggressive
upsizing with annulus enlargement is per-
formed. Durability for stentless valves and
stentless root xenografts will likely be as good
or better than stented pericardial valves and
homografts. This makes them an attractive
option for the patient who can’t have a Ross,
especially those that fall in the “between” age
group of 50 to 65 years.

For patients who have other indications for
anticoagulation (e.g., atrial fibrillation, history
of stroke, peripheral vascular disease, low 
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Table 64.3. Continued

Valve Internal External Mean Open Closed
Label EOA Diameter (mm) Diameter (mm) Gradient (mmHg) Angle (Deg) Angle (Deg)

Hancock II Porcine Valve
21 1.46 21 18.5 15.45
23 1.8 23 20.5 10.08
25 2.06 25 22.5 7.7
27 2.36 27 24 5.73
29 2.93 29 26 3.8

Hancock MO Porcine Valve
19 1.21 16 23.5 23.3
21 1.43 18 26 16.5
23 1.94 20 29.25 9
25 2.16 21.8 32.5 7.15

Stentless Freestyle Aortic Root Bioprosthesis (Medtronic)
19 1.84 16 19 9.83
21 2.17 18 21 6.98
23 2.69 20 23 4.43
25 3.41 21.5 25 2.8
27 3.75 23.5 27 2.3

EOA: Effective Orifice Area (cm2); Mean Gradients (400ml/sec).
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ejection fraction, history of thromboembolism,
etc.), a mechanical valve in the aortic position
is a routine choice. For those patients with rel-
ative or absolute contraindications to anticoag-
ulation who are under the age of 55, there are
a number of choices.The first choice is the Ross
autograft procedure as it achieves the aortic
reconstruction with the procedure durability of
a homograft in right sided position as opposed
to the left sided position. A homograft is a 
good choice for the left sided position, but 
will require replacement in most patients
between 10 and 25 years after transplantation
and cannot grow. Xenograft prostheses can be
selected for ease of insertion, but recognizing
that a patient will require re-replacement.
Xenografts can be a useful strategy for certain
subgroups of patients such as young women
entering the child bearing years who do not
wish to have a homograft or for whom the auto-
graft procedure is not applicable because of
deformity of their own pulmonary valve. In this
case, a strategy based upon lifetime goals would
be reasonably defined by placing a homograft,
pericardial or porcine prosthesis in the aortic
position, recognizing that re-replacement
would be required in 10 to 15 years, during
which time the pregnancies could be accom-
plished. After that, the implant could be a
mechanical valve or a Ross procedure with the
goal of achieving lifelong durability.

Complex multilevel outflow tract disease is
often easier to reconstruct with homografts or
autografts even when adding other outflow
reconstructions (e.g., subaortic resections, etc.
See Chapter 8).Aortic valve SBE is statistically
best treated with homografts (See Chapter 9).
Small aortic roots or severe LVH favors choos-
ing either autograft/homografts or stentless
valves except with severe hypertrophic car-
diomyopathy (IHSS) when either a stented
valve may prevent LVOT collapse in systole 
or a Morrow type operation is concomitantly
performed.

Whatever valve prosthesis chosen, patients
are best served when the surgeon is capable of
conceptualizing the operation as a “ventricular
outflow tract reconstruction” contrasted with a
“prosthesis insertion.” Then the best operation
can be devised for each patient by repairing 

or replacing the subvalvular, valvular and
supravalvular components of outflow as neces-
sary to achieve the best functional hemody-
namic and hydraulic performance using
materials with specific properties chosen with
the characteristics optimized for the individual
patient to lower, not only operative risk, but
lifelong morbidity and mortality.35,36
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The safety and effectiveness of the current 
generation of mechanical and bioprosthetic
replacement heart valves (HVs) have been
clearly demonstrated, although attention must
be given to specific anatomic and patient-
related factors before a particular valve design
is selected for use.1 In infants and children
requiring ventricular outflow tract reconstruc-
tions, the availability of a suitable valve conduit
is quite restricted.2 Cryopreserved allograft
(homograft) heart valves remain an attractive
option for ventricular outflow tract reconstruc-
tion in infants, children and young adults as dis-
cussed in the preceding chapters of this book.
Although the long-term safety and clinical per-
formance of cryopreserved allografts is encour-
aging,3 their use is limited in children due to the
reduced availability of small diameter allografts
and the lack of allograft HV somatic growth.
The application of emerging tissue engineering
(TE) concepts may provide a solution to this
current limitation, through the development of
a TE valve conduit that remains viable for the
life of the patient as well as undergoes somatic
growth as the child grows.

The development of the ideal replacement
heart valve continues to be elusive. An ideal
replacement HV should having the following
characteristics: 1) elicit no inflammatory or
foreign body response; 2) be non-immunogenic;
3) be viable having long-term durability and the
capability to repair degenerated components;
4) be available in unlimited supply; 5) non-
thrombogenic; 6) be capable of somatic growth;
and 7) have design features which uniquely

satisfy individual patient requirements.4 The
design and fabrication of previous generations
of replacement heart valves (i.e., mechanical,
bioprosthetic and polymeric) have been limited
by a combination of restrictions placed on
design features constrained by manufacturing
capabilities and the availability of suitable 
biomaterials possessing the requisite materials
properties to satisfy the demands made by the
design requirements. In addition to limitations
imposed by fabrication and the selection of bio-
materials, semilunar and atrioventricular (AV)
valves differ anatomically as well as function 
in differing physiologic settings.5 Historically,
replacement HVs have been designed to
respond passively to changes in pressure initi-
ating forward blood flow and valve opening
replicating semilunar valve physiologic mecha-
nisms. The valve apparatus (i.e., chordea tendi-
nae and papillary muscles), a unique anatomic
feature of native AV valves, has not been incor-
porated into tricuspid and mitral valve designs;
although, a stentless pericardial valve currently
undergoing limited clinical trial does include
segments of pericardium joining the four
leaflets to papillary muscle attachment sites.6

Whether or not the incorporation of mitral
valve apparatus anatomic features intended 
to replicate native AV valve structure-function
will improve mitral valve replacement HV
safety and durability remains to be demon-
strated. However, it is encouraging to note that
anatomic and physiologic differences between
semilunar and AV valves are being considered
as design features.
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This chapter will discuss the current “state of
the art” in the development of tissue engi-
neered (TE) HVs highlighting areas of success
as well as identifying important lessons learned
from these initial experiences by various
research teams. Although the initial research
goals of developing a viable TE HV capable of
somatic growth, renewal of cell populations,
regeneration of extracellular matrix compo-
nents and adequate hemodynamic perform-
ance for the lifetime of the patient has not been
met, the need for continuing basic research in
cell and molecular biology and engineering
have been identified by this initial experience.
Areas of future research will also be discussed
with the hope that other investigators will 
be both encouraged concerning the rapid
advances that have been made thus far6–20 as
well as stimulate interest in conducting funda-
mental research which is expected to provide
solutions to deficiencies that are impeding the
development of next generation of TE HVs.

Two TE HV approaches are being explored
which are based on the use of either biodegrad-
able polymeric materials7–13 or decellularized
valve conduits (e.g., pulmonary and aortic 
valve allografts; composite porcine aortic valve
xenograft)14–20 intended to replicate the
anatomic, histologic and biomechanical char-
acteristics of semilunar HVs. Current TE HV
designs are based on the use of a three dimen-
sional structure (referred to as a scaffold) con-
sisting of either a biodegradable polymer (e.g.,
polyglycolic acid, polylactic acid, polyhydroxy-
octanoate) or a tissue-derived biomaterial (e.g.,
decellularized pulmonary and aortic valves).
In addition to the use of polymeric and decel-
lularized tissues, fibrin gel, gelatin, folded cell
sheets (myofibroblasts; collagen) and elastin-
collagen composite scaffolds are also being
designed.21–23 All of these TE HV designs are
based on the expectation that the scaffold
material will be recellularized by the patient’s
autologous cells either before implantation
(e.g., in vitro cell seeding) or after implantation.
The recellularized scaffold would than be
capable of renewing valvular cellular and extra-
cellular matrix (ECM) components resulting in
a viable replacement HV satisfying the require-
ments of an ideal HV.

A summary of polymeric and ECM scaffold
TE and preclinical animal model experience
gained with each will next be reviewed.

Polymeric Scaffolds

The initial efforts to develop a biodegradable
polymeric scaffold for use in the construction
of a TE HV consisted of the evaluation of
polyglycolic acid (PGA) alone or in combina-
tion with polylactic acid (PLA) fabricated into
the shape of a single pulmonary valve cusp.*
The PGA-PLA leaflet was than seeded with
autologous vascular cells (mixed cell popula-
tion-endothelial cells, fibroblasts, smooth
muscle cells) and implanted in lambs.7–9 The in
vivo preclinical evaluation of PGA-PLA single
pulmonary leaflet replacements were encour-
aging; however, attempts to replace the pul-
monary valve with a trileaflet PGA-PLA valve
were not successful due to the limitations
imposed by the materials properties of the
biodegradable polymer. Although rapid PGA-
PLA degradation was observed (e.g., within 6
weeks), the investigators felt that this leaflet
design was limited by the rigid materials prop-
erties of PGA which stimulated a search for a
more flexible biodegradable polymer.

Polyhydroxyoctanoate (PHO) was next iden-
tified as a possible leaflet material. PHO is a
member of a family of polymers know as poly-
hydroxalkanoates (PHA). PHAs are linear
polyester thermoplastics that are biosynthe-
sized by various microorganisms as well as by
fermentation commercially. PHAs have the
advantage of being quite flexible (e.g., % elon-
gation, 1000) as compared to PGA and PLA
(% elongation < 5%). In addition to favorable
materials properties, PHO can be made porous
(potentially increasing cell adhesion and tissue
ingrowth) by using a salt leaching technique.10

Valve conduits have been fabricated from PHO
and evaluated following implantation as a pul-
monary artery interposition grafts in sheep.
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After 24 weeks of implantation hemodynamic
performance was noted to be adequate with
mild regurgitation observed. Histologically
fibrous encapsulation and ingrowth were
observed in the conduit wall; however, PHO
was still present in the leaflets after 6 months
of implantation.11 Although the materials 
properties of PHO were better suited for the
fabrication of HV leaflets, the long in vivo
biodegradation time exceeding 6 months is
problematic. The presence of residual PHO
may impede the recellularization of the valve
and conduit as well as stimulate a long term
chronic inflammatory and fibrotic response.The
long-term fibrotic response would be expected
to increase the TE HV mechanical strength as
well as the long-term durability; however, pro-
gressive leaflet thickening (fibrotic response)
may continue as long as the polymer was
present. Leaflet thickening may then continue
to progress to the extent that valvular function
is impaired.

The ideal biodegradable polymeric scaffold
material has not yet been identified. Efforts are
continuing to discover novel materials possess-
ing the requisite materials properties suitable
for the construction of a flexible leaflet TE HV
which are resorbed within four to six weeks of
implantation but yet provide a scaffold for the
in vivo formation of a leaflet histologically and
functionally resembling a native semilunar
valve cusp.

ECM Scaffolds

The development of an ECM scaffold has been
occurring in parallel with the research activities
focusing of biodegradable polymers. As dis-
cussed above, the limitations imposed by 
synthetic biodegradable materials such as the
polymer degradation rate and biomaterials
properties, may be circumvented by the selec-
tion of a tissue-derived biomaterial capable of
accommodating the biomechanical require-
ments of a HV. Decellularized (also referred to
as acellular or devitalized) aortic and pul-
monary valve tissues have emerged as the tissue
of choice for the creation of a TE HV scaffold.
Various approaches have been reported to

effectively remove the cellular components
from semilunar valve tissue while retaining the
majority of the ECM components (primarily
collagens, elastin and the less water soluble 
proteoglycans). The following decellularization
methods effectively remove endothelial cells
and cuspal interstitial cells; however, cardiac
myocytes and arterial wall smooth muscle cells
are variably present after processing: 1) anionic
detergents; 2) non-ionic detergents; 3) trypsin/
EDTA and 4) deionized water. These agents
are frequently used in combination with pro-
tease inhibitors. In addition to removing the
cellular components, residual nucleic acids are
also removed from the tissue by DNase and
RNase digestion. The tissues are then further
rinsed to facilitate removal of cellular remnants
and tissue processing reagents. The various
decellularization processes may also reduce the
immunogencity of allograft and xenograft
tissues; however, this belief has not been 
substantiated by extensive studies assessing 
systemic cellular and humoral responses to
decellularized tissue.

Explant pathology findings have been
described for the following three distinctly dif-
ferent pulmonary and aortic valve decellular-
ization methods: 1) sodium dodecyl sulfate,
anionic detergent; 2) trypsin/EDTA, serine pro-
tease/divalent cation chelation; and 3) deion-
ized water. The first two methods were used to
decellularize canine and sheep allograft valves,
respectively. The third method (deionized
water) has been used to decellularize a com-
posite porcine aortic valve xenograft biopros-
thesis which was then cryopreserved and
gamma irradiated. This unique composite bio-
prosthesis consisted of three non-coronary
cusps, their corresponding arterial wall seg-
ments and anterior mitral valve leaflets. A 
combination of decellularization (deionized
water) and cryopreservation has also been used
to process human pulmonary allograft heart
valves.15 These decellularized heart valve ECM
scaffolds were implanted as pulmonary artery
interposition grafts in canine and sheep models
or humans (adjunct to Ross aortic valve
replacement or replacement of dysfunctional
pulmonary allografts).14–18 We have also inves-
tigated the use of either an anionic detergent
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(N-lauroyl sarconsinate) or the combination of
two non-ionic detergents (Triton X-100 and n-
octyl glucopyrinoside) as a means of removing
pulmonary and aortic valve cellular compo-
nents. These decellularized allografts were
implanted (pulmonary artery interposition
grafts for 20 weeks) in juvenile sheep.

The explant pathology findings reported in
the literature14–18 as well as those observed in
our studies are quite similar despite the
markedly different decellularization methods
used. The following observations summarize
our histopathology findings and are compara-
ble to those reported in the literature. Nuclei
and cellular remnants were not present in the
unimplanted decellularized cusps; however,
arterial wall smooth muscle cells and subvalvu-
lar cardiac myocytes remnants were variably
present. The typical trilaminar histologic 
architecture of the semilunar cusps (i.e., ven-
tricularis, spongiosa, fibrosa) was preserved,
although small circular voids were present in
the fibrosa and, to a lesser extent, in the 
ventricularis. These voids in the fibrosa may
represent the previous sites of interstitial 
cells removed by the decellularization process.
Polarized light microscopy demonstrated the
retention of collagen crimp (waviness) within
the fibrosa similar to the repeating birefringent
pattern seen in native semilunar cusps;
however, very small microscopic kinks or bends
were observed. Whether these regions visual-
ized by polarized light represent sites previ-
ously occupied by interstitial cells or reflect
changes in biomechanical properties remains to
be determined.

Fibrous sheath formation was present on the
luminal surface of the conduit and extended
over the cuspal surfaces (inflow side > outflow
side) to a variable distance (approximately
20% to 30% of the length of the inflow cusp;
10% or less of the outflow cusp length). The
thickness of the fibrous sheath decreased as it
progressed from the base of the cusp toward
the free edge. The fibrous sheath was pre-
dominantly covered by a continuous layer of
endothelial cells; however, a focal endothelial
cell distribution was observed on the cuspal
surfaces not covered by fibrous sheathing. It is
noteworthy that a similar pattern of fibrous

sheathing has previously been observed cover-
ing the surface of explanted cryopreserved 
allograft valves that became acellular after
implantation in both sheep and humans.24,25

Recellularization was variably present in the
conduit wall and limited to the basal region of
the cusp. Microscopically, autologous cells
migrated through both of the anastomotic sites
and the adventitial side of the graft. The repop-
ulation of the basal region of the cusp histo-
logically appears to be an extension of the
tissue ingrowth occurring at the proximal anas-
tomosis. Cuspal recellularization occurred as
the result of tissue ingrowth into the spongiosa,
the middle histologic layer of cusp which is
composed of loose connective tissue rich in
proteoglycans. Autologous cells migrate into
the wide spongiosa present in the base of the
cusp, but are not seen in the thin spongiosal
layer which continues toward the free edge of
the cusp. Similarly, recellularization of the cusp
does not progress into either the fibrosa or ven-
tricularis. The ventricularis and fibrosa may in
fact be anatomic barriers preventing the com-
plete recellularization of the cusp (e.g., fibrosa-
dense circumferentially oriented collagen
bundles; ventricularis-dense radially oriented
elastic fibers). The cells repopulating the decel-
lularized conduit wall and the basal region of
the cusp are predominately myofibroblasts and
fibroblasts within an ECM consisting of prima-
rily collagen and proteoglycans.

As described in our explant pathology find-
ings, recellularization of the cuspal tissue was
limited to the basal region of the cusp, while
fibrous sheathing extended a variable distance
over the cuspal surface. Similar observations
have been reported by others investigators
describing the recellularization of decellular-
ized allografts.14–18 However, the pattern and
extent of cuspal recellularization is notably dif-
ferent for decellularized xenograft valvular
tissue.

Cuspal and conduit wall components in
decellularized allograft tissue do not elicit an
inflammatory response with the exception of
the presence of inflammatory cells surrounding
cardiac myocytes remnants present in the sub-
valvular region of a decellularized allograft
valve. In contrast to the decellularized allograft
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findings, a mixed cell population (i.e., inflam-
matory cells and fibroblasts) in the mid-portion
of the cusp has been reported in decellularized
xenograft tissues, although no observations
were reported concerning the inflammatory cell
response to smooth muscle or cardiac myocytes
remnants which may be present in these de-
cellularized xenografts.17 The investigators
hypothesize that revascularization and “adap-
tive remodeling” (initiated in the mid-portion
of the cusp where activated mononuclear cells
are localized) resulted in the repopulation of
the cusp by mature cuspal interstitial cells.17

These observations suggest that different
mechanisms are involved in the recellulariza-
tion of allograft and xenograft valvular tissues.
Additional studies are needed to clarify these
differences.

Calcification of decellularized allograft and
xenograft cusps has not been observed follow-
ing chronic implantation as pulmonary interpo-
sition grafts in juvenile sheep16–19. All of the
various methods previously described (deter-
gents, deionized water, trypsin/EDTA) effec-
tively prevent cuspal calcification, indicating
calcification nucleation sites such as cellular
membrane remnants, have been removed or
inhibited. Although published reports clearly
demonstrate the lack of decellularized cuspal
tissue calcification, there is a paucity of data
(e.g., radiographic and histologic) describing
the extent of calcification occurring in smooth
muscle cell remnants present in the conduit
wall smooth muscle cells, subvalvular cardiac
myocytes or extracellular matrix components.
In our study, no calcification of the cuspal tissue
was observed; however, variable amounts of
calcification occurred in the conduit wall
(elastic fibers and smooth muscle cell rem-
nants) and subvalvular cardiac myocytes rem-
nants as demonstrated in radiographic and
histologic sections (von Kossa stain).

We have also observed a marked thinning of
the conduit wall following implantation in the
RVOT in our series of explants. In fact, a sac-
cular dilation was present in the wall of the
sinus of Valsalva in one explanted valve. This
observation raises a concern that the biome-
chanical properties of the arterial wall are sig-
nificantly altered by detergent decellularization

methods. Histologic sections in which the
smooth muscle cells are essentially removed
resulted in a compressive thinning of the
conduit after implantation in the RVOT. In
regions where removal of smooth muscle cells
was incomplete, thinning of the conduit wall
was less apparent.This observation implies that
aggressive decellularization may compromise
valve conduit safety (e.g., aneurysm formation)
and performance (e.g., saccular dilation result-
ing in loss of valve coaptation). These ob-
servations clearly indicate that comparative
mechanical testing studies of native and decel-
lularized cusps (pre- and postimplantation) 
and the conduit wall tissues need to be under-
taken. In addition to conduit wall thinning 
secondary to detergent decellularization,
intracuspal hematoma formation and collagen
fraying were also observed in explanted cusps.

Of the published findings describing decellu-
larized allograft valve recellularization, a most
promising method involves the treatment of
valvular tissue with trypsin/EDTA and the
static seeding of the upper surface of the valve
with autologous myofibroblasts (6 days) fol-
lowed by endothelial cells (2 days) before
implantation in sheep (pulmonary artery inter-
position graft). This method resulted in com-
plete cuspal recellularization and the formation
of a confluence endothelial cell layer on the
surface of the cusp, while partial degeneration
was observed in the unseeded decellularized
valves without evidence of cuspal interstitial
cell repopulation.18 Remnants of subvalvular
cardiac myocytes initiated an inflammatory cell
response as well as calcification. In contrast, no
inflammatory cells or calcification was observed
in conduit wall or cuspal tissues; however,
descriptive findings concerning arterial wall
thinning were not mentioned.

The studies summarized above demonstrate
the ability of a variety of decellularization
methods to effectively remove cuspal intersti-
tial cells from valvular tissue; however, their
ability to decellularize subvalvular cardiac
myocytes and conduit wall smooth muscle cells
is less certain. It is noteworthy that methods
which effectively remove conduit wall smooth
muscle cells also result in arterial wall thinning
and intracuspal hematoma formation indicat-
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ing that the potential for significant structural
deterioration must be considered. In addition
to biomechanical and long-term durability con-
cerns, these investigations also highlight the
need for additional research addressing optimal
methods to facilitate the complete and consis-
tent recellularization of decellularized allograft
valve tissues.Although the initial decellularized
xenograft bioprosthesis findings suggest that
the initial inflammatory cell response may stim-
ulate recellularization, additional studies will
be required to fully elucidate this mechanism 
of recellularization. In addition, safety studies
characterizing the systemic cellular and
humoral immune response to decellularized
xenograft and allograft cuspal and conduit wall
tissues should be addressed, since the immune
response to allograft tissue has been implicated
in the failure of cryopreserved allograft heart
valves in children.26,27 The interesting findings
concerning the use of in vitro cell seeding of a
decellularized (trypsin/EDTA) allograft valve
prior to implantation18 have encouraged us 
to further explore the effectiveness of this
approach in our laboratory. In addition, based
on the experience gained in the development 
a pulsatile flow bioreactor for the precondi-
tioning of an in vitro cell seeded biodegrad-
able polymer scaffold12 we have been further
encouraged to investigate the in vitro effects of
mechanical factors on cuspal interstitial cell,
vascular smooth muscle cell and endothelial
cell proliferation, differentiation, ECM protein
synthesis and mechanisms of cuspal and con-
duit wall recellularization.

Future Research

Tissue Processing:
Decellularization, Sterilization
and Storage

The currently available decellularization
methods effectively remove cuspal endothelial
cells and interstitial cells; however, incomplete
removal of conduit wall smooth muscle cells
and subvalvular cardiac myocytes remain prob-
lematic. An inflammatory cell infiltrate is typi-

cally observed surrounding remnants of cardiac
myocytes. In addition to triggering an inflam-
matory response, muscle cell remnants (e.g.,
disrupted plasma membranes) serve as nucle-
ation sites for calcification. Further research is
needed to develop a decellularization process
which will completely remove all of the smooth
muscle cell and cardiac myocyte cellular com-
ponents, while still retaining the biomechanical
properties of the native valve conduit.

Sterilization of the decellularized tissue is
highly recommended rather than the routinely
used cryopreserved allograft valve disinfection
methods. Again, the selection of the appropri-
ate sterilization method must be based on the
retention of the biomechanical properties of
the native valve conduit. Electron beam or
gamma irradiation may prove to be acceptable
sterilization methods.

After the decellularized valve conduit is ster-
ilized, a storage method will have to be devel-
oped which will maintain sterility as well as
preserve the biomechanical properties of the
valve conduit. Cryopreserved and vitrified
decellularized allograft valves are currently
being evaluated as RVOT reconstructions in
our chronic sheep model.

In Vitro Cell Seeding

The following fundamental and practical ques-
tions are being addressed in our laboratory as
well as by other investigators concerning the 
in vitro cell seeding of TE HV scaffolds:

1. What quantity of tissue is required initially
and how many passages will provide an ade-
quate number of cells for in vitro seeding?

2. Is there a safe tissue source and practical
method to harvest autologous vascular and
valvular tissues? and;

3. Does the anatomic source of autologous
cells affect in vivo recellularization?

Studies are currently ongoing in our lab-
oratory to determine the optimal media and
culture conditions for smooth muscle cells,
endothelial cells and interstitial leaflet cells.
Comparative studies have also been under-
taken to identify differences between arterial
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versus venous sources of smooth muscle cells
and endothelial cells. We have investigated the
suitability of using tricuspid valve leaflet tissue
obtained by biopsy as a way of harvesting inter-
stitial leaflet cells.28 Our initial findings indicate
that this technique is feasible in sheep without
causing clinically significant valvular dysfunc-
tion, morbidity or mortality. Interstitial leaflet
cells were successfully isolated and propagated
using standard cell culture methods. Carotid
artery and jugular vein tissues are also being
studied as a source of vascular smooth muscle
cells and endothelial cells. Although our find-
ings are encouraging, we are concerned, as are
others, that clinical sources of autologous valvu-
lar and vascular tissue which can be used as cell
sources for in vitro seeding of TE scaffolds are
for all practical purposes limited to venous
blood vessels (e.g., saphenous vein). Other
sources of myofibroblasts, smooth muscle cells
and endothelial cells will have to be explored.

Dermal fibroblasts have been considered 
as an alternative cell source for seeding
biodegradable polymeric scaffolds; however,
after 8–10 weeks of implantation (replacement
of the pulmonary valve right posterior cusp)
the leaflet was thickened and contracted.13 At
this time valvular and vascular tissue potential
tissue sources suitable for in vitro autologous
cell seeding of TE scaffolds; however, the use of
autologous bone marrow mesenchymal stem
cells is currently being investigated.

Preconditioning:
Mechanical Factors

Another approach may be to expose fibroblasts
or smooth muscle cells to extracellular proteins
or to mechanical forces in vitro which may
trigger a change in phenotypic expression (e.g.,
fibroblast to myofibroblast; smooth muscle cell
to myofibroblast). This avenue of investigation
has only recently been pursued. Alterations 
in extracellular adhesion proteins have been
reported to change the phenotypic expression
of smooth muscle cells.29 The presence of
laminin and collagen IV were observed to
change the morphology of smooth muscle cells

to a cell type in which peripherally located 
cytoplasmic filaments were present resembling
myofibroblasts histologically. The following
mechanical factors have been reported to alter
intracellular cytoskeletal features, protein syn-
thesis and proliferation: hydrostatic pressure,
shear stress and stretch.19–36 These individual
observations, when viewed collectively, suggest
that the development of a bioreactor (i.e.,
culture chamber in which in vitro cell seeded
TE scaffolds are exposed to mechanical
factors) may provide a practical way to pre-
condition autologous cell seeded TE scaffolds
by replicating in vivo mechanical factors before
implantation. The questions being addressed
concerning preconditioning are focused on the
identification of mechanical factors which will
effect differentiation, proliferation, protein syn-
thesis, cell adhesion and the in vivo recellular-
ization of the TE scaffold. Fundamental studies
identifying mechanical factors which trigger
specific cell signaling mechanisms need to be
pursued and the findings applied to the devel-
opment of the next generation of bioreactors.

Conclusion

As reviewed in this chapter, remarkable
progress has been made in a relatively short
period of time in the development of TE HV
degradable polymeric scaffolds and decellular-
ized ECM scaffolds. Many challenges remain
before the next generation of TE HVs will be
ready for initial in vivo animal studies. Fore-
most among these will be the development 
of optimal decellularization, sterilization and
storage processes that retain the biomechanical
properties of the native valve conduit. While
these methods are being developed, basic
studies will have to be completed to identify
appropriate clinical sources of autologous vas-
cular tissue for harvesting. Optimal culture
media and conditions will have to be further
defined as well as the identification of specific
mechanical factors which will effectively pre-
condition autologous seeded EMC scaffolds.
Chronic sheep studies will have to be con-
ducted to assess the safety and effectiveness of
the next generation of decellularized TE HVs.
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Lastly, extensive safety studies, as defined by
the FDA and other international regulatory
bodies, will need to be undertaken, before a
limited clinical trial will be initiated. Realisti-
cally, it may take a decade of challenging bio-
logical, engineering and surgical research
before a limited TE HV clinical trial is feasible.
However, the investment of time and resources
may result in the development of the ideal
replacement heart valve for patients of all 
ages.

References

1. Schoen FJ, Levy RJ.Tissue Heart Valves: Current
Challenges and Future Research Perspectives.
J Biomed Mat Res 1999;47:439–465.

2. Mayer JE Jr. Uses of homograft conduits for
right ventricle to pulmonary artery connections
in the neonatal period. Seminars in Thoracic and
Cardiovascular Surgery 1995;7:130–132.

3. Yacoub M, Rasmi NRH, Sundt TM, Lund O et
al. Fourteen-year experience with homovital
homografts for aortic valve replacement. J
Thorac Cardiovasc Surg 1995;110:186–194.

4. Harken DW, Curtis LE. Heart surgery: legend
and a long look.American Journal of Cardiology
1967;9:393–400.

5. Gross L, Kugel MA. Topographic anatomy and
histology of the valves in the human heart. Am
J Pathol 1931;7:445–473.

6. Lazarous DF, Shou M, Stiber JA, Dadhania DM,
Thirumurti V, Hodge E, Unger EF. Pharmacody-
namics of basic fibroblast growth factor: route of
administration determines myocardial and sys-
temic distribution. Cardiovascular Research
1997;36:78–85.

7. Shinoka T, Breuer CK, Tanel RE, et al. Tissue
engineering heart valves: valve leaflet replace-
ment study in a lamb model. Ann Thorac Surg
1995;S513–S516.

8. Shinoka T, Shum-Tim D, Ma PX, Tanel RE,
Isogai N, Langer R, Vacanti JP, Mayer JE Jr.
Creation of viable pulmonary artery autografts
through tissue engineering. The Journal of Tho-
racic and Cardiovascular Surgery 1998;115:536–
546.

9. Stock U, Nagashima M, Khalil PN, Nollert GD,
Herden T, Sperling JS, Moran A, Schoen FJ,
Vacanti JP, Mayer JE. Tissue-Engineered valve
conduits in the pulmonary circulation. J Thorac
Cardiovasc Surg 2000;119:732–740.

10. Shum-Tim D, Stock U, Harkach J, Shinoka T,
Lien J, Moses MA, Stamp A, Taylor G, Moran A,
Landis W, Langer R,Vacanti JP, Mayer JE.Tissue
Engineering of autologous aorta using a new
biodegradable polymer. Ann Thorac Surg 1999;
68:2298–2304.

11. Hoerstrup SP, Sodian R, Daebritz S, Wang J,
Backa EA, Martin DP, Moran AM, Guleserian
KJ, Sperling JS, Kaushal S, Vacanti JP, Schoen FJ,
Mayer JE. Functional Living Trileaflet Heart
Valves Grown In Vitro. Circulation 2000;102
(suppl):III-44–III-49.

12. Hoerstrup SP, Sodian R, Sperling JS, Vacanti JP,
Mayer JE. New Pulsatile Bioreactor for In Vitro
Formation of Tissue Engineered Heart Valves.
Tissue Engineering 2000;6:75–79.

13. Shinoka T, Shum-Tim D, Ma PX, Tanel RE,
Langer R, Vacanti JP, Mayer JE Jr. Tissue-
engineered heart valve leaflets: does cell origin
affect outcome? Circulation 1997;96:II-102–II-
107.

14. Wilson GJ, Courtman DW, Klement P, Lee JM,
Yeger H. Accellular Matrix: A biomaterials
approach for coronary artery bypass and heart
valve replacement. Ann Thorac Surg 1995;60:
S353–S358.

15. Elkins RC, Dawson PE, Goldstein S, Walsh 
SP, Black KS. Decellularized Human Valve 
Allografts. Ann Thorac Surg 2001;71:S428–
S432.

16. O’Brien M, Goldstein S, Walsh S, et al. The 
SynerGraft recellularization: first studies before
clinical implantation. Seminars in Thoracic and
Cardiovascular Surgery 1999;13:87–92.

17. Elkins RC, Goldstein S, Hewitt CW, Walsh SP,
Dawson PE, Ollerenshaw JD, Black KS, Clarke
DR, O’Brien MF. Recellularization of heart
valve grafts by a process of adaptive remodeling.
Sem in Thor and Card Surg 2001;13:87–92.

18. Steinhoff G, Stock U, Karim N, Mertsching H,
Timke A, Meliss RR, Pethig K, Haverich A,
Bader A. Tissue engineering of pulmonary heart
valves on allogenic acellular matrix conduits:
in vivo restoration of valve tissue. Circulation
2000;102:III-50–III-55.

19. Booth C, Korossis SA, Wilcox HE, Watterson K,
Kearney JN, Fisher J, Ingham E. Tissue engi-
neering of cardiac valve prostheses I: Develop-
ment and histological characterization of an
acellular porcine scaffold. The Journal of Heart
Valve Disease 2002;11:457–462.

20. Korossis SA, Booth C, Wilcox HE, Watterson K,
Kearney JN, Fisher J, Ingham E. Tissue engi-
neering of cardiac valve prostheses II: bio-

65. Tissue Engineered Valves 619



mechanical characterization of decellularized
porcine aortic heart valves. The Journal of Heart
Valve Disease 2002;11:463–471.

21. Jockenhoevel S, Zund G, Hoerstrup SP, et al.
Fibrin gel-advantages of a new scaffold in 
cardivascular tissue engineering. European
Journal of Cardio-Thoracic Surgery 2001;19:
424–430.

22. Sakai T, Li RK, Weisel RD, Mickle DAG,
Kim ET, Jia ZQ, Yau TM. The fate of tissue-
engineered cardiac graft in the right ventricular
outflow tract of the rat. J Thorac Cardiovasc Surg
2001;121:932–942.

23. Shi Y, Ramanurthi A, Vesley I. Towards tissue
engineering of a composite aortic valve. Biomed-
ical Sciences Instrumentation 2002;38:35–40.

24. Hilbert SL, Luna RE, Zhang J, Wang Y, Hopkins
RA, Yu ZX, Ferrans VJ. Allograft heart valves:
the role of apoptosis-mediated cell loss. J Thorac
Cardiovasc Surg 1999;117:454–462.

25. Mitchell RN, Jonas RA, Schoen FJ. Pathology of
explanted cryopreserved allograft heart valves:
comparison with aortic valves from orthotopic
heart transplants. J Thorac Cardiovasc Surg
1998;115:118–127.

26. Hopkins RA, Reyes A, Imperato DA, et al.
Ventricular outflow tract reconstructions with
cryopreserved cardiac valve homografts: a single
surgeon’s 10 year experience. Ann Surg 1996;
223:544–553.

27. Clarke D, Campbell D, Hayward A, et al. Degen-
eration of aortic valve allografts in young recip-
ients. J Thorac Cardiovasc Surg 1993;105:934–
942.

28. Maish MS, Hoffman-Kim D, Krueger PM, Souza
JM, Harper JJ, Hopkins RA. Tricuspid Valve

Biopsy—A potential source of cardiac myofi-
broblast cells for tissue engineered cardiac
valves. J Heart Valve Dis 2002; In press.

29. Hayward IP, Bridle KR, Campbell GR, et al.
Effect of extracellular matrix proteins on vascu-
lar smooth muscle cell phenotype. Cell Biology
International 1995;19:727–734.

30. Sutherland FWH, Perry TE, Masuda Y,
Sherwood MC, Mayer JE Jr. Stem cell engi-
neered heart valves: short term follow-up. Engi-
neered Tissues 2003;26.

31. Weston MW, Yoganathan A. Biosynthetic activ-
ity in heart valve leaflets in resopnse to in vitro
flow environments. Annals of Biomedical Engi-
neering 2001;29:752–763.

32. Vouyouka AG, Powell RJ, Ricotta J, et al.
Ambient pulsatile pressure modulates endothe-
lial cell proliferation. Journal of Molecular and
Cellular Cardiology 1998;30:609–615.

33. Predel HG, Yang Z, von Segesser, et al. Implica-
tions of pulsatile stretch on growth of saphenous
vein and mammary artery smooth muscle.
Lancet 1992;340:878–879.

34. Juliano RL, Haskill S. Signal transduction from
the extracellular matrix. The Journal of Cell
Biology 1993;120:577–585.

35. Salwen SA, Szarowski DH, Turner JN, et al.
Three-dimensional changes of the cytoskeleton
of vascular endothelial cells exposed to sus-
tained hydrostatic pressure. Medical and Biolog-
ical Engineering and Computing 1998;36:520–
527.

36. Hayward IP, Bridle KR, Campbell GR, et al.
Effect of extracellular matrix proteins on vascu-
lar smooth muscle cell phenotype. Cell Biology
International 1995;19:727–734.

620 S.L. Hilbert and R.A. Hopkins



Table A1. Mean Cardiac Valve Diameters (mm) Normalized to Body Surface Area.

Mitral Valve Tricuspid Valve Aortic Valve Pulmonary Valve

BSA RRLa GOSb RRL GOS RRL GOS RRL GOS

0.25 11.2 16.0 13.4 19.2 7.2 10.3 8.4 12.0
0.30 12.6 18.0 14.9 21.3 8.1 11.6 9.3 13.3
0.35 13.6 19.4 16.2 23.2 8.9 12.7 10.1 14.4
0.40 14.4 20.6 17.3 24.7 9.5 13.6 10.7 15.3
0.45 15.2 21.7 18.2 26.0 10.1 14.4 11.3 16.2
0.50 15.8 22.6 19.2 27.5 10.7 15.3 11.9 17.0
0.60 16.9 24.2 20.7 29.6 11.5 16.4 12.8 18.3
0.70 17.9 25.6 21.9 31.3 12.3 17.6 13.5 19.3
0.80 18.8 26.9 23.0 32.9 13.0 18.6 14.2 20.3
0.90 19.7 28.2 24.0 34.3 13.4 19.2 14.8 21.2
1.0 20.2 28.9 24.9 35.6 14.0 20.0 15.3 21.9
1.2 21.4 30.6 26.2 37.5 14.8 21.2 16.2 23.2
1.4 22.3 31.9 27.7 39.6 15.5 22.2 17.0 24.3
1.5 23.1 33.0 28.9 41.3 16.1 23.0 17.6 25.2
1.8 23.8 34.0 29.1 41.6 16.6 23.6 18.0 25.7
2.0 24.2 34.6 30.0 42.9 17.2 24.6 18.2 26.0

Standard Deviations
Mitral Valve BSA < 0.3 = ±1.9 To convert to approximate predicted manufactured rigid 

BSA > 0.3 = ±1.6 prosthetic valve sizes, add 3–4 mm to measurement.
Tricuspid Valve BSA < 1.0 = ±1.7

BSA > 1.0 = ±1.5
Aortic Valve All BSA ± 1.0
Pulmonary Valve All BSA ± 1.2 BSA = m2

a RRL: data derived from Rowlatt and associates. b GOS = Great Ormond Street “normalized” diameters. Adapted from
de Leval.
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Table A1 lists mean “normal valve diameters:
the first column for each valve comes from the
data measured by Rowlatt and associates. The
Great Ormond Street (GOS) group have found
that these valve measurements tend to under-
estimate the true in vivo sizes. The data from

Rowlatt and coworkers (RRL data) were
derived from a large series of normal hearts
examined at autopsy.The Great Ormond Street
group noted that there was a shrinkage factor
due to formalin. Their angiographic estimates
were correlated to fresh autopsy material and



suggested that the atrioventricular valves were
certainly under-estimated by the earlier tech-
niques. The London (GOS) workers suggested
that the RRL measurements should be multi-
plied by a factor of 1.43 to equal their fresh
measurements (C. Bull, personal communica-
tion). Thus this table includes both the original
data of Rowlatt and coworkers and the larger
estimates of “normal.”

The way we use this table relative to ventric-
ular outflow valves is to consider the RRL valve
diameters as the minimun acceptable diameter
for a given body surface area and the GOS
diameters as the mean to upper limits of achiev-
able valve transplants. From a practical stand-
point it means that we would try to place, for
an “adult” sized freehand aortic valve implant,
an allograft of 20mm (internal diameter) for an
individual with a body surface area (BSA) of 
1m2 and a valve as large as 24.6mm for a 2m2

individual. Once a patient reaches approxi-
mately 20kg in weight, an aortic valve of 17mm
or larger is usually implantable in the aortic
position with the techniques described in the
foregoing chapters, which is within the accept-
able range.

The pulmonary outflow tract is optimally
reconstructed with a 22mm pulmonary valve
for a 1m2 individual and could be as large as a
26mm for a 2m2 individual adult. In most
patients a valve between the upper and lower
sizes is almost always achievable. On the right
ventricular outflow tract side, a 14mm (internal
diameter) aortic valve can usually be place in a
5kg child; once the child weighs more than 
10kg, a right ventricular allograft conduit of 
16mm or larger is implantable; and in children
above 20kg, it is almost always possible to place
a 20mm or larger conduit in the right ventricu-
lar outflow tract position. Mercer has argued
that a more than 50% reduction in pulmonary
valve orifice size is required before significant
gradients occur. However, right-sided conduits
have length as well as diameter, thus sizes
below the RRL values are not recommended.

With use, we have found that this table has
been best at predicting the aortic and pulmonary
valve diameters. It is important to remember
that the diameters in these tables refer to the
internal diameters, not the external diameters.

The aortic and pulmonary valve columns are
immediately translatable to homograft sizes
which are also measured in internal diameter.
For manufactured valves, at least 2–4mm needs
to be added to correlate with the external sewing
ring diameter as usually listed for rigid stented
valves.Thus,a mechanical mitral valve choice for
a 2.0m2 BSA individual, would be preferably a
size 27.For the aortic position,the smallest aortic
prosthesis one would ever consider for a 2.0m2

individual would be 17.2 plus 4.0mm which
equals a 21, but the GOS value gives the pre-
ferred size of 25.

Manufactured valve sizes do not necessarily
reflect either the predicted internal diameter of
a natural valve for the patient or, in fact, even
the measured external diameter of the pros-
thesis, but in fact are an approximation of those
two values based upon manufacturing require-
ments. The mean diameters listed in Table I are
actual internal diameters as would be measured
by echocardiography from the hinge point of
the base of the leaflets across the orifice of each
valve. Thus they reflect the target values for
reconstructions. They do not directly represent
the prosthetic sewing ring valve size as is nor-
mally tabulated for manufactured valves. The
mitral and tricuspid valve measurements have
been correlated with empiric use of valve ring
diameters used in reconstructions for patients
between 1.0 and 2.0 BSA. These are listed in
Table A2.

These “ring”estimates are target values based
on BSA normalized valve measurements. They
must be modified by specific measurements at
surgery of available leaflet tissue for orifice cov-
erage and the specific type and configuration of
ring being used. We do not use rigid rings in
smaller children to allow for growth.
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Table A2. AV Valve Ring Diameter for 
Reconstruction.

Mitral Valve Tricuspid Valve
BSA (m2) (mm) (mm)

1.0 26 32
1.2 28 34
1.4 29 36
1.5 30 37
1.8 31 38
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contraindication, 7–8

imaging of, 396
ascending aortic, total-root

replacements in, 351
pulmonary autograft

implementation in, 502
Angiography, for aortic root

sizing, 272
Annuloplasty

with augmentation aortoplasty,
310, 311, 312, 390–311

for 180° coronary ostia
rotation, 314–315, 315

Antibiotic cold solutions, for
allograft storage, 196

Antibiotic sterilization, of allo-
graft heart valves, 3,
139–140, 139t, 196, 247–248

American Association of
Tissue Banks Standards
for, 247–248

antibiotics used in, 248–249,
249t

effect on allograft heart valve
survival rate, 6

effect on cellular viability, 175
gentle, 9
harsh, 9
sterility control procedures in,

250
temperature of, 138

Anticoagulation
contraindications to, 78, 455

in right ventricular outflow
reconstruction, 605

in elderly patients, 605, 608
with mechanical heart valves,

338, 602
in aortic positions, 608–609

monitoring of, 406
as mortality cause, 6

Antifreeze proteins, natural,
145–146, 145t

Antigens/antigenicity, 31, 123
ABO blood group antigen

compatibility, 124–126, 128
relationship with allograft

heart valve rejection, 126
role in fibroblast

calcification, 186
animal studies of, 123–124
effect of viable donor cells on,

175
endothelial cells in, 185
HLA

donor-specific, in recipients
of cryopreserved heart
valves, 153

in pediatric allograft heart
valve recipients, 186

HLA-A, endothelial
expression of, 110

HLA-B, endothelial expression
of, 110

HLA-C, endothelial expression
of, 110

HLA class I antigens, 125
HLA class II antigens, 125
HLA-DP, endothelial

expression of, 110
HLA-DQ, endothelial

expression of, 110
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HLA-DR
endothelial expression of,

110
matching for, 127, 128

human studies of, 124–125
major histocompatibility

complex (MHC) antigens,
125

donor-recipient matching of,
124

modulation of, 126–127
Anti-HLA class I antibodies, 125
Aorta, dissection of, 241, 244, 245

aprotinin use in, 404
pulmonary autograft

implementation in, 502
Aortic allografts. See also

Cryopreserved aortic
allografts

in aortic root replacement,
318–326, 327–337

coronary buttons in, 319,
322, 324, 328, 329, 332,
334–335

indications for, 318–319
Konno procedure in, 327,

328
Manouguian-type maneuver

in, 319
myomectomy in, 319, 322
postoperative management

in, 333, 337
sizing, 319
surgical techniques, 319–326,

320–325, 327–333, 328,
329–332, 334–336

Teflon felt strips in, 319, 322,
323, 325

in aortic valve replacement
actuarial durability curves

of, 97, 97
comparison with stented

pericardial bioprostheses,
97

comparison with stented
porcine bioprostheses, 97

cross clamp time in, 97
infrequent use of, 30
reoperation rate, 5
scalloped subcoronary

versus root implantation,
30–39

subcoronary implantation,
26–27, 30–31, 38, 97

as total percentage of 
aortic valve replacements,
30

in aortoventriculoplasty,
327–337

postoperative management,
333, 337

surgical techniques, 327–333,
328, 329–332, 334–336

calcification of, 81, 124, 226
comparison with

stented pericardial
bioprostheses, 98–99

stented porcine
bioprostheses, 99

contraindications against, 7–8,
271

cross clamp time with, 271
Denver Series, in pediatric

patients, 50, 52–53, 52t, 61,
61t

DNA in situ hybridization for
Y chromosomes in, 180,
181

donors of, 7, 43
age, 26–27

double tilting disc, 605
durability of, factors affecting,

9
endocarditis as indication for

use of, 99, 608, 609
explant pathology of

aortic wall calcification,
217–218, 218, 224, 226

apoptosis, 218–220, 221, 222
clinical studies, 222–229
collagen elongation,

217–218, 219
cuspal acellularity, 224, 225
cuspal calcification, 224, 226
endothelial cell nonviability,

224
in infants, 231–232
intracuspal hematoma, 224,

225
in non-cryopreserved cells,

222
in orthotopic animal models,

216
in orthotopic heart

transplants, 223, 227–228,
228, 229t

preclinical studies (ovine
models), 216–221

pyknotic endothelial cells,
222

in unimplanted vs.
implanted allografts,
223–224, 225

in extended “divide and
reapproximate”
implantation technique,
496–500

aortic allograft division, 496,
497

distal anastomosis, 497, 498,
499

distal positioning of valve
allografts, 499, 500

mitral valve anterior leaflet
plane in, 496, 497

proximal anastomosis, 498,
499

failure of
competing risk factor

analysis of, 27–28
interrelated risk factors for,

26–27
technical factors in, 7

first clinical use of, 3
first insertion in orthotopic

position, 3
freehand insertion of, 78

subcoronary, 97, 339,
350–351

fresh, wet-stored, 4–5
advantages of, 9
aortic wall calcification in, 8
durability of, 8
hemodynamics of, 102, 102t
historical perspective on,

4–5, 6–8
New Zealand Series, 7–8
resistance to calcification, 9
resistance to endocarditis, 9
resistance to

thromboembolism, 9
frozen irradiated, failure rate

of, 4
hemodynamics of, 338

comparison with
bioprosthetic heart valves,
272

comparison with mechanical
heart valves, 272

echocardiographic
measurement of, 272,
272–273
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Aortic allografts (cont.):
historical perspective on, 3–13
in inclusion-root/intra-aortic

cylinder techniques,
339–352

advantages and
disadvantages of, 346–347

allograft size, 339
allograft trimming, 339–340,

340
coronary anastomoses, 340,

343
postoperative aortic

insufficiency associated
with, 351, 351t

surgical techniques, 339–352
suture techniques, 340, 341,

342–344
transverse aortotomy, 340,

341
indications for, 7, 271
London Series, 6–7
mechanical heart valves versus,

338
in “miniroot” replacement

techniques, 338–353
definition of, 339
inclusion-root/intra-aortic

cylinder techniques,
339–352

preparation for insertion, 273,
273

in pulmonary valve
replacement, 468–470,
469–470

in right ventricular outflow
tract anomaly repair,
527

in right ventricular outflow
tract reconstruction, 50,
456

aortic replacement
following, 53

calcification of, 81
conduit size, 81
Denver Series, in pediatric

patients, 50, 52–53, 52t, 61,
61t

early postoperative
mortality, 52t, 53

patient population, 52–53
rationale for valve choice in,

605, 608–609
results, 52t, 53, 54t

in right ventricular outflow
tract reconstruction, with
ventricle-to-pulmonary
artery conduits, 458–467

allograft trimming, 459
conduit length adjustment,

459–460
distal anastomosis, 459, 460,

461, 463
end-to-end anastomosis, 461,

462
pledget placement, 463, 466
polytetrafluoroethylene

hood extension, 458,
461–462, 464

principles of, 458–459
proximal anastomosis,

460–462, 462, 463, 465
with pulmonary annulus,

462, 463
pulmonary artery

reconstruction, 459
resection of hypertrophic

ventricular muscle,
462–463, 465

retention of membranous
septal remnant, 462, 465

sizing, 458
suturing techniques, 458,

460, 461, 462, 463
in truncus arteriosus, 463
ventriculotomy, 458,

459–460, 461–462, 464
without pulmonary annulus,

462, 464
stented xenografts versus, 338
subcoronary insertion of, 97,

339, 350–351
as aortic insufficiency risk

factor, 417
scalloped, 30–31, 38

as thromboembolism cause, 98
as mortality cause, 6

Aortic annulus
in endocarditis, 92
hypoplastic/small, 408, 413

with aortic valvular stenosis,
318

as indication for use of
aortic valve allografts, 271

surgical enlargement of,
300–305, 301–304, 327,
382, 608

measurement of, 32

reduction of, 32, 34, 382
relationship with body surface

area (BSA), 300
surgical anatomy of, 32
surgical enlargement of,

300–305, 301–304, 382
with Konno-type procedure,

327
for mechanical valve

implantation, 608
Aortic arches

hypoplastic
augmentation in

Damus/Kaye/Stanzel
anastomosis, 575, 575, 578,
579, 579–580

in left heart syndrome,
564–567, 565, 566–568

in L-transposition of the
great arteries with outflow
chamber, 568, 569–71

transverse, with or without
coarctation, 572, 575,
576–577

interrupted
anatomy of, 532
surgical repair of, 571–572,

572, 573–575
transposition of the great

arteries-associated, 444,
571

truncus arteriosus-
associated, 532, 536–538,
538, 539 540–541, 571,
572

ventricular septal defect-
associated, 571, 572

Aortic insufficiency
aortic allograft-related, 8

Aortic outflow, hypoplastic,
double outlet right
ventricle repair of, 444,
445–447

Aortic outflow tract
reconstruction. See also
Left ventricular outflow
tract reconstruction; Right
ventricular outflow tract
reconstruction

valve choice for, 608
Aortic regurgitation

in aortic valve allograft failure,
24, 26

severity assessment of, 399, 401
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transesophageal
echocardiographic
detection of, 399

Aortic regurgitation jet, in aortic
valve infection, 86

Aortic regurgitation jet 
velocity, as aortic
regurgitation severity
indicator, 399, 401, color
plate IV

Aortic regurgitation jet width,
relative to left ventricular
outflow tract width, 399,
400, color plate IV

Aortic root
abscess of, 85

aortic vs. allograft
implementation in, 99

total-root replacements in,
351, 352

aneurysm of
as aortic allograft

contraindication, 7–8
imaging of, 396

aortoplastic reduction of,
306–309

diameter of, 245, 246, 246–247
dilatation of

as aortic allograft failure
cause, 26

as aortic valve
contraindication, 7–8

proximal, 318
ectasia of, as allograft heart

valve contraindication,
271

in endocarditis, 33–34, 82, 90,
92, 93, 93

enlargement of
in aortic stenosis, 6
with augmentation

aortoplasty, 310, 311, 312,
390–311

with concomitant annulus
enlargement, 310–311,
311, 312

infections of, pathology of,
85–87

with problematic geometry,
306–317

asymmetric placement of
coronary ostia within
native sinuses, 313–314,
313–314

augmentation aortoplasty,
309–310, 310

augmentation aortoplasty
with concomitant annulus
enlargement, 310–311,
311, 312

contraindications for
correction of, 306

indications for correction of,
306

management of complicating
coronary anatomy, 311,
313

reduction aortoplasty for,
306–309, 307–309

rotational geometry alterations
of, with aortic root
enlargement, 300

size relationship with
pulmonary valve root, 247

sizing of, 272, 272–273, 273
small

aortoventriculoplasty of, 82
rationale for valve

replacement in, 609
total-root replacements of,

351
translocation, with arterial

switch, 433–434, 434,
435–436

Aortic root replacement
with aortic allografts, 318–326,

327–337
coronary buttons in, 319,

322, 324, 328, 329, 332,
334–335

indications for, 318–319
Konno procedure in, 327,

328
Manouguian-type maneuver

in, 319
myomectomy in, 319, 322
postoperative management

in, 333, 337
sizing in, 319
surgical techniques, 319–326,

320–325, 327–333, 328,
329–332, 334–336

Teflon felt strips in, 319, 322,
323, 325

as aortic valve insufficiency
risk factor, 416, 417

in endocarditis, 82, 90, 92, 93,
93

with modified (valve
cylinder) technique,
33–34

freestanding total-root
replacement, 347, 347,
348–349, 349–352

disadvantages of, 349
repeat operations, 350
results of, 350t, 351–352
surgical techniques, 347, 347,

348–349
inclusion-root/intra-aortic

cylinder techniques,
339–352

allograft size, 339
allograft trimming, 339–340,

340
coronary anastomoses, 340,

343
postoperative aortic

insufficiency associated
with, 351, 351t

surgical technique,
339–352

suture techniques, 340, 341,
342–344

transverse aortotomy, 340,
341

modified (valve cylinder)
technique, 33–39

advantages of, 33
allograft orientation, 34
allograft preparation, 34–35,

36
aortotomy, 34, 35, 36
coronary ostia identification,

34
coronary ostial attachment,

36
distal allograft/aortic

anastomosis, 36–37
in endocarditis, 33–34
general operative approach,

34
intra-operative assessment

of valvular
hemodynamics, 38

left coronary ostial
anastomosis, 37

measurement/sizing in, 32
right coronary ostial

implantation, 37
Ross procedure with, 33
suture line inspection, 35
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Aortic root replacement (cont.):
testing of anastomosis and

valvular mechanisms,
37–38

partial-inclusion techniques,
344, 344–346, 345–346

in pediatric patients, 318, 413
as pulmonary autograft

procedure alternative,
508

pulmonary autografts in, 502
with reimplantation of

coronary ostia, 318
versus scalloped subcoronary

technique, 30–31
with stentless porcine

xenograft valves, 361,
362–364, 364–365,
365–369, 369

Aortic valve
bicuspid, with 180° coronary

ostia, 314–315, 315
donor criteria for, 206
function of, 200
gender-related anatomic

changes in, 206
infected, homograft valve

reconstruction of, 85–94
surgical technique, 90–93,

90–93
internal diameters normalized

to body surface area, 621t,
622

mineralization of, 135
morphology of, 200–209

cellular components,
201–204, 202, 203, 204,
205

extracellular matrix,
204–206, 207

general morphologic
features, 200–201

outflow surface of, 203–204
Aortic valve cusps, anatomy and

function of, 200, 201
Aortic valve insufficiency

explant studies of, 231, 232
fresh, wet-stored aortic

allograft-related, 7
intra-aortic cylinder technique-

related, 351t
with proximal aortic root

dilatation, 318
Ross procedure-related, 396,

398, 415–416, 416

aortic root replacement-
related, 416, 417

incidence of, 415–416
inclusion technique-related,

416, 417
with pulmonary autograft

dilatation, 417
as reoperation cause, 416,

416, 417
risk factors for, 417
subcoronary implantation-

related, 415, 416, 417
techniques for minimization

of, 417–422, 418, 419–421,
422, 423–424

scalloped, subcoronary
allograft replacement-
related, 344

survival rate in, 338
testing for, 273
total aortic root replacement-

related, 350–351
Aortic valve replacement

in animal models
non-orthotopic, 216–221
orthotopic, 216

with aortic allografts, 95
actuarial durability curves,

97, 97
comparison with stented

pericardial bioprostheses,
97

comparison with stented
porcine bioprostheses,
97

cross clamp time in, 97
infrequent use of, 30
reoperation rate, 5
scalloped subcoronary

versus root implantation
of, 30–39

subcoronary implantation,
97

as total percentage of aortic
valve replacements, 30

cardiopulmonary bypass
management in, 274

for endocarditis treatment,
87–93

as recurrent endocarditis
risk factor, 87–88, 89, 90,
90

surgical technique, 87–88, 90,
91–93, 93

freehand, definition of, 271

freehand, with aortic allograft
valve transplant
aortotomy, 275–299

classic technique, 290,
291–292

distal suture line in, 279,
281–285, 285, 287, 288,
288, 289, 295

modified scallop technique,
293, 294–297, 297–298,
298

proximal suture line in, 275,
276–277, 278–279,
278–279, 280, 286, 295

reverse “lazy” S incision in,
275, 276

London Series, 6–7
New Zealand Series, 7–8
in pediatric patients, difficulties

associated with, 6
prosthetic valve endocarditis

and, 85–86
scalloped subcoronary versus

aortic root replacement
in, 30–31

with stented pericardial
bioprostheses, 95, 96, 97

with stented porcine
bioprostheses, 95

subcoronary insertion of aortic
allografts, 97, 339, 350–351

as aortic insufficiency risk
factor, 417

as geometric distortion
cause, 26, 27

scalloped, 30–31, 38
thromboembolism associated

with, 6
Aortic valve stenosis

aortic root enlargement in, 6
bicuspid, 180° coronary ostia

in, 318
coronary arterial anatomy in,

378, 379, 380
with hypoplastic annulus, as

aortic root replacement
indication, 318

multilevel, 327
complex, as aortic root

replacement indication,
318

prosthetic, 300
Ross-Konno procedure for,

408–414
advantages of, 412–413
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alternative approaches in,
413

patient selection for,
408–409

surgical technique, 409,
409–410, 410, 412

University of California at
San Francisco experience
with, 410–412

Ross procedure for, 408
as Ross procedure-related

aortic insufficiency risk
factor, 417

survival rate in, 338
valvotomy for, 408

Aortic wall, calcification of
in aortic allografts, 224, 226
in cryopreserved aortic valve

allografts, 220
in fresh, wet-stored aortic

allografts, 8
in ovine aortic allograft model,

217–218, 218
Aortography, for aortic root

sizing, 272
Aortoplastic techniques

in aortic root replacement with
stentless xenografts,
364–365

augmentation aortoplasty,
309–310, 310

after aortic annulus
enlargement, 303

with concomitant annulus
enlargement, 310–311,
311, 312

in problematic aortic root
geometry management,
306–317

asymmetric placement of
coronary ostia within
native sinuses, 313–314,
313–314

augmentation aortoplasty,
309–310, 310

augmentation aortoplasty
with concomitant annulus
enlargement, 310–311,
311, 312

bicuspid aortic valve with
180° coronary ostia,
314–315, 315

both coronaries arising from
a single sinus, 314, 314

contraindications to, 306

coronary ostia arising high
in the sinuses, 315, 316

coronary ostia arising low in
the sinuses, 315, 315–316

indications for, 306
management of complicating

coronary anatomy, 311,
313

reduction aortoplasty,
306–309, 307–309

Aortopulmonary collateral
arteries (MAPCAs), with
pulmonary atresia,
552–557

central pulmonary artery
reconstruction, 553,
554–555, 555

peripheral neo-pulmonary
artery reconstruction, 553

right ventricular outflow tract
reconstruction, 555–556,
556

staged approach to, 552
surgical exposure and

collateral mobilization,
552–553

University of California at San
Francisco experiences
with, 556

Aortopulmonary window, 530
Aortotomy

in aortic annulus enlargement,
300, 301–302, 303–304,
303–304

in aortic root-Konno
reconstruction procedure,
327–328, 328

in aortic root replacement
with modified (valve

cylinder) technique, 34, 35,
36

with stentless xenografts,
364–365, 367, 368, 369, 369

in freehand aortic valve
replacement, 275–299

classic technique, 290,
291–292

distal suture line in, 279,
281–285, 285, 287, 288,
288, 289, 295

modified scallop technique,
293, 294–297, 297–298, 298

proximal suture line in, 275,
276–277, 278–279,
278–279, 280, 286, 295

reverse “lazy” S incision in,
275, 276

“hockey stick,” 367
in stentless xenograft valve

insertion, 355–356, 356,
357

transverse
in inclusion-root/intra-aortic

cylinder techniques, 340,
341

in Ross procedure, 381
T-shaped, in partial-inclusion

techniques, 344, 344–346
Aortoventriculoplasty, 82

with aortic allografts, 271,
327–337

postoperative management
in, 333, 337

surgical techniques, 327–333,
328, 329–332, 334–336

with prosthetic valves, 413
as pulmonary autograft

procedure alternative,
508

Apoptosis, 172, 173
cellular viability and, 184,

185–186, 219
in cryopreserved allograft

heart valves, 184, 185–186,
232

current theories of, 185–186
definition of, 218
in explanted allograft heart

valves, 231
during harvesting and

processing of allografts,
185

as leaflet acellularity cause,
173, 184, 219

metabolic stunning and, 185
in ovine aortic valve allograft

model, 184, 218–229, 221,
222

in transplanted allograft heart
valve cells, 184, 185–186

Aprotinin
alternatives to, 402
cost, 403–404
dosage, 403

“high-dose”/
“Hammersmith” regimen,
403, 406

efficacy, 403–405
monitoring of, 406
pharmacology, 402
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Aprotinin (cont.):
safety and toxicity, 402, 404,

405–406
use with Ross procedure, 381,

402–407
Arrhythmias, extracardiac

Fontan operation-related,
591

Arterialis, 203
Arteriosclerosis, heart

transplantation-related,
227

Aseptic techniques
for heart valve dissection, 244
for packaging of allograft

heart valves, 250
Aspergillus, as infective

endocarditis cause, 249
Atrial arrhythmias, extracardiac

Fontan operation-related,
591

Atrial fibrillation, 605
Atrial fibrillation, as mechanical

valve indication, 605
Atriotomy, in corrected

transposition anomaly,
475, 477

Atrioventricular block, Raselli’s
operation-related, 433

Atrioventricular concordance,
496. See also Corrected
transposition anomly

Atrioventricular discordance,
474. See also Corrected
transposition anomaly, 496

Atrioventricular junction,
surgical anatomy of, in
Ross procedure, 376

Atrioventricular valves, anatomy
and function of, 612

Auricularis, of mitral valve, 207
Autograft heart valves. See also

Pulmonary autografts
durability of, 7, 78

Autologous tissue valves, 195
Autopsy, heart procurement

during, 241
Autopsy reports, of heart donors,

239
Auto-replacement, of heart

valves, 602
Axlocillin, contraindication as

heart valve allograft
disinfectant, 248

B
BacTAlert™ automated microbial

detection system, 250
Bacterial contamination, of

donor heart valves, 248,
249–250

Barratt-Boyes, Brian, 3, 6, 7–8
Barr bodies, 175
Basic fibroblast growth factor,

effect on leaflet interstitial
cell growth, 118

Bernoulli equation, 101
Beta-propiolactone, as allograft

sterilant, 4, 196
Biological heart valves, 193,

602–611, 602–611. See also
Allograft heart valves;
Bioprosthetic heart
valves; Xenograft heart
valves

choice of, 602
failure of, 193–194
in vitro hydraulic performance

of, 604–605
types of, 602

Bioprosthetic heart valves. See
also Allograft heart
valves; Xenograft heart
valves

advantages and disadvantages
of, 602

adverse effects of, 193, 194
durability of, 602
failure of, 193–194
fibrous sheathing in, 232
reoperation rate with, 194
in right ventricular outflow

tract reconstruction, 81
stentless, 195
worldwide usage rate, 194

Björk-Shiley valve, 5, 603
Blood transfusion requirements,

effect of aprotinin on, 402,
403–404

Body surface area (BSA)
relationship with aortic

annulus size, 300
relationship with heart valve

hemodynamics, 100
Bovine pericardial valves,

leaflet tears associated
with, 194

Bovine pericardium, as artificial
pericardial barrier, 559

Breast feeding, in pediatric tissue
donors, 239

Brisbane group, 77–78
Buffers

pH, 139
phosphate, contraindication in

cryopreservation, 141

C
Calcification

as allograft heart valve
contraindication, 271

in aortic allografts, 124, 226,
color plate III

in right ventricular outflow
tract reconstruction, 81

aortic allografts’ resistance to,
9

of aortic wall
in aortic allografts, 224, 226
in cryopreserved aortic

allografts, 220
in fresh, wet-stored aortic

allografts, 8
in ovine aortic allograft

models, 217–218, 218
of cryopreserved tissue, 135
cuspal, 193, 194, 224, 232

in aortic allografts, 224, 226
in cryopreserved aortic

allografts, 224
glutaraldehyde-related, 232
in porcine bioprosthetic

valves, 224
effect of allograft processing

on, 222
effect of donor age on, 240
of fibroblasts, role of ABO

immunogenicity in, 186
fresh-wet-stored allograft heart

valves’ resistance to, 9
glutaraldehyde-related, 224
of leaflets, 26, 195, 195
in right ventricle-to-pulmonary

artery conduits, 226
of xenografts, 8

in pediatric patients, 6
Caliper measurement, of

allograft heart valves,
246–247

Candida, as infective
endocarditis cause, 249

Cannulation, 273, 274
Carbomedics mechanical valves
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internal and external
diameters, 606t

mean gradients, 606t
open and closed angles, 606t
postoperative complications

associated with, 603, 604t
Reduced, 606t
Standard, 606t
TopHat Supra-Annular, 606t

Cardiac output, across mechanical
heart valves, 100

Cardiectomy, sterile, 241–242. See
also Dissection

Cardioplegia, in aortic valve
replacement, 274

Cardiopulmonary bypass
management, in aortic
valve replacement, 274

Cardiopulmonary resuscitation,
prolonged, in heart valve
donors, 240

Carpentier-Edwards Porcine
valves, 603–604

Denver Series, in pediatric
patients, 50–51, 51t, 52t

internal and external
diameters, 607t

mean gradients, 607t
Model 2700 Perimount, 607t
Model 2800 Perimount, 607t
open and closed angles, 607t
pericardial valves, 95, 602, 604,

605t, 607t
postoperative complications

associated with, 604
Cavopulmonary shunts,

bidirectional superior,
585

Cefoxitin, as allograft heart valve
disinfectant, 213, 248

Celite, 406
Cell death, programmed. See

Apoptosis
Cell seeding, in vitro, of tissue-

engineered heart valve
scaffolds, 617–618

Cervical dilators, 246–247
Hegar, 246–247, 273, 381, 418,

421
Children. See Pediatric patients
Chloramphenicol,

contraindication as
allograft heart valve
disinfectant, 248

Chondroitin-4 sulfate, heart
valve content of, 135–136

Chondroitin-6 sulfate, heart
valve content of, 135–136

Chromosome banding, of
fibroblasts, 175

Classification, of allograft heart
valves, 245, 247

Class II, 237, 599, 600
Class III, 237, 597–598
“implantable with some

imperfections,” 247
“perfect,” 247
“unacceptable for clinical use,”

247
Coarctation, with diffusely

hypoplastic transverse
aortic arches, 572, 575,
576–577

Cold ischemia, in heart valve
procurement, 240–241

American Association of
Tissue Banks Standards
for, 240

“Cold pans,” 244
Colistimethate, contraindication

as heart valve allograft
disinfectant, 248

Collagen
in aortic allografts, 227
in cryopreserved allografts, 125
fibrillar structure of, 205–206
leaflet calcification of, 195
leaflet interstitial cell post-

transitional modification
of, 115

in ovine aortic valve allografts,
217–218, 219

type I, 205
valve leaflet content, 135

type II, valve leaflet content,
135

type III, 163, 205
type V, 205

Collagen crimp, 205, 224, 227, 232
effect of warm ischemia on,

214, 214
in extracellular matrix

scaffolded allografts, 615
loss in long-term allografts, 232
in ovine aortic allograft

models, 219
pressure-related loss of,

203–204, 204

Columbia Presbyterian Medical
Center, 404–405

Complement 3C, 125
Conduit surgery, 8
Congenital heart defects. See also

Infants; Pediatric patients;
specific congenital heart
defects

with absent connection from
ventricle to pulmonary
artery, 63, 64t

factors affecting patient
survival, 66, 66–67

factors affecting valve
survival, 67

natural history of, 63
Connective tissue, 204–205
Coronary artery anomalies,

truncus arteriosus-
associated, 531–532,
540–541

Coronary artery bypass graft
patients, aprotinin use in,
403–404, 405

Coronary ostia
arising from single sinus, 314,

314
arising high in the coronary

sinuses, 315, 316
arising low in the coronary

sinuses, 315, 315–316
asymmetric placement within

native sinuses, 313–314,
313–314

180°, 313, 313–314
with bicuspid aortic valve,

314–315
rotation of, with

annuloplasty, 314–315,
315

in porcine vs. human aortic
roots, 364, 366

Coronary ostia buttons
in aortic root replacement,

332, 334–335
with aortic allograft

conduits, 319, 322,
324

with aortic allografts, 328,
329, 332, 334–335

in Ross procedures
excision of, 384, 386
placement of, 387, 388, 389,

391, 391
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Coronary sinuses, asymmetric
placement of coronary
ostia within, 313–314,
313–314

Corpora arantia, 30, 31
Corrected transposition anomaly

atriotomy in, 475
cannulation in, 474, 475
distal anastomosis in, 477, 477,

479
proximal anastomosis in, 478,

479
pulmonary ventricle-to-

pulmonary artery
continuity in, 496

ventriculotomy in, 474, 476, 477
Cross clamp time, with aortic

allografts, 271
Cross-matching, for repeat

allograft transplants, 128
Cross-shippers, 262
CryoMed CMD-20 bulk dry-

shipper, 262
CryoMed CMS-328 freezer, 261
Cryopreservation, 119–120,

133–160, 196. See also
Cryoprotectants; Storage

allograft heart valve failure
rate in, 152–153

allograft heart valve
preparation for, 138–139

allograft pouches in, during
thawing and dilution,
260–261, 266

American Association of
Tissue Banks Standards
for, 136, 237, 251, 596

antifreeze proteins and,
145–146, 145t

biological consequences of,
133–134

cold shock and, 133
cooling protocol/rates,

140–143, 142, 143, 213,
251–252, 253, 254, 255

effect of allograft
volume/surface ratio on,
256–257

rapid, 140–141
slow, 141
surrogate pack use in,

251–252, 252, 253
effect on adhesion molecule

expression, 110–111

effect on allograft heart valve
antigenicity, 126–127

effect on allograft heart valve
function, 125

effect on cell viability, 161–162,
166, 167, 169, 170, 196,
255, 259

assessment of, 134–135, 260
effect on heart valve quality,

134–135, 134t
effect on immunogenicity,

152–153
effect on leaflet interstitial

cells (LICs), 120
extracellular ice formation

during, 141, 144, 145, 259
freezing “windows” in, 141–142
hemodynamic effects of,

101–102, 102t
historical background of, 133
intracellular ice formation

during, 140–141, 145
pH buffers in, 139
racking systems, 147–148, 148
recrystallization in, 149, 264
repeat, 253
technical variables affecting,

255–257
techniques, 250–257
thawing of allograft heart

valves, 135, 149–150,
260–261, 264–266

tissue storage and
transportation conditions,
146–148, 147, 148, 148t,
149

of vascular endothelium,
111–112

Cryopreserved allograft heart
valves

comparison of implantation
techniques for, 78–79

in complex right outflow tract
reconstruction, 78

durability of, 78
long-term, 195
in pediatric patients, 186

failure of, in pediatric patients,
152–153

historical perspective on,
338–339

HLA donor-specificity of, 153
hydraulic function of, 78
initial experiences with, 77–84

liquid nitrogen-related damage
to, 260–261

long-term durability of, 195,
196

in pediatric patients
decreased durability of, 186
failure of, 152–153
limitations to, 612

racking systems for, 261
in right-sided ventricular

outflow tract positions,
608

thawing of, 135, 264–266
transportation of, 261–264
worldwide usage rate, 194

Cryopreserved aortic allografts
hemodynamics of, 101–102,

102t
Mayo Clinic Series, 17–22

operative technique, 18
patient population, 17
reoperations, 18–19, 19t, 21
results, 18–20

reoperation with, 78
resistance to endocarditis in,

78
in right ventricular outflow

tract reconstruction, 79,
527

University of Alabama at
Birmingham Series, 23–29

allograft durability, 24, 25,
26, 26–27

allograft failure, 27, 27–28
endocarditis associated with,

24, 25, 26, 26, 28
infracoronary insertion

technique, 23, 24
patient population, 23
patient survival, 23–24, 29
reoperations, 23, 27–28, 28
thromboembolism

associated with, 28
Cryopreserved mitral valve

allografts, 195–196
Cryopreserved tissue

calcification of, 135
thawing of, 149–150

Cryoprotectant removal system
(AlloFlow™), 151, 152, 265,
266

Cryoprotectants, 143–146, 144t,
145t, 250–251

dilution of, 265–266
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dimethyl sulfoxide (DSMO),
133, 143–144, 213, 251,
252, 255

as cold shock risk factor, 133
concentration and transport

in tissues, 150–151
effect on cellular viability,

161, 175, 255
first use of, 77–78
removal from cryopreserved

tissue, 150–151
toxicity of, 150, 151

removal from cryopreserved
tissue, 150–151, 152

AlloFlow™ system, 150–151,
151, 152, 152, 265, 266

toxicity of, 266
CryoSink, 260
Cryostar® mechanical ultra-low

freezers, 148, 148, 148t
CryoTainer System, 262
Current Good Manufacturing

Practices for Medical
Devices (Food and Drug
Administration), 262

Cuspal tears, in lyophilized
(freeze-dried) allografts,
196

Cusps
acellularity of, in aortic

allografts, 224, 225
calcification of, 193, 194, 224,

232
in aortic allografts, 224, 226
in cryopreserved aortic

allografts, 224
glutaraldehyde-related, 232
in porcine bioprosthetic

valves, 224
in decellularized allografts,

615–616
thickness of

in cryopreserved aortic
allografts, 220

in ovine aortic allograft
model, 217, 217–218, 219

Cyclosporine, 127
Cyklokapron

as aprotinin alternative, 402
comparison with aprotinin,

403
Cystic medial necrosis, as

allograft heart valve
contraindication, 271

D
Dacron conduits/tube extensions,

558
degeneration in pediatric

patients, 43
peel formation within, 8
with porcine bioprosthetic

valves, 8, 43
use in truncus arteriosus

repair, 532
valve durability within, 8

Damus/Kaye/Stanzel
anastomosis, 568, 575, 577,
578, 578, 579–580

Decellularization, effect on tissue
immunogenicity, 153

Decellularization methods,
614–615

Decellularized valve conduits,
613, 614–617

Deep hypothermic circulatory
arrest (DHCA) patients,
aprotinin use in, 404–405,
406

Deionized water, use in valve
decellularization, 614, 616

Dendritic cells, morphology of,
202–203

Denver Series, of pediatric right
ventricular outflow tract
reconstruction, 50–62

with aortic allografts, 50, 61, 61t
with mechanical valves, 50
with porcine valved conduits,

50–51, 51, 52t, 60–61, 61,
61t

with pulmonary allografts,
55–59, 58t, 59t, 60, 60t, 61,
61–62, 61t

with transannular patches, 53,
55, 61, 61–62, 61t, 62

2-Deoxyglucose assay, of heart
valve cellular viability,
134–135

2-Deoxyglucose phosphorylation,
in thawed cryopreserved
heart valves, 138

Dermatan sulfate, heart valve
content of, 135

Detergents, use in heart valve
decellularization, 614–615,
616

Dextrans, as cryoprotective
agents, 143

Diabetes mellitus, in heart valve
donors, 240

Dimethyl sulfoxide (DSMO), as
cryoprotectant, 133,
143–144, 213, 251, 252, 255

as cold shock risk factor, 133
concentration and transport in

tissues, 150–151
as cryoprotective agent,

143–144
effect on cellular viability, 161,

175, 255
first use of, 77–78
removal from cryopreserved

tissue, 150–151
toxicity, 150, 151

Disinfection, of allograft heart
valves, 119–120, 196, 213

American Association of
Tissue Banks Standards
for, 247–248

effect on leaflet interstitial
cells (LICs), 120

sterility control procedures
following, 250

techniques, 247–250
Disinfection solutions, 248

nutrient media for, 248
toxicity, 140

Dissection
American Association of

Tissue Banks Standards
for, 244, 245

of aorta, 241
aprotinin use in, 404
pulmonary autograft

implementation in, 502
of heart valves

cold temperature during, 213
techniques and technology

in, 244–245
tissue cooling system for,

138
of pulmonary arteries, 241–242

in Ross procedure, 381, 382,
383

Distal anastomosis
in corrected transposition

anomaly repair, 477, 477,
479

in extended “divide and
reapproximate”
implantation technique,
497, 498, 499
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Distal anastomosis (cont.):
in modified (valve cylinder)

technique, 36–37
in right ventricular outflow

tract reconstruction, 459,
460, 461, 463

of complex anomalies, with
pulmonary allografts, 521,
522–524

with right ventricle-to-
pulmonary artery
conduits, 459, 460, 461,
463

of simple anomalies, with
pulmonary allografts, 510,
512, 513–514

in right ventricular outflow
tract replacement, 503,
504–505

in Ross procedure, 391, 392,
393

in truncus arteriosus repair,
with pulmonary valve
allografts, 521, 522–524

“Divide and reapproximate”
implantation technique,
for difficult allograft
alignments, 496–500

aortic allograft division, 496,
497

distal anastomosis, 497, 498,
499

distal positioning of valve
allografts, 499, 500

mitral valve anterior leaflet
plane in, 496, 497

proximal anastomosis, 498, 499
DMSO. See Dimethyl sulfoxide
DNA fingerprinting, of

fibroblasts, 175
DNA in situ hybridization, for

the Y chromosome,
175–183, 177, 178, 179, 180

in human allograft explants,
179–181

in porcine cryopreserved
allograft explants,
176–179, 178, 179

Donor allograft cells,
differentiated from
allograft recipient heart
cells

with Barr bodies, 175
with chromosome banding, 175

with DNA fingerprinting, 175
with DNA in situ

hybridization, for the Y
chromosome, 175–183,
177, 178, 179, 180

Donors
age of, 7, 240

as aortic allograft failure
risk failure, 26–27

effect on allograft heart
valve durability, 9

aortic valve characteristics in,
7

of aortic valves, 7, 43
endothelial alloreactivity

modulation in, 127
infectious disease screening in,

239
multi-organ, contaminated

hearts recovered from,
248

pediatric, suitability criteria
for, 239–240

of pulmonary allografts, 43
suitability criteria for, 239–240,

267
Doppler echocardiography, for

heart valve hemodynamic
assessment, 101

Double outlet left ventricle, 449
Double outlet right ventricle,

444, 445–447
Double outlet single ventricle,

450–452
Double outlet systemic ventricle,

for hypoplastic aortic
outflow, 444, 445–447

Double tilting disc aortic
allografts, 605

Durability
of allograft heart valves

effect of donor age on, 9
influence of implantation

techniques on, 30–39
role of matrix and chemical

properties in, 186–187
of aortic allografts, factors

affecting, 9
of autograft heart valves, 7, 78
of bioprosthetic heart valves,

602
of cryopreserved allograft

heart valves, 78
cuspal fibroblasts in, 213

Dacron conduits and, 8
extracellular matrix in, 232
of fresh-wet-stored aortic

valve allografts, 8
of mechanical heart valves, 602

comparison with xenografts,
5

of pulmonary valve allografts,
in right ventricular
outflow tract
reconstruction, 81

of stented heart valves, 32
of xenograft heart valves

comparison with mechanical
valves, 5

in pediatric patients, 80
porcine bioprostheses,

603–604
stented pericardial

bioprostheses, 95, 96, 97,
98

Dye exclusion technique, for cell
viability evaluation,
108–109, 162t

E
Eagle’s MEM solution, 248, 249t
Echocardiography

for allograft heart valve
hemodynamic assessment,
101

for allograft heart valve sizing,
272, 272–273, 273

Doppler, for allograft heart
valve hemodynamic
assessment, 101

intra-operative, 79
postoperative, in Ross

procedure patients, 394
preoperative, 418, 421
transesophageal

for aortic annulus
measurement, 32

for evaluation of pulmonary
autograft function,
399–401, 400, color plate
IV

during Ross procedure,
396–401

Edwards “Prima Plus” stentless
xenograft valve, 354

Elastin, heart valve content, 135
Elderly patients

anticoagulation in, 605, 608
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mitrally-positioned
bioprosthetic valves in,
605

stentless valves in, 354
Electron beam irradiation, as

allograft sterilization
method, 196

Electron microscopy test, for cell
viability, 162t

Endocarditis
abscess cavities in

antibiotic/fibrin glue filling
of, 90

debridement of, as annular
defect cause, 90, 91

involving aortic annulus and
mitral valve, 92

patch closure of, 87–88
allograft valve replacement in,

85–94
comparison with mechanical

and xenograft valves,
87–88, 89, 90

pathology of aortic root
infection and, 85–87

surgical technique, 90–93,
91–93

aortic allograft implantation
in, 99, 608, 609

aortic allograft-related, 98
aortic allograft use in, 608
aortic root replacement in, 82,

90, 92, 93, 93
with modified (valve

cylinder) technique,
33–34

aortic valve replacement in, 82,
87–93

as recurrent endocarditis
risk factor, 87–88, 89, 90,
90

surgical technique, 87–88, 90,
91–93, 93

as aortic-ventricular
discontinuity cause, 318

causal organisms of, 249
cryopreserved aortic allografts-

related, 79
University of Alabama at

Birmingham Series data,
24, 25, 26, 26

cryopreserved aortic allografts’
resistance to, 78

“early” prosthetic valve, 85, 86

fresh, wet-stored allograft
heart valves’ resistance to,
5, 7, 9

fresh, wet-stored aortic
allograft-related, 5, 7

“late” prosthetic valve, 85, 86
mechanical vale prostheses-

related, 604t
native valve, 85
porcine bioprostheses-related,

98, 604t
pulmonary autograft

implementation in, 502
in Ross procedure patients,

417
stented pericardial

bioprostheses-related, 98
stented porcine bioprostheses-

related, 98
total-root replacements in, 351,

352
Endothelial cells/endothelium,

107–113
anatomy of, 107–108
antigen expression in, 110
cryopreservation of, 111–112
in cryopreserved allografts,

107–108, 108t
defects in, 107
donor

alloreactivity modulation in,
127

antigenicity of, 185
factor VIII expression in, 107
during heart valve

procurement and
transportation, 136, 137

HLA-A expression in, 110
HLA-B expression in, 110
HLA-C expression in, 110
HLA class I antigens

expression in, 125
HLA class II antigens

expression in, 125
HLA-DP expression in, 110
HLA-DQ expression in, 110
HLA-DR expression in, 110
host immune response to, 111
immunogenicity of, 125, 138
inflammatory mediators

expression in, 110–111
leukocyte adhesion molecule

(LAM) expression in,
110–111

morphology of, 201–202, 202,
203

nonviable, in aortic valve
allografts, 224

in ovine aortic allograft
models, 217, 217–219

postimplantation loss from
leaflets, 218–219, color
plate II

prostacyclin expression in, 110,
112

radiolabeling of, 109
replication of, 109
in smooth muscle relaxation,

111
thromboresistance of, 110
viability of

effect of hypothermia on, 138
evaluation of, 108–109
properties associated with,

108
Enterococci, as infective

endocarditis cause, 85
Erythro-9-(2-hydroxy-3-

nonyl)adenine, 138
Erythromycin, contraindication

as allograft heart valve
disinfectant, 248

Ethylene glycol, as cryoprotective
solution, 255

Ethylene oxide, as allograft
sterilant, 196

Examination, of allograft heart
valves, 245–247, 246

Explant pathology, of aortic
allografts, 216–230

clinical studies, 222–229
aortic wall calcification, 224,

226
cuspal acellularity, 224, 225
cuspal calcification, 224, 226
endothelial cell nonviability,

224
intracuspal hematoma, 224,

225
in orthotopic heart

transplants, 223
in unimplanted vs.

implanted allografts,
223–224, 225

DNA in situ hybridization for
Y chromosome studies,
175–183, 177–178,
179–180, color plate I
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Explant pathology, of aortic
allografts (cont.):

implications of, 231–233
in infants, 231–232
in non-cryopreserved cells, 222
in ovine aortic allograft

models (preclinical
studies), 216–221

aortic wall calcification,
217–218, 218

apoptosis in, 218–229, 221,
222, color plate II

collagen elongation,
217–218, 219

cuspal thickness increase,
217, 217–218, 219

endothelial cell loss, 217,
217–219

fibrosa, 217, 217–218
leaflet acellularity, 217,

217–218, 219
in non-orthotopic models,

216–221
in orthotopic models, 216
spongiosa, 217, 217–218
ventricularis, 217, 217–218

of pulmonary and aortic
decellularization methods,
614, 615–616

pyknotic endothelial cells,
222

Extracellular matrix (ECM)
of cryopreserved aortic

allografts, 225
effect of preimplantation

processing on, 214–215
of leaflet interstitial (LIC)

cells, 115, 116t
maintenance of, 136
morphology of, 204–206, 207
role in clinical performance of

allografts, 219–220
role in durability of allografts,

232
Extracellular matrix (ECM)

scaffolds, decellularized,
613, 614–617, 618

F
Factor VIII

endothelial expression of, 107
in ovine aortic allografts,

218–219, 220
Falls, anticoagulation as risk

factor for, 605

Fetal calf serum (FCS)
antigenicity of, 251
contraindication in dilution

medium, 266
as cryoprotectant solution,

250–251, 252, 255
Fibroblasts. See also

Myofibroblasts
calcification of, role of 

ABO immunogenicity in,
186

cryopreserved, amphotericin B
toxicity and, 140

cuspal
role in allograft durability,

213
warm ischemia-related

injury to, 213–214
dermal, use in polymeric

scaffolding seeding, 618
donor differentiated from

recipient, 175
with Barr bodies, 175
with chromosome banding,

175
with DNA fingerprinting,

175
with DNA in situ

hybridization, 175–183,
177, 178, 179, 180

effect of cold ischemia on,
136

of heart valve leaflets, 136
postimplantation re-activation

of, 31
refrigerated storage of, 136
role in heart valve viability,

135
sheathing response in

in allograft heart valves,
184–185, 186–187

in aortic allografts, 226
in cryopreserved aortic

allografts, 220–221
in explanted xenograft heart

valves, 232
in ovine aortic allograft

models, 217, 217–218,
219

valvular, 202
viability of

effect of hypothermia on,
138

in fresh, wet-stored allograft
heart valves, 6

Fibrosa, 203, 207
as cuspal recellularization

barrier, 615
in ovine aortic allograft

models, 217, 217–218
in unimplanted cryopreserved

aortic allografts, 225
Final Rule and Guidance

Document for the
Screening and Testing 
of Donors of Human
Tissue (Food and 
Drug Administration),
239

Flail chest, in heart valve donors,
240

Flange technique, 312, 314
Flash freezing, of allograft heart

valves, 4
Flucloxacillin, contraindication as

allograft heart valve
disinfectant, 248

Fontan operation
extracardiac, 585–592

advantages of, 590–591
bidirectional superior

cavopulmonary shunt in,
585

comparison to other 
Fontan techniques,
590–591

disadvantages of, 591
inferior cavopulmonary

anastomosis in, 588,
588–589

operative procedure,
586, 586–590, 587, 588,
589

preoperative strategy,
585–586

University of California at
San Francisco experiences
with, 590

intra-atrial conduit, 591
lateral tunnel, 590–591
pulmonary artery

reconstruction during,
580–581, 582–583, 584

Food, Drug, and Cosmetic Act,
598–599

1976 Medical Device
Amendments, 597

Food and Drug Administration
(FDA), policies related to
heart valves, 237, 266
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“A Proposed Approach to the
Regulation of Cellular
and Tissue-Based 
Products,” 600

classification of allograft heart
valves, 245, 247

Class II, 237, 599, 600
Class III, 237, 597–598

Current Good Manufacturing
Practices for Medical
Devices, 262

Final Rule and Guidance
Document for the
Screening and Testing of
Donors of Human Tissue,
239

historical background,
596–598

Investigational Device
Exemptions (IDEs),
597–598, 599, 600

litigation related to, 598–599
oversight of tissue banks,

599–600
Premarket Approval

Applications (PMAs), 597,
598

tissue donor screening criteria,
239

tissue-engineered heart valve
clinical trials, 619

Freehand aortic valve
replacement, 79, 318

with aortic allograft transplant
aortotomy, 275–299

classic technique, 290,
291–292

distal suture line in, 279,
281–285, 285, 287, 288,
288, 289, 295

modified scallop technique,
293, 294–297, 297–298, 298

proximal suture line in, 275,
276–277, 278–279,
278–279, 280, 286, 295

reverse “lazy” S incision in,
275, 276

Freehand insertion techniques
of aortic allografts, 275–299

subcoronary insertion, 97,
339, 350–351

definition of, 271
semilunar valve functional

anatomy in, 9
two-suture technique, 7

Freehand pericardial cusp, 63
Free radicals, in hypothermia,

137–138
Freestanding total-root

replacement technique, of
aortic root replacement,
347, 347, 348–349,
349–352

disadvantages of, 349
repeat operations, 350
results of, 350t, 351–352
surgical techniques, 347, 347,

348–349
“Freestyle” stentless xenograft

valve, 354
Freeze-drying. See Lyophilization
Fungal contamination, of donor

heart valves, 249–250
Fungizone™, 140

G
Gamma irradiation, as allograft

sterilization method,
196

effect on allograft durability, 4
Gentamicin, contraindication as

allograft heart valve
disinfectant, 248

Geometric distortion, as allograft
heart valve failure cause,
26, 27

Glass transitional temperature,
259, 260

Glucose metabolism test, for
cellular viability, 162t

Glutaraldehyde
as cuspal calcification risk

factor, 224, 232
as heart valve allograft

sterilant, 3
Glutaraldehyde-formaldehyde

mixtures, as allograft
sterilant, 196

Glycerol, as cryoprotectant
agent, 143, 144, 255

Glycine assay, for cellular
viability, 134–135

Glycols, as cryoprotective agents,
143

Glycosaminoglycans, heart valve
content, 135

Gout, in heart valve donors, 240
Great Ormond Street group,

valve diameter data of,
621–622, 621t

Great Ormond Street Series, of
subpulmonary cardiac
homograft conduits,
43–49, 80–81

aortic versus pulmonary
homografts, 46, 47t, 48

effect of preservation methods
on, 46, 47t, 48

failure and replacement, 44,
45–46, 47t

homograft survival, 44, 45, 46,
46, 47, 81

immunological response in,
48

patient diagnoses, 43, 44t
patient survival, 46, 47
pulmonary outflow

reconstruction, 80–81
Growth factors, effect on leaflet

interstitial cell growth,
118, 119

H
Hancock bioprosthetic valves, 80

in infants, 80
in pediatric patients,

replacement rates, 8
porcine

II, 604, 604t, 608t
internal and external

diameters, 607t, 608t
median gradient, 607t, 608t
MO, 608t
open and closed angles, 607t,

608t
Standard, 607t

Hank’s solution, 248, 249t
Harefield Series, 5, 77
Heart donation. See also Donors

permission for, 239
Heart transplantation, as

arteriosclerosis cause, 227
Heart valves. See also specific

heart valves
internal diameters normalized

to body surface area,
621–622, 621t, 622

Heat shock proteins, in
cryopreserved heart
valves, 138–139

Hegar dilators, 246–247, 273, 381,
418, 421

Heimbecker, R. O., 3, 4
Hematoma, intracuspal, 224, 225,

color plate III
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Heme release, in heart valve
donors, 240

Hemi-Fontan operation, 580, 581,
581

Hemochron, 406
Hemodynamics

of allograft heart valves, 271
effect of cryopreservation

on, 101–102, 102t
in vivo pulsatile, 100–103

of aortic allografts, 338
comparison with

bioprosthestic heart
valves, 272

comparison with mechanical
heart valves, 272

echocardiographic
measurement of, 272,
272–273

of mechanical heart valves,
271

comparison with aortic
allografts, 272

of ovine aortic allograft
models, 216

of stented xenografts, 271
Hemorrhage

mechanical valve prostheses-
related, 604t

porcine valve bioprostheses-
related, 604t

Heparin, 406
Heparin sulfate, heart valve

content of, 135
Hepatitis, in heart valve donors,

239
Hepcon, 406
HEPES (N-2-

hydroxyethylpiperazine-
N-2-ethane sulphonate),
139

Heterografts, commercially
available, 43

Hibernation, arterial pH during,
139

HLA
donor-specific, in recipients of

cryopreserved heart
valves, 153

in pediatric allograft 
heart valve recipients,
186

HLA-A, endothelial expression
of, 110

HLA-B, endothelial expression
of, 110

HLA-C, endothelial expression
of, 110

HLA class I antigens, 125
HLA class II antigens, 125
HLA-DP, endothelial expression

of, 110
HLA-DQ, endothelial expression

of, 110
HLA-DR

endothelial expression of, 110
matching for, 127, 128

“Home-made” valved conduits,
43

Homografts. See Allografts
Hospital for Sick Children

(London), 8
Human immunodeficiency virus

(HIV) infection, in heart
valve donors, 239

Hyaluronic acid, heart valve
content of, 135–136

N-2-Hydroxyethylpiperazine-N-
2-ethane sulphonate
(HEPES), 139

Hypercholesterolemia, in heart
valve donors, 240

Hyperlipidemia, in heart valve
donors, 240

Hypertension
in heart valve donors, 240
pulmonary, as right ventricular

outflow tract
reconstruction indication,
456

Hypoplastic left heart syndrome
cryopreserved pulmonary

artery allograft
reconstruction of, 564–567,
568

ascending aorta incision,
564, 565, 565, 566

pulmonary allograft
augmentation patch,
564–565, 566, 567

pulmonary artery
transection, 564, 565

suture techniques, 565, 566,
566, 568

as Ross procedure indication,
408, 412

Hypoxanthine incorporation test,
for cell viability, 162t

I
Immune privilege, 161, 186
Immune response

in allograft heart valves, 186,
231–232

in homograft conduits, 48
Immunogenicity. See also

Antigenicity, 123–130
animal studies of, 123–124
effect of cryopreservation on,

152–153
effect of decellularization on,

153
effect of immunosuppressant

therapy on, 127
endothelial, 125, 138
heart valve antigenicity

modulation in, 126–127
human studies of, 124–125

Immunologic factors, in allograft
heart valve failure, in
pediatric patients, 152–153

Immunomodulation, allograft
heart valve preservation
as, 126–127

Immunosuppressive therapy, 31
effect on immunogenicity, 127
with repeat allograft

transplants, 128
Inclusion cylinder technique

aortic insufficiency and, 417
with stentless xenograft valves,

354–355, 355, 358
Inclusion-root/intra-aortic

cylinder techniques,
339–352

allograft size, 339
allograft trimming, 339–340,

340
coronary anastomoses, 340, 343
postoperative aortic

insufficiency associated
with, 351, 351t

surgical technique, 339–352
suture techniques, 340, 341,

342–344
transverse aortotomy, 340,

341
Inclusion techniques

disadvantages of, 38
as Ross procedure aortic

insufficiency risk factor,
417

Induction therapy, 128
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Infants
anencephalic, as heart valve

donors, 239
aortic valve allograft explant

pathology in, 231–232
early allograft heart valve

failure in, 231–232
Hancock prostheses use in, 80
pulmonary atresia with

aortopulmonary collateral
arteries (MAPCAs) in,
552–557

central pulmonary artery
reconstruction, 553,
554–555, 555

peripheral neo-pulmonary
artery reconstruction,
553

right ventricular outflow
tract reconstruction,
555–556, 556

staged approach to, 552
surgical exposure and

collateral mobilization,
552–553

University of California at
San Francisco experiences,
556

right ventricular outlet tract
reconstruction in, 455

Infection. See also Endocarditis
postoperative, 338

Infectious disease screening, in
heart valve donors, 239

Inflammation
allograft heart valve cellular

loss and, 227–228
in aortic valve allografts, 226,

color plate III
Inflammatory cells

absence from allograft heart
valves, 226–227

absence from explanted
cryopreserved allograft
heart valves, 231

absence from orthotopic heart
allografts, 228

Inflammatory mediators,
endothelial expression of,
110

Intermediate metabolism test, for
cell viability, 162t

Interstitial connective cells,
morphology of, 202–203

Investigational Device
Exemptions (IDEs),
597–598, 599, 600

Ionescu-Shiley pericardial
bioprostheses, 95, 194

Ischemia
acid-base homeostasis during,

139
American Association of

Tissue Banks Standards
for, 240

cold
effect on cellular viability,

168
during heart valve

procurement, 240–241
in cryopreserved allografts,

136
effect on leaflet interstitial

cells (LICs), 120
post-procurement, 136
in preharvest heart valves,

119–120
during procurement of heart

valves, 119–120, 240–241
warm, in heart valve

procurement, 240–241
warm ischemia time

as cellular injury cause,
213–214

definition of, 213
effect on allograft durability,

77
effect on cellular viability,

77–78, 165–168, 166, 167,
167t, 168, 169–170, 170,
173, 214

length of, 213
long, 6

Ischemia time, effect on cellular
viability, 175

ISO (International Standards
Organization) 9000/1, 266

J
Jehovah’s Witnesses, 403–404

K
Kanamycin, contraindication as

allograft heart valve
disinfectant, 248

Kaplan-Meier estimates, of
allograft heart valve
failure, 27, 28

Konno procedure, 327, 328. See
also Ross–Kono
procedure

as pulmonary autograft
procedure alternative, 508

“valve sparing,” 413

L
Labeling, of allograft heart

valves, 262–263
Laboratory tests, documented

review process for, 267
Lateral phase separation, 137
n-Lauroyl sarconisinate, use in

heart valve
decellularization, 6140615

Leaflet interstitial cells (LICs),
114–117

contractile function of, 115,
116t

cytoskeleton of, 115, 116t
effect of cryopreservation on,

120
effect of disinfection on, 120
effect of preharvest ischemia

on, 120
enzymatic isolation of, 118, 119
extracellular matrix of, 115,

116t
growth of, 118–119
morphology of, 114, 116t
as myofibroblasts, 115–116
phenotypic characteristics of,

115–116, 116t
recovery of, 119–122
resuscitation of, 118, 120–122,

121, 170, 172
ultrastructure of, 114, 116t
warm ischemia-related injury

to, 213–214
Leaflets

acellularity of, 135–136
apoptosis-related, 219
in cryopreserved aortic

valve allografts, 220
in ovine aortic valve

allograft models, 217,
217–218, 219

bioprosthetic heart valves-
related tears in, 193, 194

calcification of, 26, 195, 195
cellular components of, 135,

136
hydraulic function of, 30
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Leaflets (cont.):
postimplantation non-viability

of, 31
surgical anatomy of, 30–31

Leaflet tissue, viability assay of,
135

Left coronary artery
dissection of, 245
surgical anatomy of, in Ross

procedure, 377, 377–378
Left heart syndrome, hypoplastic.

See Hypoplastic left heart
syndrome

Left ventricle
dissection of, 245
double outlet, 449

Left ventricular dysfunction, as
allograft heart valve
contraindication, 271

Left ventricular hypertrophy
severe, as rationale for valve

replacement in, 609
stentless xenograft use in, 608

Left ventricular outflow tract
deep, transgastric five chamber

view of, 399, 400, color
plate IV

hypoplastic, Konno-type
annulus enlargement of,
327

interrupted aortic
arches/ventricular septal
defect-associated, 572

relative to aortic regurgitation
(AR) jet width, 399, 400,
color plate IV

transesophageal
echocardiographic imaging
of, 396, 397, 399, 400

Left ventricular outflow tract
obstruction

complex, as Ross procedure
indication, 408

Mustard procedure-related,
496

Raselli’s procedure-related,
433

Senning procedure-related, 496
ventricular septal defect-

related, 429
atrial level repair for, 433
pulmonary autograft

procedure for, 434–435,
435–436

Rastelli’s operation for, 430,
430–433, 431–432

Left ventricular outflow tract
reconstruction

aortic root replacement in,
318

complex, with aortic allografts,
82

with cryopreserved allograft
heart valves, 78–79

Left ventricular pressure, role 
of sinuses of Valsalva in,
200

Leonardo da Vinci, 360
Leukocyte adhesion molecules

(LAMs), endothelial
expression of, 110–111

LifeNet, 246, 247
allograft thawing protocol,

260–261
cold and warm ischemia

protocol, 250
cryopreservation protocol, 142,

251–252
cryopreserved allograft

transport protocol, 262
cryoprotectant removal

protocol, 151
disinfection protocol, 248
donor suitability criteria, 240
goal of, 237
as heart valve consortium

member, 598
heart valve dissection protocol,

244
post-disinfection sterility

control protocol, 250
thawing and dilution of

cryopreserved allograft
heart valves protocol,
265

Light microscopy test, for cell
viability, 162t

Lincomyin, as allograft heart
valve disinfectant, 213, 248

Lipids, effect of cryopreservation
on, 137

Liquid nitrogen storage, of
allograft heart valves, 9,
213

cryopreserved allograft
transport containers for,
262

storage units in, 253, 261

as tissue fracture cause, 146,
146–147, 222–223, 223,
260, color plate II

vapor temperature in, 253
London preservation techniques,

6–7
London Series, of aortic

allografts, 6–7
Lunula, 200
LVOT. See Left ventricular

outflow tract
Lyophilization (freeze-drying), of

allograft heart valves, 3,
196

as cuspal rupture and
calcification cause, 222

M
Macrocrystallization, 259
Major histocompatibility

complex antigens
(MHCs), 125

donor-acceptor matching of,
124

Manouguian technique, 300,
301–303, 310, 382

Manouguian-type maneuver, in
aortic root replacement,
319

Marfan’s syndrome
as allograft heart valve

replacement
contraindication, 271

annuloaortic ectasia in,
imaging of, 396

aortic root stabilization
technique in, 325–326

as freehand aortic valve
replacement
contraindication, 319

Mayo Clinic Series, of aortic
valve replacements, 8,
17–22

operative technique, 18
patient population, 17
patient survival, 19–20, 20t, 21,

21
reoperations, 18–19, 19t, 21
results, 18–20

Mechanical heart valves
anticoagulation use with, 338,

602
in aortic positions, 608–609

aortic allografts versus, 338
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aortic annulus enlargement
with, 608

as aortic insufficiency/aortic
stenosis treatment, 338

ball-in-cage type, 193
Björk-Shiley, 5, 603
Carbomedics

internal and external
diameters, 606t

mean gradients, 606t
open and closed angles, 606t
postoperative complications

associated with, 603, 604t
Reduced, 606t
Standard, 606t
TopHat Supra-Annular, 606t

cardiac output across, 100
comparison with allograft

heart valves, 6
durability of, 602

comparison with xenografts,
5

as endocarditis cause, 86, 604t
as endocarditis treatment, 87

recurrent endocarditis risk
in, 88, 89, 90, 90

first clinical implantation of,
193

hemodynamics of, 271
comparison with aortic

allografts, 272
historical perspective on, 193
hydraulic dysfunction of, 5–6
Medtronic-Hall, 603

internal and external
diameters, 606t

mean gradient, 606t
open and closed angles, 606t
postoperative complications

associated with, 604t
Omnicarbon, 603, 604t
Omniscience, 603

internal and external
diameters, 606t

mean gradient, 606t
open and closed angles,

606t
postoperative complications

associated with, 604t
in pediatric patients, 6
prosthetic valve endocarditis

of, 86
pulmonary valve allografts

versus, 501

right-sided, dysfunction of,
455–456

in right ventricular outflow
tract reconstruction, 605

contraindications to, 608
St. Jude, 602, 603

bileaflet, 100, 194
comparison with porcine

bioprostheses, 100
HP, 606t
internal and external

diameters, 606t
mean gradients, 606t
open and closed angles, 606t
in pediatric patients, 80
postoperative complications

associated with, 604t
Standard, 606t

Sorin Monostrut, 607t
Starr-Edwards, 3, 602, 603

comparison with fresh, wet-
stored aortic allografts, 5

internal and external
diameters, 607t

mean gradients, 607t
open and closed angles, 607t
postoperative complications

associated with, 604t
structural failure of, 193, 603,

604, 604t
as thromboembolism cause,

193
£ 21–23 mm, 300
use in atrial fibrillation, 605
use in pediatric right

ventricular outflow tract
reconstruction, 50

worldwide usage rate, 194
Medical Device Amendments of

1976, 597
Medtronic bioprosthetic heart

valves
“Freestyle” stentless xenograft

valve, 354
Stentless Freestyle Aortic

Root Bioprostheses, 608t
Medtronic-Hall mechanical heart

valves, 603
internal and external

diameters, 606t
mean gradient, 606t
open and closed angles, 606t
postoperative complications

associated with, 604t

Medtronic Intact porcine valve,
604, 604t

Metabolic stunning, 185
Methicillin, contraindication 

as heart valve 
allograft disinfectant,
248

Methicillin resistance, in
Staphylococcus aureus,
85–86

Metronidazol, contraindication
as heart valve allograft
disinfectant, 248

Microbial detection system,
automated, 250

Mineralization, of aortic heart
valves, 135

“Miniroot” aortic valve
replacement techniques,
338–353

definition of, 338
inclusion-root/intra-aortic

cylinder techniques,
339–352

allograft sizing, 339
allograft trimming, 339–340,

340
coronary anastomoses, 340,

343
postoperative aortic

insufficiency associated
with, 351, 351t

suture techniques, 340, 341,
342–344

transverse aortotomy, 340,
341

partial-inclusion techniques,
344–346

T-shaped aortotomy, 344,
344–346

Minnesota Valley Engineering,
261

Mitral valve
auricularis of, 207
in endocarditis, 92
fibrosa of, 207
involvement in aortic valve

infections, 86
morphology of, 207–208
spongiosa of, 207
ventricularis of, 207

Mitral valve allografts
cryopreserved, 195–196
failure of, 195
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Mitral valve leaflets. See also
Leaflet interstitial cells
(LICs)

dissection of, 245
Mitral valve prosthesis,

orthotopic placement of,
in animal models, 216

Mitroflow pericardial
bioprostheses, 95

Mononuclear cells, blood-
derived, 201

Morrow type operation, 609
Mucopolysaccharides, diffusion

from tissues, 252–253
Multiple major aortopulmonary

collateral arteries
(MAPCAs), pulmonary
atresia-associated, staged
unifocalization techniques
for, 544–546, 544–556,
545–546

variations in, 546–550, 547–550
Murray, Gordon, 3, 4
Mustard procedure, as left

ventricular outflow tract
obstruction cause, 496

Myocardial infarction, aprotinin-
related, 404, 405

Myocarditis, causal organisms of,
249

Myocardium, dissection of, 245
Myofibroblasts, 202

phenotypic expression of, 163
Myomectomy, 319, 322
Myosin, co-localization with

actin, 115

N
National Heart Hospital Series,

of allograft heart valve
durability, 77

National Organ Transplantation
Act of 1984 (PL 98-507),
596

Navy Tissue Bank, 595
Neomycin, contraindication as

heart valve allograft
disinfectant, 248

New Zealand series, of aortic
allograft replacement,
7–8

Nicks technique, 303–304,
303–304, 310, 382

Nikaidoh, Hisashi, 438

Nikaidoh procedure, homograft
variant of, 438–443

aortic root immobilization,
438, 439

left ventricular outflow 
tract enlargement, 438,
441

pulmonary artery transection,
438, 440

ventricular septal defect
closure, 438, 442

p-Nitrobenzyl-thionosine, 138
Nocardia, as myocarditis and

endocarditis cause, 249
Nodules of Arantius, 200,

202–203
Northwest Tissue Center, 598
Norwood operation, 579

pulmonary artery
reconstruction after, 580,
581

Ross-Kono procedure as
alternative to, 408, 413

variation in, 444
Nucleoside transport, inhibition

of, 138
Nutrient media

for allograft heart valve
storage, 196

effect on cell viability, 196
as disinfection solution base,

248, 249t
Nystatin, contraindication as

heart valve allograft
disinfectant, 248

O
Obesity, in heart valve donors,

240
Obturators, 246–247
n-Octyl glucopyrinosole, use in

heart valve
decellularization, 614–615

Omnicarbon mechanical heart
valve, 603, 604t

Omniscience mechanical heart
valve, 603, 604t, 606t

120° rotation technique, of 
aortic allograft
implantation, 79

Oregon Tissue Bank, 598
Organ procurement

organizations (OPOs), 596
Organs, sale of, 596

Orthotopic heart allografts
aortic and pulmonary

histology in, 227–228, 228,
229t

mitral valve, in animal models,
216

Ovine aortic allograft models,
216–221

explant pathology of, 217, 218,
219, 220, 221

aortic wall calcification,
217–218, 218

apoptosis in, 218–229, 221,
222, color plate II

collagen elongation,
217–218, 219

cuspal thickness increase,
217, 217–218, 219

endothelial cell loss, 217,
217–218, 218–219

leaflet acellularity, 217,
217–218, 219, color 
plate I

spongiosa, 217, 217–218
ventricularis, 217, 217–218

fibrosa, 217, 217–218
hemodynamics, 216
normal histology, 217
polytetrafluoroethyelene shunt

in, 216
Ovine implant model, of leaflet

cellularity, 172–173

P
Packaging, of allograft heart

valves, 242, 259
aseptic technique, 250
materials for, 262

Partial-inclusion techniques, in
aortic root replacement,
344, 344–346, 345–346

Patent ductus arteriosus, aortic
arch hypoplasia associated
with, 575, 576–577

Pediatric heart valve donors,
suitability criteria for,
239–240

Pediatric patients. See also
Infants

anticoagulation
contraindication in, 78,
455

aortic root replacement in,
318, 413
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aortic valve replacement in,
difficulties associated
with, 6

cryopreserved allograft heart
valves in

decreased durability of, 186
Denver Series, 52–53, 52t
failure of, 152–153
limitations to, 612
in pediatric patients, 52–53,

52t
extracardiac Fontan operation

in, 585–592
advantages of, 590–591
bidirectional superior

cavopulmonary shunt, 585
comparison to other Fontan

techniques, 590–591
disadvantages of, 591
inferior cavopulmonary

anastomosis, 588, 588–589
preoperative strategy,

585–586
University of California at

San Francisco experiences
with, 590

Hancock valves in,
replacement rates, 8

mechanical valves in, 6
porcine bioprostheses in, 80

degeneration of, 43
Denver Series, 50–51, 51t,

52t
pulmonary arterial conduit

calcification in, 226, 226
pulmonary valve allografts in,

501–529
advantages of, 501
in complex right ventricular

outflow tract anomalies
repair, 517–528, 519–521,
522–525, 526–527

in right ventricular outflow
tract replacements,
501–508, 502, 503–507

in simple right ventricular
outflow tract anomalies
repair, 508–517, 509,
510–517

right ventricular outflow tract
reconstruction in, 8, 80–82

with allograft valves, 193
with aortic allografts, 50,

52–53, 52t, 61, 61, 61t

with porcine valved
conduits, 50–51, 52t,
60–61, 61, 61t

with pulmonary allografts,
52t, 54–59, 58t, 59t, 60, 60,
61, 61, 61t

with transannular patch, 52t,
53, 54, 60, 61, 61–62, 62t

right ventricular outflow tract
reconstruction in, with
right ventricle-to-
pulmonary artery
conduits, 458–467

allograft trimming, 459
conduit length adjustment,

459–460
distal anastomosis, 459, 460,

461, 463
end-to-end anastomosis, 461,

462
pledget use, 463, 466
polytetrafluoroethylene

hood extension, 458,
461–462, 464

principles of, 458–459
proximal anastomosis,

460–462, 462, 463, 465
with pulmonary annulus,

462, 463
pulmonary artery

reconstruction, 459
resection of hypertrophic

ventricular muscle,
462–463, 465

retention of membranous
septal remnant, 462, 465

sizing, 458
suturing techniques, 458,

460, 461, 462, 463
techniques, 459–466
in truncus arteriosus, 463
ventriculotomy, 458,

459–460, 461–462, 464
without pulmonary annulus,

462, 464
Ross-Konno procedure in,

408–414
advantages of, 412–413
alternative approaches in,

413
patient selection for,

408–409
surgical technique, 409,

409–410, 410, 412

University of California at
San Francisco experiences,
410–412

Ross procedure in, 373
St. Jude prostheses in, 80
xenografts in

calcification of, 6
degeneration of, 6
disadvantages of, 527–528
durability of, 80

Penicillin, contraindication as
allograft heart valve
disinfectant, 248

Pericardial bioprostheses
bovine, leaflet tears associated

with, 194
Carpentier-Edwards, 95, 602,

604, 605t
in elderly patients, 608
hydraulic performance

limitations of, 5
stented

with aortic allografts, 98–99
in aortic valve replacement,

95, 96, 97
comparison with aortic

allografts, 97
durability of, 95, 96, 97, 98
as endocarditis cause, 98
failure rate, 95
hemodynamics of, 95,

100–101
as thromboembolism cause,

98
stentless, 612

Pericardium, artificial, 559
pH buffers, in antibiotic

solutions, 248
Phosphate buffers,

contraindication in
cryopreservation, 141

Plasma protein fraction (PPF), as
cryoprotectant solution,
251

Platelet-derived growth factor,
effect on leaflet interstitial
cell growth, 118

Pledgetted techniques
horizontal mattress suture

technique, 325–326
in mitral-to-mitral valve tissue

closure, 300, 302
in ventricular anastomoses,

463, 466
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Pledget-type materials, as
infection source, 558

Polyglycolic acid, as polymeric
scaffold material, 613

Polyhydroxyoctanoate acid, as
polymeric scaffold
material, 613–614

Polylactic acid, as polymeric
scaffold material, 613

Polymycin B, as allograft heart
valve disinfectant, 213, 248

Polytetrafluoroethylene artificial
pericardium, 559

Polytetrafluoroethylene shunt, in
ovine aortic allograft
models, 216

Polyvinyl pyrrolidine, as
cryoprotective agent, 143

Porcine bioprosthetic heart
valves, 603–604

Carpentier-Edwards, 603–604,
604t, 607t

Denver Series, in pediatric
patients, 50–51, 51t, 52t

internal and external
diameters, 607t

mean gradient, 607t
Model 2700 Perimount, 607t
Model 2800 Perimount, 607t
open and closed angles, 607t
pericardial valves, 95, 602,

604, 605t, 607t
comparison with St. Jude

mechanical valves, 100
conduit peel in, 8
cuspal calcification in, 224
cuspal dehiscence and

calcification of, 193, 194
with Dacron conduits, 8, 43
degeneration of, 8

in pediatric patients, 43
effect of warm ischemia time

on, 214
in elderly patients, 608
Hancock

II, 604, 604t, 608t
internal and external

diameters, 607t, 608t
median gradients, 607t, 608t
MO, 608t
open and closed angles, 607t,

608t
Standard, 607t

hemodynamics of, 100–101

hydraulic performance
limitations of, 5

internal and external
diameters, 607t

leaflet interstitial cell viability
in, 172, 173

mean gradient, 607t
Medtronic Intact, 604, 607t
in pediatric patients, 80

degeneration of, 43
reoperation rates, 8
in right ventricular outflow

tract reconstruction, 456
in pediatric patients, 50–51

stented
with aortic allografts, 98–99
as aortic insufficiency/aortic

stenosis treatment, 338
in aortic valve replacement,

95
comparison with aortic

allografts, 97
durability of, 95, 96, 98
as endocarditis cause, 98
failure rate, 95
hemodynamics of, 95,

100–101
as thromboembolism cause,

98
stented pericardial

with aortic allografts, 98–99
in aortic valve replacement,

95, 96, 97
comparison with aortic

allografts, 97
durability of, 95, 96, 97, 98

stentless
as alternative to Ross

procedure, 608
Edward “Prima Plus,” 354
in left ventricular

hypertrophy, 608
in small aortic valves, 608

Toronto SPV, 354
insertion methods, 355
sizing of, 355

Porcine cardiac leaflet studies,
of cellular viability,
165–169, 166, 167, 167t,
168

Porcine cryopreserved allografts,
DNA in situ hybridization
for the Y chromosome in,
176–179, 178, 179

Premarket Approval
Applications (PMAs), 597,
598

Preparation protocols, for
allograft heart valves,
237–238. See also Donors;
Preservation;
Procurement;
Disinfection; Sterilization

Preservation, of allograft heart
valves. See also
Cryopreservation

as immunomodulation,
126–127

“Prima Plus” stentless xenograft
valve, 354

Processing, of allograft heart
valves, 119-122, 213-215.
See also Cryopreservation;
Disinfection;
Lyophilization;
Sterilization

effect on adenine nucleotide
levels, 166, 167, 167, 167t,
168, 168, 169, 170, 171t,
172, 214

effect on calcification, 222
Procurement, of allograft heart

valves, 240–242
aseptic technique in, 241
cryopreservation and,

135–138
historical perspective on, 9
ischemia during, 119–120
sterile cardiectomy for,

241–242
time limits in, 240–241
warm and cold ischemia in,

240–241
Proliferating cell nuclear antigen

(PCNA) reactivity,
218–219, 220, color plate
II

Proline, radiolabeled, 134
b-Propiolactone, as allograft

sterilant, 4, 196
“Proposed Approach to the

Regulation of Cellular
and Tissue-Based
Products, A” (Food and
drug Administration),
600

Prostacyclin, endothelial
production of, 110, 112
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Prosthetic heart valves. See also
Allograft heart valves;
Bioprosthetic heart valves;
Mechanical heart valves

as aortic insufficiency or aortic
stenosis treatment, 338

choice of, 602
conduit malfunction in, 8
as left ventricular outflow tract

obstruction cause, 338
Prosthetic valve disease, 5–6
Protamine, 406
Proteoglycan-collagen

interactions, 206
Proteoglycans, role in heart valve

mineralization, 135
Proximal anastomosis

in corrected transposition
anomaly, 478, 479

in right ventricular outflow
tract reconstruction,
460–462, 462, 463, 465

of complex anomalies, with
pulmonary allografts, 521,
525–527

with right ventricle-to-
pulmonary artery conduits,
460–462, 462, 463, 465

of simple anomalies, with
pulmonary allografts, 514,
514

in right ventricular outflow
tract replacement, 503,
506, 507

in truncus arteriosus repair,
with pulmonary valve
allografts, 521, 525–527

Pseudotruncus, 530
Pulmonary arteries

abnormal, in right ventricular
outflow tract
reconstruction, 480–495

distal stenosis in confluent
arteries, 480, 483–485, 485,
486

hypoplastic but confluent
pulmonary arteries, 485,
487, 487–490, 488–489,
491–493

non congruent pulmonary
arteries, 490, 494–495

proximal stenosis in
confluent arteries, 480,
481–483

pulmonary artery
bifurcation allografts, 480,
489–490, 491–495

“skirt technique,” 485,
487, 487–490, 488–489,
491–493

absent or with inadequate
connection with heart,
63–73

factors affecting patient
survival, 66, 66–67

factors affecting valve
survival, 67

mechanical valve insertion
in, 70

natural history of, 63, 64
pulmonary conduit insertion

in, 65, 68–69, 71
pulmonary valve insertion

in, 65–68, 66, 66t, 67
tubular prostheses insertion

in, 70–71
dissection of, 241–242, 245

in Ross procedure, 381, 382,
383

hypoplastic, as right
ventricular outflow tract
reconstruction indication,
456

hypoplastic but congruent
pulmonary artery

bifurcation allograft
technique, 489–490,
491–493

“skirt” repair technique for,
485, 487, 487–490,
488–489, 491–493

noncongruent, pulmonary
artery bifurcation allograft
reconstruction of, 490,
494–495

sizing of, 247
in truncus arteriosus repair,

530, 531, 532, 533, 534,
536, 538, 540

Pulmonary artery allografts
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pulmonary allograft
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564–565, 566, 567

pulmonary artery
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suture techniques, 565, 566,
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Pulmonary artery bifurcation
allografts, 480, 489–490,
491–495
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reconstruction, 489–490,
491–493

in noncongruent pulmonary
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494–495

Pulmonary atresia
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arteries (MAPCAs) in,
552–557

central pulmonary artery
reconstruction, 553,
554–555, 555

peripheral neo-pulmonary
artery reconstruction, 553

right ventricular outflow
tract reconstruction,
555–556, 556

staged approach to, 552
surgical exposure and

collateral mobilization,
552–553

University of California at
San Francisco experiences,
556

corrected transposition
anomaly-associated, 474

with multiple major
aortopulmonary collateral
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techniques for, 544–546,
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Pulmonary atresia (cont.):
variations in, 546–550,

547–550
right ventricular outflow tract

reconstruction in, with
valved conduit (Rastelli
procedure), 455

ventricular septal defect-
associated, 530

pulmonary conduit repair in,
65

Pulmonary autograft aortic valve
replacement. See Ross
procedure

Pulmonary autograft
regurgitation,
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detection of, 399, 400,
color plate IV

Pulmonary autografts
dilatation, as aortic

insufficiency risk factor,
417

durability of, 195
actuarial, 98, 98

echocardiographic evaluation
of, 399–401, 400, color
plate IV

in right ventricular outflow
tract replacement,
501–508

allograft sizing in, 502, 502
alternative techniques, 508
contraindications to, 502
distal anastomosis in, 503,

504–505
donor-recipient blood type

compatibility in, 502
helpful hints and/or

variations in technique,
506

indications for, 501–502
native pulmonary valve and

artery transplantation in,
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perioperative issues, 502, 502
proximal anastomosis in,

503, 506, 507
results, 507
surgical techniques, 502–506
suturing techniques, 503,

504, 506, 507, 508
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409–410, 410, 412

Pulmonary conduits, for absent
or inadequate pulmonary
artery/heart connections,
61, 65, 68–69

Pulmonary regurgitation
iatrogenic, 508–509
prevention with right

ventricular outflow tract
reconstruction, 80

Pulmonary stenosis
corrected transposition

anomaly-related, 474
peripheral, as right ventricular

outflow tract
reconstruction indication,
456

pulmonary conduit repair in,
65

right ventricular outflow tract
reconstruction in

distal stenosis, 480, 483–485,
485, 486

proximal stenosis, 480,
481–483

Pulmonary valve
absent, 63. See also Pulmonary

valve insufficiency
implantation in aortic position,

78, 81–82
infundibulum, surgical

anatomy of, 375, 376,
377

internal diameters normalized
to body surface area, 621t,
622

morphology of, 200–209
cellular components,

201–204, 202, 203, 204,
205

extracellular matrix,
204–206, 207
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features, 200–201

of mitral valves, 207–208
surgical anatomy of, in Ross

procedure, 375, 376, 377
transesophageal

echocardiographic
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of, 396–398, 397

trileaflet structure of, 375, 376,
377

Pulmonary valve allografts
dimensions of, 246

DNA in situ hybridization for
Y chromosomes in, 180,
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donors, 43
durability of, in right

ventricular outflow tract
reconstruction, 81

explant pathology of, 228–229
mechanical valves versus, 501
in pediatric patients, 501–529

advantages of, 501
in complex right ventricular

outflow tract anomalies
repair, 517–528, 519–521,
522–525, 526–527

Denver Series, 55–59, 61,
61–62, 61t, 62

in right ventricular outflow
tract replacements,
501–508, 502, 503–507

in simple right ventricular
outflow tract anomalies
repair, 508–517, 509,
510–517

in pulmonary valve
replacement, 470–472,
471–472

in reoperative right ventricular
outflow tract
reconstruction, 559, 560

in right ventricular outflow
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55–60, 80

patient population, 56
results, 56–59, 58t, 60, 60t,

61–62
surgical technique, 56

Pulmonary valve/aortic valve
mismatch, as aortic
insufficiency risk factor,
417

Pulmonary valve incompetence
after tetralogy of Fallot repair,

63
with congenital heart disease,

63–73
natural history of, 63
without congenital heart

disease, 63, 63
Pulmonary valve insufficiency

with right ventricular
dilatation, 456

as right ventricular failure
cause, 455
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allografts

in adults, 468–473
indications for, 468
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468
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allografts, 468–470,
469–470

technique with pulmonary
allografts, 470–472,
471–472

in pediatric patients, 65–68,
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for absent or inadequate
pulmonary artery/heart
connections, 65–68, 66,
66t, 67

Pulmonary valve roots, size
relationship with aortic
roots, 247

Q
Q10 effect, 137
Quality systems, 266–267

R
Radiation, as allograft heart

valve sterilization method,
3, 17, 196

as cuspal rupture and
calcification cause, 222

gamma, 196
effect on allograft durability,

4
Radiolabeled metabolite assay,

of heart valve cellular
viability, 134

Radiolabeling, of vascular
endothelial cells, 109

Rastelli’s operation, 455
alternatives to, 433–437, 434,

435–436
complications of, 433
indication for, 430
late results of, 433
surgical technique in, 430–431,
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Recellularization, in

decellularized allografts,
615–616

Recipient sensitization, role of
endothelium in, 111

Recrystallization, in
cryopreserved heart valve
allografts, 149, 264

Rejection, of allograft heart
valves, 31

ABO blood group
compatibility and, 126

Renal dysfunction, aprotinin-
related, 404

Renal failure, aprotinin-related,
404

Reoperations
aortic allograft failure-related,

271
aortic valve replacement-

related
with aortic valve allografts, 5
Mayo Clinics Series, 18–19,
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biological versus mechanical

heart valves use in, 602
cryopreserved aortic allografts-

related, 78, 79
mechanical vale prostheses-

related, 604t
porcine valve bioprostheses-
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558–560, 559, 560

for Ross procedure-related
aortic insufficiency, 416,
416, 417

Replacement heart valves, ideal,
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Rheumatic fever, as Ross

procedure-related aortic
insufficiency risk factor,
417

Rheumatoid-like diseases, as
allograft heart valve
contraindication, 271

Right coronary artery, dissection
of, 244–245

Right heart bypass, 585
Right ventricle, double outlet,

444, 445–447
Right ventricle-to-pulmonary

artery conduits
calcification of, 226
in right ventricular outflow

tract reconstruction,
458–467

allograft trimming, 459
conduit length adjustment,

459–460
distal anastomosis, 459, 460,

461, 463
end-to-end anastomosis, 461,

462
pledget use, 463, 466
polytetrafluoroethylene

hood extension, 458,
461–462, 464

principles of, 458–459
proximal anastomosis,

460–462, 462, 463, 465
with pulmonary annulus,

462, 463
pulmonary artery

reconstruction, 459
resection of hypertrophic

ventricular muscle,
462–463, 465

retention of membranous
septal remnant, 462, 465

sizing, 458
surgical techniques,

459–466
suturing techniques, 458,

460, 461, 462, 463
in truncus arteriosus, 463
ventriculotomy, 458,

459–460, 461–462, 464
without pulmonary annulus,

462, 464
Right ventricular dilatation,

455
Right ventricular failure,

pulmonary insufficiency-
related, 455

Right ventricular outflow tract
surgical anatomy of, in Ross

procedure, 375, 376,
377–378

transesophageal
echocardiographic
imaging of, 397, 397

Right ventricular outflow tract
obstruction

complex multilevel, 609
tetralogy of Fallot-associated,
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Right ventricular outflow tract

reconstruction
of abnormal pulmonary

arteries, 480–495



648 Index

Right ventricular outflow tract
reconstruction (cont.):
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arteries, 480, 483–485, 485,
486
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pulmonary arteries, 485,
487, 487–490, 488–489,
491–493
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arteries, 490, 494–495

proximal stenosis in
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pulmonary allografts,
517–528

alternative surgical
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distal anastomosis, 521,
522–524
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perioperative issues, 518
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proximal anastomosis, 521,
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results, 527
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surgical techniques, 518–528
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with pulmonary allografts,
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53, 55, 61, 61–62, 61t, 62

historical perspective on, 8
indications for, 455–457
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481–483
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allograft trimming, 459
conduit length adjustment,

459–460
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retention of membranous
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alternative surgical
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perioperative issues, 509
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surgical technique, 509–515
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closure, 510, 511
ventricular septal defect

exposure, 510, 510
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509, 509–510, 510,
514–515, 515, 517
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valves, 455–456

as thromboembolism cause, 8
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procedure), 455
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allograft sizing in, 502, 502
alternative techniques, 508
contraindications to, 502
distal anastomosis in, 503,

504–505
donor-recipient blood type
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Ross, Donald, 3, 6, 373
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advantages of, 412–413
alternative approaches in, 413
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surgical technique, 409,

409–410, 410, 412
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Francisco experiences
with, 410–412

Ross procedure
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with, 382, 396, 398,
415–416, 416

aortic root replacements-
related, 416, 417
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inclusion technique-related,
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as reoperation cause, 416,

416, 417
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minimization of,
417–422

aortic annulus reduction, 422
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left ventricular outflow tract

reduction, 421, 423
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pulmonary autograft sizing,
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pulmonary root annulus
implantation, 418, 418
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aprotinin use with, 381,
402–407
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explant pathology in, 228–229
indications for, 373
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pulmonary autograft durability

in, 415
pulmonary valve allografts

versus, 501
pulmonary valve durability in,
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stentless valves as alternative

to, 608
surgical anatomy of, 375–380

aortic/pulmonary valvar
relationship, 377

coronary anatomy in aortic
stenosis/insufficiency, 378,
379, 380
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hearts, 377–378, 379

pulmonary valve anatomy,
375, 376, 377

right ventricular outflow
tract anatomy, 375, 376,
377, 377–378

surgical techniques, 381–395
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382
aortic annulus reduction, 382
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aortic valve excision, 381
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402–407
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coronary button placement,
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Manouguian technique, 382
measurement of pulmonary

artery annulus, 381–382
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root replacement technique,

97–98
suture techniques, 387, 388,
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in pediatric patients, 80
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associated with, 604t
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30–31

disadvantages of, 38
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354–361, 356, 357–361,
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239, 240
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anatomy and function of, 612
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Sino-tubular junction, 32
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Sorin Monostrut mechanical
heart valves, 607t

Spongiosa, 203, 207
in ovine aortic allograft

models, 217, 217–218
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endocarditis cause, 85, 87
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associated with, 604t
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for, 247–248
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as cuspal rupture and

calcification cause, 222
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transferase (TUNEL), 218
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related, 591

mechanical heart valves-
related, 193, 604t

in pediatric patients, 80
porcine valve bioprostheses-

related, 98, 604t
resistance to. See

Thromboembolism
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COLOR PLATE I

Figure 19.4. See page 179 for figure
legend.

Figure 19.5. See page 180 for figure
legend.

Figure 25.1. See page 217 for figure
legend.



COLOR PLATE II

Figure 25.4. See page 220 for
figure legend.

Figure 25.5. See page 221 for
figure legend.

Figure 25.8. See page 223 for
figure legend.



COLOR PLATE III

Figure 25.9. See page 225 for figure
legend.

Figure 25.10. See page 226 for figure
legend.

Figure 25.12. See page 228 for figure
legend.



COLOR PLATE IV

Figure 42.3. See page 400 for
figure legend.

Figure 42.4. See page 400 for
figure legend.
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