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z To our families and loved ones,
whose unrelenting understanding of the
demands of our surgical and scientific lives
made this book possible



The surgical results of bioprosthetic aortic valve replacement in
the 1960s and 1970s were not very satisfactory. The search for
the ideal substitute for the diseased aortic valve led Donald
Ross to develop the concept of the aortic allograft in 1962 and
the pulmonary autograft in 1967 for subcoronary implantation,
and later, in 1972, as a full root for replacing the aortic root in
the infected aortic valve with a root abscess. The aortic allo-
graft and pulmonary autograft surgical procedures were revolu-
tionary in the history of cardiac valve surgery in the last mil-
lennium because they compete well with the bioprosthesis, are
nonthrombogenic (thus, requiring no postoperative anticoagu-
lation), are resistant to infection, restore the anatomic units of
the aortic or pulmonary outflow tract, and offer unimpeded
blood flow and excellent hemodynamics, giving patients a bet-
ter prognosis and quality of life.

Surgery for congenital, degenerative, and inflammatory aortic
valve and root diseases has now reached a high level of maturity;
yet an ideal valve for valve replacement is not available. There-
fore, surgeons are focusing their skills and their clinical and sci-
entific knowledge on optimizing the technical artistry of valve-
sparing procedures. In his honored guest address titled Cardiac
Valve Surgery – the “French correction” delivered at the 63rd an-
nual meeting of the American Association for Thoracic Surgery,
April 25–27, 1983, Professor Alain Carpentier cautiously con-
cluded on the basis of his experience with the first 95 cases of
aortic valve repair and root remodeling between 1971 and 1982
that “it is too early to recommend these techniques. However
they are a valuable alternative to valve replacement in children”
(J Thorac Cardiovasc Surg (1983) 86:323–337). The ensuing 38
years have witnessed the advancement of his techniques of non-
thrombogenic aortic valve repair and annuloplasty by Duran, Ya-
coub, David, and Elkins to become a realistic surgical procedure
for selected groups of patients. David furthermore stressed the
importance of the aortic sinotubular junction as a stabilizing fac-
tor for leaflet coaptation in the aortic root remodeling procedure.
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Still the well-known dilemmas remain: on the one hand, the
unpredictable durability of aortic valve repair and root remo-
deling procedures and of biological substitutes but, on the
other hand, the need for anticoagulation in mechanical valves
that otherwise guarantee long-term functioning. The choice of
procedure is determined by the patient’s age, metabolic and
bleeding disorders, bleeding preconditions and such important
issues as the desire to bear children in young women. Our
approach has been problem-oriented and is largely based on 23
years’ experience of 7000 patients with aortic valve and root
diseases at the Deutsches Herzzentrum Berlin.

It is for the busy practitioner that the Berlin Heart Valve
Symposium held November 27–30, 2008, was organized, and we
are grateful to be able to complement our experience with that
from other institutions in chapters for this third symposium
volume on Aortic Root Surgery – The Biologic Solution by inter-
nationally renowned experts in this field.

This volume focuses on current surgical approaches to and
evolving trends in aortic valve repair and root remodeling tech-
niques and replacement, the Ross operation, advances in mini-
mally invasive transfemoral and transapical aortic valve re-
placement, ablation techniques for atrial fibrillation, tissue en-
gineering of heart valves, multimodality imaging, and anticoa-
gulation. The Ross operation has earned an important place in
the pediatric and adolescent age group, because of the potential
of the pulmonary autograft to grow, whereas the use of aortic
allograft has been limited to the reconstruction of the right
ventricular outflow tract (RVOT) and to the treatment of com-
plicated active infective endocarditis. Besides cellular allografts
and decellularized allografts (SynerGraft, CryoLife Inc. Atlanta,
GA, USA), several biological xenografts such as the Contegra
bovine jugular vein conduit (Medtronic, Inc., Minneapolis, MN,
USA) and the AutoTissue (AutoTissue, Berlin) have been used
to reconstruct the RVOT after Ross operation, but none could
last for the lifespan of the patient without potential drawbacks.
The chapter on tissue engineering discusses the state-of-the-art
of decellularized allograft tissue for repopulation of autologous
cells to form biocompatible tissue and, therefore, enhance dur-
ability in younger age groups. The spectacular innovative mini-
mally invasive transcatheter aortic valve replacement technol-
ogy with the Edwards Sapien, CoreValve, and Sadra Lotus
valves which was pioneered by Cribier, Grube, Webb, Mohr,
and Walther is an option that may offer hope to patients who
have few or no treatment alternatives because of high operative
risks.
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We trust that our efforts have resulted in a volume that will
provide a highly authoritative reference source for the family
practitioner, internist, pediatrician, cardiologist, and cardiovas-
cular nurse and surgeon treating patients with aortic root dis-
ease.

Berlin, August 2009 Charles A. Yankah, MD, PhD
Yuguo Weng, MD
Roland Hetzer, MD, PhD
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z Imaging
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During the past decade, the use of echocardiography in the perioperative
period and, in particular, of intraoperative transesophageal echocardiogra-
phy (iTEE) has expanded rapidly [1]. The performance, interpretation, and
clinical application of echocardiography in the perioperative environment
are complex and require appropriate knowledge, technical skills, and com-
plete familiarity with operative concerns.

History

In the latter half of the 1970s, it became apparent that the techniques for
measuring cardiac output and various pressures were not fully adequate to
assess rapid changes in ventricular compliance and ventricular perfor-
mance which occurred during cardiac surgery.

To solve this problem, a great deal of research was required to obtain
information on ventricular dimensions and volumes. At about this time,
transthoracic echocardiography became recognized as an effective method
for assessing left ventricular dimensions and performance. In 1978, em-
ployment of epicardial echocardiography using a commercially available
M-mode transthoracic probe was evaluated to monitor left ventricular
function in patients undergoing cardiac surgery. This technique was useful
but quite cumbersome and suffered from a number of inherent problems
(difficulty with probe position, interruption of the surgical procedure,
etc.).

The first publication concerning usage of TEE was by Frazin et al. in
1976 [2]. His group used TEE in patients with COPD to make echocardio-
graphic imaging possible but was not enthusiastic about this approach be-
cause patients found it very difficult to swallow the probe. Further develop-
ment was associated with cardiac anesthesia and cardiac surgery. Yasu Oka
and colleagues [3] described the use of TEE for the intraoperative monitor-
ing of left ventricular function using M-mode echocardiography. The next
improvement was reached with the application of phased array technology,
which made two-dimensional echocardiography possible [4].

Perioperative imaging
for assessing aortic and mitral valve
diseases and surgical procedures
M. Kukucka



Application in cardiac surgery

TEE is used during cardiac surgery, where it has been instrumental in
advancing valvular reconstruction, congenital heart repair, and minimally
invasive techniques. Although the use of TEE in a “rescue” role (to diagnose
the cause of life-threatening hypotension during surgery) is accepted, the
routine use of TEE in all patients undergoing cardiac surgery remains
somewhat controversial. More recent clinical opinion is that iTEE may pro-
vide new information regarding cardiac pathology in approximately 10%
to 40% of patients undergoing cardiac surgery and that this new informa-
tion may prompt alterations in surgical management in approximately 4%
to 15% of such patients [5, 6]. In our institution, we use iTEE in about
80% of cases, and always if there are unclear hemodynamic disturbances
or unexpected pharmacological support becomes necessary.

Indications for iTEE

Intraoperative echocardiography has both diagnostic and monitoring func-
tions that are useful in many types of cardiac surgery procedures (Table 1).

Why iTEE before cardiopulmonary bypass?

It is axiomatic that all elective patients undergoing cardiac surgery have a
full diagnostic workup and a definite surgical plan before arriving in the
OR. Despite this, there may be findings on the echocardiogram prior to

z M. Kukucka4

Table 1. Indications for iTEE

z Mitral disease
z Aortic disease
z Tricuspid disease
z Prosthetic function
z Revascularization
z Surgery on aorta
z Transplantation/assist devices
z Congenital heart surgery
z Monitoring



cardiopulmonary bypass (CPB) that alter management by refining the pre-
operative diagnosis and surgical procedure. Such changes are more com-
mon in mitral valve (MV) than aortic valve (AV) operations [7]. Even in
patients in whom no major change in plan occurs, the pre-CPB echocardio-
gram provides an updated understanding of the specific valvular anatomy
and the mechanism of dysfunction, which help to refine the surgical tech-
nique. These changes result from the improvement in resolution of TEE
over preoperative transthoracic echocardiography (TTE) and from changes
in hemodynamic conditions or ischemia between the time of preoperative
testing and the time of surgery.

iTEE in patients undergoing mitral valve surgery

To assess the mechanism of mitral regurgitation, we use the segmental
approach to the mitral valve (Fig. 1). Clearly determination of leaflet and
segment pathology helps the surgeon to choose the appropriate surgical
technique. Carpentier’s functional classification (Table 2) assists in distin-
guishing between normal, excessive, and restrictive leaflet motion. It is also

Perioperative imaging for assessing aortic and mitral valve diseases and surgical procedures z 5

A1

A2

P2

P3

P1

A3

Table 2. Carpentier’s functional classification of MV disease

Type I Type II Type III

Normal leaflet motion Excessive leaflet motion Restrictive leaflet motion

z Annular dilatation
z Leaflet perforation
z Leaflet cleft

z Chordal rupture
z Chordal elongation
z Papillary muscle rupture
z Papillary muscle elongation

z Commissure fusion or thickening
z Chordal shortening
z Regional wall motion abnormalities
z Left ventricular aneurysm

Fig. 1. Segmental approach for MV assessment. Pos-
terior leaflet is divided into three scallops (P1–3)
and anterior leaflet has three zones (A1–3). The
lines show imaging possibilities in standard TEE
views. Upper arrow marks anterolateral commissure,
lower arrow posteromedial commissure



necessary to answer the question of whether there is organic (leaflet de-
fect) or functional (without leaflet defect) pathology of the MV. Patho-
anatomical assessment of the annulus (dilation, calcification) (Fig. 2) com-
pletes the complex set of answers required to make the decision on MV re-
parability.

For quantification of MV regurgitation (MVR) in the OR, we use vena
contracta measurements and calculation of regurgitant orifice and regurgi-
tant volume using the proximal isovelocity surface area (PISA) method.
Vena contracta is identified as the proximal width of a regurgitant jet.
These two methods are relatively independent of loading, and the PISA
method also allows exact quantification of regurgitant volume.

It is well known that MVR depends on different loading conditions and
afterload. Induction of general anesthesia decreases the systemic vascular
resistance and reveals the relative hypovolemia. Gisbert et al. [8] compared
MV regurgitation severity preoperatively, under general anesthesia, and
following afterload increase. They concluded that severity of organic and
functional MVR decreases from baseline with general anesthesia and
increases with phenylephrine in the OR (Fig. 3). Shiran et al. [9] studied a
similar question in patients with ischemic MVR. They adjusted preload
using fluids (PCWP >15 mmHg) and afterload using phenylephrine (SP of
≥160 mmHg) and concluded that loading stress test can be useful to avoid
underestimation of MVR severity. MVR may also be underestimated preop-
eratively, especially when studied after aggressive vasodilator and diuretic
therapy.

Pre-CPB echocardiography is completed with the assessment of other
valve disease (functional tricuspid regurgitation) and quantification of left
and right ventricular function to provide comparable information for the
post-CPB study.

z M. Kukucka6

Fig. 2. Mitral valve annulus. Dilatation appears in short axis and is measured in midesophageal
long axis view. In this case severe dilatation to 4.8 cm



In the post-CPB study the following need to be investigated:
z Severity and mechanism of residual regurgitation
z Detection of systolic anterior motion of anterior mitral leaflet and left

ventricular outflow obstruction
z Quantification of mitral opening area
z Identification of new regional wall motion abnormality
z Assessment of global left and right ventricular function.

iTEE evaluation during transapical aortic valve replacement

iTEE is usually used in patient selection and monitoring during the use of
new, innovative surgical techniques. Conventional surgical aortic valve re-
placement is a standard procedure that has been performed for more than
five decades with excellent short- and long-term outcomes. With an in-
creasing life expectancy more elderly patients are being diagnosed with
aortic stenosis. Beside advanced age, additional perioperative risk factors
may be present such as low ejection fraction, pulmonary hypertension,
respiratory dysfunction, and renal failure or peripheral arterial occlusive
disease. Such comorbidities are associated with an increased perioperative
morbidity and mortality. Thus, despite the good results of valve surgery,
there may well be a role for less invasive transcatheter aortic valve implan-
tation.

Preprocedure iTEE should include complete evaluation with imaging of
the valve and aortic root. Geometric measurements of the aortic valve an-
nulus in the midesophageal long axis view (Fig. 4) guide the intraoperative
decision on prosthesis size. Also, the evaluation of coexisting valvular
lesions and assessment of left ventricular function are essential. In patients
with depressed LV function the primary decision for cardiopulmonary by-
pass will be discussed. Postprocedure iTEE assesses the global and regional
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Fig. 3. Left: Mitral valve regurgitation after induction of general anesthesia (BP 90/60 mmHg).
Right: Mitral valve regurgitation after bolus of norepinephrine and BP 130/85 mmHg



LV function, the location and degree of aortic regurgitation and the pa-
tency of coronary arteries and rules out such complications as hemoperi-
cardium and aortic dissection. If significant aortic regurgitation is found,
the difference between paravalvular (Fig. 5) and valvular (Fig. 6) regurgita-
tion should be recognized and the decision made for second balloon dilata-
tion or valve-in-valve implantation. In our experience, it should be taken
into account that there may be unusual and numerous regurgitant jets, so

z M. Kukucka8

Fig. 4. Measurement of aortic
valve annulus in midesopha-
geal long axis view

Fig. 5. Paravalvular leakage after transapical valve implantation



that complete probe rotation with short/long axis view imaging of the AV
is necessary to detect the jets. In addition to conventional qualitative meth-
ods for the assessment of regional myocardial function, we also quantify
radial and longitudinal deformation using strain calculation (Fig. 7) to
identify the immediate functional changes.
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Fig. 6. Valvular leakage after second valve dilatation

Fig. 7. Radial strain of anterior wall (basal, midpapillar and apical segment) before (left) and
after (right) valve implantation shows essential improvement of systolic function



The future

In the near future, the possibility of real-time single-beat 3D echocardio-
graphy will enable not only better anatomical imaging but also the exact
quantification of such parameters as end-diastolic and end-systolic volumes
and regional and global deformation (strain).

Conclusion

Intraoperative TEE during valve surgery is advantageous to refine the pre-
operative diagnosis and the surgical mission, to check the results of the
surgical procedure, to make the decision for a second CPB run, to optimize
the surgical outcome, to monitor the cardiac function, and to guide phar-
macological therapy. The intraoperative assessment of valve disease severity
is possible using dynamic quantitative echocardiography.
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Introduction

The shape of the aortic valve leaflet was first described by Philiston [1] in
the 4th century BC as semilunar, and in 1513 Leonardo da Vinci [3] de-
picted in a drawing the geometry of the orifice of an opened and closed
aortic valve as triangular and with three adjacent hemispherical forms, re-
spectively (Figs. 1–3). Valsalva described the aortic sinuses in 1740 and
suggested that the coronary artery filling takes place in the sinuses during
diastole [4]. Recent echocardiographic and computed tomographic descrip-
tions of the aortic valve and root diseases [5–7] and their relationship to
the coronary artery origins have documented the importance of imaging
the aortic root and the impact on the technical artistry of aortic root
replacement, valve-sparing surgery, and minimally invasive transcatheter
aortic valve replacement (Figs. 4–7) [8–12]. In fact, 2.9% of adults older
than 65 years have calcific aortic stenosis [7].

The mechanism of aortic valvotomy for a calcified aortic stenosis and
the transcatheter placement of the aortic valve prosthesis are best under-
stood with knowledge of all anatomic units of the aortic root and its
neighboring structures [13].

The anatomic units of the aortic root

The topographic anatomy of the aortic valve leaflets (cusps), the interleaflet
triangle, and the sinuses of Valsalva are designated by their relationship to
the coronary arteries.

The aortic root
C.A. Yankah, M. Pasic, E. Ivanitskaia-Kühn,

J. Kempfert, T. Walther, F.W. Mohr, R. Hetzer



z C.A. Yankah et al.14

a

b

c

Fig. 1. Echocardiographic imaging of the aortic root: short and long axis view. a Short axis
view: severe AS: AVA 0.5 cm2; b long axis view: aortic valve annulus ∅ 24 mm; c mild mitral
regurgitation, moderate tricuspid regurgitation
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a

c

Fig. 2. Cardiac computed tomographic view of the
aortic root: end-systolic phase. The anatomic rela-
tionship between the aortic annulus and the coro-
nary artery are shown

b

Fig. 3. a The aortic valve in systole. b Opened
leaflets in a triangular configuration. c The aortic
valve in diastole in a configuration of three adja-
cent hemispheric form
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a

b

c

Fig. 4. Cardiac computed tomographic view of the aortic root. a Annulus 26 mm, b distance
to left main coronary artery: 16 mm, c distance to RCA 16 mm



z The aortic annulus

The aortic annulus is the site where the ventricular musculature changes to
that of the fibroelastic wall, the ventricular arterial junction to which the
semilunar trileaflet aortic valve is attached. It represents the hemodynamic
site between the left ventricle and the aorta.

The aortic root z 17

a b

a b

Fig. 5. a The Edwards Sapien transcatheter self-expandable pericardial valve. b Transapical im-
plantation of the Edwards Sapien self-expandable sutureless pericardial valve in the aortic root

Fig. 6. Transapical valve-in-valve implantation of Edwards Sapien valve in a bioprosthesis after
structural valve deterioration. a Introduction of the unexpanded Edwards Sapien valve into the
bioprosthesis after balloon dilatation. b Implanted self-expandable Edwards Sapien valve in the
bioprosthesis



z The semilunar leaflets

The noncoronary leaflet (NCL) is described as the posterior leaflet. The left
coronary leaflet (LCL) is described as the anterolateral leaflet, and the right
coronary leaflet (RCL) as the anteromedial leaflet. The RCL is lower than
the LCL and the NCL, while the RCL and the LCL originate from the myo-
cardium (Figs. 3 and 4).

z The aortic sinuses of Valsalva

Distal to the leaflet attachments are the sinuses of Valsalva (Fig. 2). The left
and the right coronary sinuses (LCS, RCS) of Valsalva give rise to the LCA
and RCA. The LCS is described as the anterolateral sinus and the RCL as
the anteromedial sinus (Fig. 4). The noncoronary sinus (NCS) is the poste-
rior sinus. The base of the NCS is a fibroelastic tissue which continues to
the aortic mitral septum. At the base of the LCS and RCS, a crescent ven-
tricular musculature is incorporated as part of the ventricular arterial seg-
ment.

z C.A. Yankah et al.18

Aortic stenosis
AVA: < 1cm2, Index: < 0.6cm2

Operative risk > 20%
Euro Score, STS score

Aortic annulus
(TEE, cardio CT)

< 21 mm; ≥ 27 mm

Aortic annulus
(TEE, cardio CT)

21–26 mm

Stenotic iliac arteries,
kinking, calcified aorta

Intact iliac arteries,
aorta

Conventional
AVR TAVR TFAVR

Fig. 7. Synopsis of a symptomatic aortic stenosis for transcatheter aortic valve replacement
(AVA aortic valve area, STS Society of Thoracic Surgeons, TEE transesophageal echocardiography,
CT computed tomography, AVR aortic valve replacement, TAVR transapical aortic valve replace-
ment, TFAVR transfemoral aortic valve replacement)



z The commissures

The highest point of the trileaflet aortic valve attachment is the commis-
sure which is anchored within the sinuses of Valsalva in a crown-like fash-
ion to form a cylindrical aortic root. The right or the posterior commis-
sure is located between the noncoronary and the left coronary sinuses, and
is located directly above the mid-point of the anterior mitral leaflet of the
mitral valve. The left posterior commissure is located between the left and
the right coronary sinuses. The anterior commissure is located between the
right and the noncoronary sinuses in the region of the membranous sep-
tum.

z Interleaflet triangle (the trigonum)

The triangular space below two commissures is the interleaflet triangle,
which is a less dense connective tissue that is pliable and flexible. The
right or the posterior interleaflet triangle is located between the noncoron-
ary and the left coronary sinuses, and is located directly above the mid-
point of the anterior mitral leaflet of the mitral valve. The left posterior in-
terleaflet triangle is located between the left and the right coronary sinuses.
The anterior interleaflet triangle is located between the right and the non-
coronary sinuses in the region of the membranous septum.

z The sinotubular junction

The sinotubular junction is the highest point of the sinuses of Valsalva and
is located distal to the commissures and the cylindrical aortic root. It is
the site at which the sinuses of Valsalva and the cylindrical aortic root
change in diameter to form the ascending aorta (Figs. 2 and 4).

z The coronary arteries

The right and the left coronary arteries originate from the anteromedial
and anterolateral sinuses of Valsalva, respectively. Impingement of the coro-
nary artery during an aortic root procedure may carry a high operative
risk. Therefore, topographic evaluation of the distances between each coro-
nary artery and the aortic annulus is important when planning aortic root
procedures. The relationship of the coronary arteries to the prosthesis in
the supraannular position are an important determining factor for unim-
peded coronary blood flow during aortic root replacement and reimplanta-
tion of the coronary arteries, the Bentall-deBono procedure, valve replace-
ment with a high-profile prosthesis and transcatheter aortic valve replace-
ment with the Edwards Sapien and CoreValve (Fig. 5) [8–12, 14–17].
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Comments

Currently, the aortic root is an area of innovative surgery. The recent devel-
opment of transapical and percutaneous sutureless aortic valve replacement
is an example of history repeating itself. The first clinical rapid sutureless
fixation of a mechanical valve in the aortic position was introduced by
Magovern and Cromie in 1962 [17, 18]. There are two first-generation
transcatheter biological aortic valve replacements, the Edwards Sapien and
the CoreValve for transapical and transfemoral approaches, being used in
multiple centers in Europe, while two other devices, the Sadra Lotus and
the Direct Flow Medical, are undergoing safety and efficacy testing [8–12,
19]. The latter devices are repositionable and retrievable in the aortic root
and have smaller sheath diameters. Detailed knowledge of the anatomic
units of the aortic root and its neighboring structures is necessary for the
technical artistry of minimally invasive transcatheter aortic valve replace-
ment.

z Acknowledgment. The authors are grateful to Anne M. Gale, ELS, for edi-
torial assistance, Julia Stein, MSc, for statistical assistance, Astrid Benhen-
nour for bibliographic support, and Carla Weber for providing the gra-
phics.
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History of percutaneous aortic valve replacement

Open heart surgery with mechanical or porcine bioprosthetic valve replace-
ment is the current gold-standard therapeutic approach for the vast major-
ity of patients with severe aortic valve disease, offering symptomatic relief
and improving long-term survival. However, the etiology of aortic stenosis
in the Western population is primarily degenerative, and patients are typi-
cally elderly with multiple co-morbid conditions which increase surgical
risk [1–3]. In high-risk patients with baseline features such as left ventricu-
lar failure, concomitant coronary artery disease, prior bypass graft surgery,
chronic obstructive pulmonary disease and/or advanced age, expected op-
erative mortality ranges from 10% to even 50% in high-risk patients sub-
groups [1]. Moreover, surgery is often not performed in high-risk patients.
In the Euro Heart Survey, up to 33% of patients in NYHA functional class
III/IV with a single diseased valve were declined for surgery or were never
considered as surgical candidates, due to an expected short life expectancy
and associated comorbid conditions [4]. Alternative techniques for treat-
ment of high-risk patients are therefore needed.

Percutaneous treatment of aortic valve disease with implantation of a
stent-based valve prosthesis has been evaluated in animal models over the
past decade [5–10]. In 2002, Cribier et al. [11] performed the first human
implantation of a balloon-expandable aortic valve prosthesis (Percutaneous
Valve Therapy, PVT) in a patient with aortic valve stenosis considered in-
operable due to severe comorbidities. Initial reports with this new percuta-
neous valve have been promising, though the optimal device and procedur-
al technique are still evolving, and the restriction of PVT candidates to
end-stage inoperable patients has clouded interpretation of the feasibility
and safety of this procedure [12, 13].

A self-expanding aortic valve prosthesis intended for retrograde delivery
across the aortic valve has been developed (CoreValve Irvine, CA, USA), to
facilitate treatment of aortic stenosis. Following evaluation in animal mod-
els, this device was subsequently successfully implanted in a human being
[14], and since 2004 its use was expanded in clinical use [15, 16]. In 2007
its use received a CE certification.

Percutaneous transluminal aortic valve
replacement: The CoreValve prosthesis
U. Gerckens, L. Büllesfeld, G. Latsios, R. Müller,

B. Sauren, S. Iversen, E. Grube



Patient population

Patients with severe native aortic valve stenosis are eligible for CoreValve
implantation if they meet the following inclusion criteria:
z a native aortic valve stenosis with an aortic valve area <1 cm2

z aortic valve annulus diameter ≥20 mm and ≤27 mm, measured by
means of echocardiography or CT

z diameter of the ascending aorta 3 cm above the annulus of ≤43 mm;
z high risk for surgery due to concomitant comorbid conditions, assessed

and agreed to by both a cardiologist and a cardiothoracic surgeon.

The baseline risk of the patient population is estimated by the logistic
EuroSCORE or STS score [1].

The patient selection procedure is given in Table 1.
General exclusion criteria include hypersensitivity or contraindication to

any study medication; sepsis or active endocarditis; excessive femoral, iliac
or aortic atherosclerosis, calcification, or tortuosity; aortic aneurysm;
bleeding diathesis or coagulopathy.

Preinterventional morphological patient screening is carried out by
means of transthoracic as well as transesophageal echocardiography, com-
puterized multislice cardiac tomographic angiography (CTA), and an inva-
sive cardiac evaluation with coronary arteriography and left ventriculogra-
phy.

Device description and procedure

The CoreValve aortic valve prosthesis consists of a trileaflet bioprosthetic
valve made originally of bovine and now of porcine pericardial tissue,
which is mounted and sutured in a self-expanding nitinol frame (Fig. 1).
The prosthetic frame is manufactured by laser cutting of a nitinol metal
tube to a total length of 50 mm. The lower portion of the prosthesis has
high radial force to expand and keep open the calcified leaflets and avoid
recoil; the middle portion carries the valve and is constrained to avoid the
coronary arteries; and the upper portion is flared to fixate the stent in the
ascending aorta and provide longitudinal stability.

In total, three generation devices have been produced and used, with the
differences being mainly the diameter of the upper segment and especially
the diameter of the delivery sheath.

The third generation device was characterized by a broader upper seg-
ment for more secure fixation in the ascending aorta, which also allowed
inclusion of patients with an ascending aorta diameter up to 43 mm. The
first and second generation devices are constrained within a delivery

Percutaneous transluminal aortic valve replacement: The CoreValve prosthesis z 23
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sheath of 25 and 21 French diameter, respectively, with the smaller second
generation device allowing access through smaller diameter vascular beds.
However, most of the time this necessitated the use of surgical cut-down of
the common iliac, the femoral or even the subclavian artery.

Improvement in the size of the prosthesis, in the form of a smaller (18
French) sheath necessary for the procedure, resulted in two major advan-
tages: the device can be implanted even in patients with smaller peripheral
arteries (common femoral artery >7 mm or even 6 mm in nondiabetic,
noncalcified vessels). However, the main improvement of the introduction
of the 18 French delivered CoreValve prosthesis is the implantation through
a 18 French sheath, and at the end of the procedure the access site is su-
tured down by means of four prepositioned Prostar sutures (Prostar XL
system), a well-known and long-practiced interventional technique [17].
This way, nowadays the procedure is purely interventional.

During the procedure the patient is mildly sedated but otherwise alert
and not intubated. We do not use any more trans-esophageal echo or ex-
tracorporeal percutaneous femoro-femoral bypass or any other form of as-
sist device, as requested per protocol for implantation of the first and sec-
ond generation devices.

The procedure briefly is as follows: a pacemaker lead is placed in the
right ventricular apex. Through initially a 9 French and eventually an 18
French sheath, a 0.035 super stiff guidewire is placed in the left ventricle,
through a pigtail catheter. This guidewire has a short flexible atraumatic
tip, which is bent by hand to form a loop which accommodates the left
ventricle size. Over it, a balloon valvuloplasty is performed prior to device
placement. Immediately afterwards, the CoreValve prosthesis passes the
valve and is positioned. The advancement of the prosthesis through the 18
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Fig. 1. The 18 French delivery catheter (a) and the 3rd generation CoreValve prosthesis (b)



French sheath, the peripheral vessels, the aortic arch and finally though
the valve is accomplished using the push-and-pull technique over the super
stiff guidewire. Accurate placement of the prosthesis is achieved by fluoro-
scopy and injection of small amounts of contrast through a pigtail catheter
positioned in the aortic root (Fig. 2).

Aortography is performed at baseline and after valve placement to assess
paravalvular regurgitation. Angiography is also performed after valve de-
ployment to ensure coronary and/or bypass graft patency. Presence of a di-
crotic notch as well as height of the DBP (diastolic blood pressure) and
LVEDP (left ventricular end diastolic pressure) before and after the implan-
tation are excellent hemodynamic markers, reflecting the presence and se-
verity of possible paravalvular regurgitation. However, even in cases with
moderate regurgitation, there are options available for further ‘tuning’ of
the valve. In case of underexpansion, a further post dilatation of the al-
ready implanted valve can be carried out safely and efficiently, reducing ef-
fectively the regurgitation. Pulling of the CoreValve prosthesis in case of
deep implantation is also feasible, by means of snare pulling. Noteworthy
is the fact that all these manipulations can be carried out interventionally,
avoiding the need of a cardiothoracic surgeon and the associated risks of
turning the procedure into an open heart surgery.

As stated already, the 18 French femoral artery access site is sealed by
means of four prepositioned Prostar XL sutures, tied together with a so-
called sliding fisherman‘s knot (Fig. 3).

After the procedure, all patients are transferred to the intensive care unit
for continuous monitoring. The temporary pacemaker cable remains for 24
to 48 hours, after which is either removed or substituted by a permanent
pacemaker, if required by the patient‘s condition.
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a b c

Fig. 2. Implantation of the CoreValve prosthesis at the native aortic valve anatomic position.
Positioning by means of fluoroscopy and small contrast injections (a, b) and final angiographic
result, with no aortic regurgitation (c)



Medication

All patients receive acetylsalicylic acid (100 mg/d) before the procedure
and lifelong afterwards. Also, all patients receive clopidogrel (300 mg load-
ing dose) 75 mg/d for 6 months. During the intervention, patients receive
weight adjusted heparin, with a target ACT of 250–300 s.

Outcomes following implantation

The follow-up consists of clinical questioning and transthoracic echocar-
diography, postprocedure, at hospital discharge, and at 15 and 30 days
after device implantation. As part of the ongoing registry kept on all im-
plantations, follow-up is also performed at 90 and 180 days.
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The data from the European multicenter evaluation registry inside the
one year time frame that the 18 French CoreValve device is implanted un-
der CE mark approval have already been published for 646 patients [18]
Later data on an larger number of 1243 patients were also presented [19].
Table 2 shows cumulative data on the procedural and 30-day outcomes of
these morbid, high-risk patients.

The immediate results are more than encouraging. All patients had a
post-procedural invasive aortic valve gradient of 0–10 mmHg, and only 3%
patient had an aortic regurgitation of more than 2+. As for their functional
status, 80% of patients NYHA class III/IV symptoms before the procedure,
of those almost everybody improved to class I/II.

Other conclusions that can be drawn by these data are as follows. First,
the mortality rate of the procedure on these high-risk, very sick patients
(mean logistic EuroSCORE was 23.1%) is quite acceptable. Even more im-
portantly, the mortality rate, as well the rate of all complications, continues
to decline over time. Of notice is that the implantation of a pacemaker (in
9.3%–12.2% of patients) is higher compared to the patients treated with
conventional open heart surgical aortic valve replacement (6.0%–6.5%)
[20, 21], since the nitinol frame CoreValve prosthesis applies constant pres-
sure to the left ventricle outflow tract.

Stroke incidence, which was unacceptably high during the initial 25F
and 21F studies, has declined to 1.9%–1.4% in the recent registry data
[18, 19]. This is due to the smaller sheath size of 18 French, the shorter
procedural time and the smoother passage of the prosthesis through the
aortic arch. It is our belief that almost all cases of stroke are attributed to
the valvuloplasty, during which fragmented calcified particles are freed by
the aortic valve in the systemic circulation, and not to the prosthesis
per se.

Also, none of the implanted devices showed any sign of malfunction or
distal migration during the follow-up.
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Table 2. Procedural and 30-day outcomes following implantation of the 18 F CoreValve pros-
thesis. (European CoreValve registry)

18F EE registry
until April 2008
[18]

18F EE registry
until August 2008
[19]

z Patients n=646 n=1243

z 30 day all cause mortality 52 (8.0%) 83 (6.7%)

z Cardiac mortality 38 (5.9%) 48 (3.9%)

z Pacemaker 60 (9.3%) 151 (12.2%)

z Stroke 12 (1.9%) 17 (1.4%)

z Valve dysfunction or valve migration (0.0%) (0.0%)



Conclusions

There is certainly a large need in cardiology for the development of an ef-
fective, interventional method for the treatment of degenerative calcified
aortic valve stenosis. This need is not only necessitated by the large num-
ber of the patients who are considered inoperable for traditional open
heart surgery, but also by the troublesome and potentially complicated
course of thoracotomy, extracorporeal circulation, prolonged mechanical
ventilation, etc.

After the initial safety and efficacy trials, the ongoing European Core-
Valve registry demonstrates a high rate of procedural success and a low 30-
day mortality in a large cohort of high-risk patients undergoing transcath-
eter aortic valve implantation with the CoreValve prosthesis. Long-term re-
sults and improvement in design and techniques will clarify many of the
questions pending. Also, a randomized trial between percutaneous and sur-
gical aortic valve replacement is already under way to further shed light.

To date, the percutaneous aortic valve replacement is one of the latest
innovations in invasive cardiology, offering a new therapeutic option to
many patients who until now are not being treated adequately.
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Introduction

Over the past few decades, conventional aortic valve replacement has
evolved to a highly standardized procedure resulting in excellent clinical
outcome. Today, isolated conventional aortic valve replacement (AVR) in
low-risk patients is associated with a 30-day mortality of only 2–3% [1, 2].

Aortic valve stenosis, usually caused by degenerative disease, is the most
frequent acquired heart valve lesion and predominantly affects elderly pa-
tients. Naturally these elderly patients often present with significant comor-
bidities resulting in an increased operative risk profile. Even in presence of
an increased risk profile, aortic valve replacement can be performed in el-
derly patients with an acceptable clinical outcome leading to a significant
improvement in the individual’s quality of life [3]. According to the litera-
ture 30-day mortality after conventional aortic valve replacement in octo-
genarians is around 5–10% [4, 5], which is acceptable when taking into ac-
count the grave prognosis of elderly patients suffering from severe sympto-
matic aortic stenosis with mortality rates of up to 50% within the next
year without surgical intervention [6].

To decrease the invasiveness of conventional aortic valve replacement
several minimally invasive techniques using a limited surgical access (i.e.,
upper partial sternotomy) have been introduced recently to further im-
prove clinical outcome [7].

The concept of transcatheter aortic valve impIantation

Given these excellent results associated with conventional aortic valve re-
placement even in octogenarians, why would we need transcatheter aortic
valve implantations? According to the data of the European Heart Survey
one-third of all elderly patients suffering from severe symptomatic aortic
stenosis were never referred to a cardiac surgeon because the referring car-
diologists believed the surgical risk to be unacceptably high [8]. This is

Transapical aortic valve implantation –

a truly minimally invasive option for high-risk patients
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not true for the majority of elderly (octogenarian) patients who today are
good candidates for conventional AVR, but there are certainly some pa-
tients with an excessive risk profile. So even with the minimally invasive
technique for conventional AVR (i.e., partial upper sternotomy) the pro-
cedure still requires (partial) sternotomy, cardioplegic arrest and cardio-
pulmonary bypass. In contrast, when using a transcatheter technique it is
feasible to implant an aortic valve prosthesis and avoid sternotomy, cardio-
plegic arrest, and probably most importantly even cardiopulmonary by-
pass. Theoretically, all these factors together should result in less surgical
trauma, less cardiac impairment, and less inflammatory response leading
to improved patient outcome. On the other hand, there may be an inherent
additional risk with these new procedures when comparing them to the
highly standardized conventional techniques. In addition long-term dur-
ability of the transcatheter valves is unknown despite promising in vitro
tests and low transvalvular gradients. Therefore, transcatheter aortic valve
implantation at present is exclusively targeting very high-risk patients suf-
fering from severe symptomatic aortic stenosis.

z Transcatheter aortic valve prostheses

Presently, two systems are commercially available and have obtained CE
mark approval recently. The first device is the CoreValveTM system which is
predominantly designed for transfemoral access. The valve is made from
porcine pericardium and is mounted within a self-expandable nitinol stent
50 mm in length. The prosthesis is deployed within the aortic annulus ex-
tending above the level of the coronary ostia with a wide mesh allowing
for unabated coronary flow. In contrast, the Edwards SAPIENTM (Fig. 1)
valve is made from bovine pericardium including some anticalcification
treatment (ThermaFixTM) and is much shorter in height (14–16 mm). The
SAPIENTM valve mimics the design of a conventional bioprosthesis and has
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Fig. 1. Edwards SAPIENTM transcatheter heart valve



to be implanted in a strictly subcoronary position. The valve within a steel
stent is anchored within the aortic annulus by active ballooning of the
valve stent. The SAPIENTM system is at present the only commercially
available device for transapical aortic valve implantation (TA-AVI) but can
also be deployed using the retrograde transfemoral approach (TF-AVI).

Patient selection

z Risk assessment

According to the literature, advanced age alone is not sufficient to deem a
patient at high-risk for AVR [4]. Today several different scoring systems
are used for risk assessment. The logistic EuroSCORE and the STS score
are most frequently used in everyday clinical practice. The clinical practi-
tioner when assessing the true risk for an individual patient needs to be
aware of the known limitations of the current scoring systems. The logistic
EuroSCORE tends to overestimate and the STS score to underestimate the
actual risk for mortality in these complex patients [9]. Thus, careful clini-
cal assessment is also crucial.

At present, we should restrain from including younger low-risk patients
and strictly adhere to established inclusion criteria and to the recently
published guidelines [10]. A suitable criteria for high risk is age >75 and a
logistic EuroSCORE >20% and/or a STS score >10%. Beside age and risk
scores, there are several clinical scenarios where a transcatheter approach
might be beneficial:
z patients with patent bypass grafts,
z patients presenting with porcelain aorta,
z patients suffering from end-stage liver failure,
z history of chest radiation or mediastinitis.

z Anatomical considerations

The SAPIENTM valve used for TA-AVI is currently available in two sizes:
23 mm and 26 mm (a larger 29 mm valve is under development). To safely
anchor the prosthesis inside the aortic annulus, moderate oversizing of 2–
3 mm should be performed. Thus, the cut-off diameter of the aortic annu-
lus for the larger 26 mm valve is 24 mm. In addition to the diameter the
pattern of calcification of the aortic valve should be assessed preoperative-
ly. A concentric distribution of the calcium is more suitable for transcath-
eter AVI than eccentric calcification which may result in paravalvular leak
or coronary obstruction. Assessment of the valve should be made by TEE
preoperatively and the diameter of the annulus should be measured repeat-
edly in a strictly perpendicular long axis view (the largest diameter mea-
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sured counts). In addition to TEE, a cardiac CT (Fig. 2) is of help to mea-
sure the distance between the coronary ostia and the level of the aortic an-
nulus and thus provides an impression of where to position the prosthesis.

z Transapical or transfemoral AVI?

To date, there is no scientific evidence proving the superiority of one of
these approaches. The transfemoral (TF-AVI) access allows for a completely
closed chest procedure without the need for intubation. On the other hand,
the transapical technique (TA-AVI) offers several advantages:
z the short distance between left ventricular apex and aortic annulus al-

lows for excellent steerability of the devices;
z the antegrade route eases crossing of the calcified stenotic valve, and
z avoids manipulation of the device around the aortic arch (stroke risk!);
z there is almost no limitation in the size of the delivery sheaths.

In clinical practice, both options should be carefully evaluated and then se-
lected according to the individual patient characteristics. Severe peripheral
vascular disease is a clear indication for the transapical approach.

TA-AVI – setup

z The OR

The most important difference in transcatheter AVI compared to conven-
tional techniques is the (almost) closed chest situation not allowing for di-
rect vision of the working field. Therefore, optimal imaging is of utmost
importance to ensure precise positioning of the prosthesis – the key step in
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Fig. 2. Cardiac-CT demonstrat-
ing the diameter of the aortic
annulus and the distance of
the left coronary ostia to the
aortic annulus



any transcatheter AVI. The most suitable environment is a fully equipped
hybrid-OR combining high quality fluoroscopy/angiography, transesopha-
geal echo (2D and 3D/X-plane), cardiopulmonary bypass (on standby), and
standard cardiac surgical equipment allowing for bailout to all conven-
tional surgical techniques. If there is no such a hybrid-OR available, an
“upgraded” cath-lab (by adding TEE, CPB and surgical equipment) is ad-
vantageous to ensure optimal imaging quality compared to a standard sur-
gical theater with a mobile C-arm (inferior imaging quality).

z The team approach

Despite the fact that some groups advocate TF-AVI as pure cath-lab proce-
dures without the need for surgical participation and others argue that TA-
AVI is strictly a surgical technique, we strongly believe in the concept of a
true team approach. The specialized expertise of anesthetists (TEE, hemo-
dynamic management), cardiologists (fluoroscopy, wire handling), and
surgeons (surgical access, CBP, surgical bailout) should be combined to
achieve optimal patient safety and outcome irrelevant of political borders.

TA-AVI – the procedure step by step

z Anesthesia

Usually TA-AVI is performed under general anesthesia using a fast-track pro-
tocol resulting in relatively short ventilation times (approximately 80 min).
In patients with severely decreased lung function, an awake procedure
using thoracic epidural anesthesia only is feasible and has been success-
fully performed. The drawback of procedures without intubation is the lack
of TEE imaging, which is crucial for sizing and valve function assessment.

z The “safety net”

The patient is positioned supine with slightly elevated left chest. Prior to
skin incision, a percutaneous arterial 6 French sheath is inserted into the
femoral artery followed by a percutaneous wire in the femoral vein. The
wire is advanced under TEE or fluoroscopic guidance to the right atrium.
The 6 French arterial sheath is needed for aortic root angiography during
the implantation process later. The percutaneous femoral vascular access
acts as a “safety net” (Fig. 3) providing a bailout option. Using the Seldin-
ger technique, the “safety net” facilitates percutaneous femoral-femoral car-
diopulmonary bypass within minutes if required [11].
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z Sizing and valve preparation

After repeat measurements of the aortic annulus by TEE (strictly perpendi-
cular long axis view), the size of the transcatheter valve is selected to en-
sure adequate oversizing of at least 2 mm. The valve is then prepared and
crimped on a balloon delivery catheter under sterile conditions in the oper-
ating room by a technician just prior to implantation. Attention in needed
to double check the correct orientation of the valve on the delivery catheter
for antegrade transapical or retrograde transfemoral implantation.

z Surgical access to the left ventricular apex

After obtaining femoral access, heparin is given at a dose of approximately
100 IU/kg aiming at an activated clotting time of 300 s.

For transapical access, an incision of 5–7 cm in length is placed 2 fingers
submammary in the midclavicular line in the fifth or possibly sixth inter-
costal space (Fig. 4 a). The left anterolateral minithoracotomy should result
in straight access to the left ventricular apex. After opening the pericar-
dium longitudinally, four pericardial stay sutures are placed to expose the
apex and to allow for bilateral lung ventilation. An epicardial bipolar pac-
ing wire is placed and tested. Two apical purse-string sutures (Prolene 2–0,
large (MH) needle with 5 interrupted Teflon pledgets) are placed lateral to
the LAD with sufficiently deep bites (approximately 3–5 mm, not penetrat-
ing completely) in the myocardium (Fig. 4b).

z Positioning of the fluoroscopic system

A strictly perpendicular angle to the aortic root is crucial for exact posi-
tioning of the prosthesis. Usually this is achieved by an angulation of LAO
�10� and cranial �10�. Further adjustment is carried out once the pros-
thesis is at the level of the aortic annulus and after the first aortic root
angiography.
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z Hemodynamic management

Prior to valvuloplasty and valve implantation a systolic pressure above
120 mmHg (mean 80 mmHg) and sufficient volume preload is mandatory
to ensure adequate coronary perfusion. After rapid ventricular pacing with
180–200 beats per minute to decrease left ventricular output temporarily
during valvuloplasty and valve deployment, low-dose vasopressor support
may be temporarily required. Good coordination of all specific procedural
steps between cardiologist, anesthetist, and cardiac surgeon is crucial.

z Valvuloplasty and valve deployment

After apical puncture (orientation of the needle towards the right shoulder)
a soft guidewire is inserted antegradely across the stenotic aortic valve,
followed by a soft tip 14F (30 cm long) sheath. With the help of a right
Judkins catheter, a super stiff guidewire (Amplatz super stiff, 260 cm) is
positioned across the aortic arch and into the descending aorta, all with
minimal manipulation in the aortic arch. A 20 mm valvuloplasty balloon
(filled with 1 : 4 diluted contrast agent) is placed in the aortic annulus and
the tip of the 14F sheath retrieved into the left ventricle. Balloon valvulo-
plasty is performed during rapid ventricular pacing (RVP) when there is
cessation of left ventricular ejection (Fig. 5).

After valvuloplasty, the balloon catheter is retrieved together with the
14F sheath and the 26F transapical delivery sheath is inserted bluntly
(�5 cm on the external indicators) over the stiff wire and the introducer
retrieved (Fig. 6). The system is deaired, the valve introduced into the
annulus, and the pusher retrieved. Valve positioning is performed under
angiographic guidance aiming at implanting one third (maximum one
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half) of the stent above and the other two thirds (minimum one half) be-
low the level of the aortic annulus (Fig. 7). Once in a good position, online
fluoroscopic imaging should be performed until valve implantation. Slight
axial movement should be counteracted. An extra episode of RVP may be
required to confirm optimal positioning.

A second episode of RVP is used for valve implantation (Fig. 8). Then
the balloon is retrieved and regular cardiac function usually recovers. Valve
function is assessed using TEE and angiographic control (Fig. 9). The wire
is retrieved in case of good valve function without need for repeat balloon
dilatation; the latter should be decided on an individual basis keeping pa-
tient-related factors in mind.
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Fig. 5. Balloon valvuloplasty

Fig. 6. Schematic TA-AVI
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SAPIENTM prosthesis

Fig. 8. Transapical valve im-
plantation by balloon dilata-
tion



At the end of the procedure, the apical sheath is retrieved, the apical
ventricular puncture site closed with the purse-string sutures, protamine
administered, and the pericardium is slightly closed. A pleural chest drain
is inserted, the incision controlled for bleeding, local anesthetic inserted
and the chest wall closed in a routine fashion. The patient can usually be
extubated early in the postanesthetic care unit and will be transferred to
intermediate care afterwards.

How to achieve optimal outcome

“Anything can happen at any time” of the procedure. The mentioned
“safety net” should be used in every patient to ensure CPB support within
minutes, if required by hemodynamic deterioration.

Optimal imaging is of major importance during valve implantation.
High quality fluoroscopic visualization of the aortic root will allow for
exact positioning and placement of a transcatheter aortic valve. A modern
hybrid operating theater will be the optimal surrounding for successful im-
plementation of a joint transcatheter program.

Given a relatively new complex procedure aiming at very high-risk pa-
tients, complications will occur sooner or later. Therefore the whole team
should be prepared to take appropriate action immediately, if required.
Typical events are as follows:
z Hemodynamic deterioration after RVP or during valve positioning: con-

sider early CPB support if inotropes are not sufficient.
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Fig. 9. Angiographic control
after valve implantation show-
ing patent coronary arteries
and good aortic valve function



z Apical tear or bleeding: consider additional pledget reinforced U-
stitches. In case of major bleeding use CPB to unload the left ventricle.

z Suboptimal angle to the aortic root: re-assess the surgical access site.
Try an intercostal space lower (or higher) more laterally (or medially) to
obtain an axial approach inline with the aortic root.

z To avoid coronary obstruction, use preoperative cardiac CT assessment
to measure the distance between the coronary ostia and the level of the
aortic annulus. Try to aim at a very low position of the valve prosthesis
to safely stay strictly subcoronary.

z In case of coronary obstruction, consider percutaneous interventions
(left main or right ostia stenting) versus conversion to a surgical CABG
procedure (beating heart) after hemodynamic stabilization with CPB.

z Severe paravalvular or central leak is rare. In case of moderate paravalv-
ular leak consider reballooning.

z Central leak will increase after re-ballooning. In case of a moderate to
severe central leak, the implantation of a second transcatheter valve
prosthesis (valve-in-a-valve) is the only option.

The team approach is most important to safely implement a new technique
even in high-risk patients. Optimal coordination during implantation is
important, especially during critical steps of the procedure. Preoperative
training is important and potential bailout strategies should be discussed
by the team. Current strengths of the TA approach are the avoidance of the
femoral arteries as well as a very low stroke risk due to minimal manipula-
tions in the aortic arch. Therefore, this approach should be chosen in all
patients with questionable or borderline femoral access vessels and in
those with severe calcifications of the aorta. As peripheral vascular disease
is a major risk factor in elderly patients, this has to be kept in mind when-
ever comparing transapical to transfemoral results at any later stage.

Postoperative care

After successful valve implantation the patients can usually be extubated
within the first hour on ICU or PACU. Total AV blocks are not uncommon
(up to 10%) and may occur with some delay. Therefore, patients should be
kept on a monitor (or telemetric surveillance) for at least 5 d. Indication
for permanent pacemaker implantation should be handled liberally.

Full anticoagulation is not required in case of stable sinus rhythm. Low
dose aspirin and prophylactic low molecular heparin are sufficient.
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Current results

After initial pioneering in the field of transcatheter valve therapy, trans-
apical (TA) and transfemoral (TF) aortic valve implantation (AVI) have
evolved to an almost routine procedure in specialized centers.
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Table 1. Summary of published results with TA- and TF-AVI

Author Approach Valve Design n logES 30-d
mortality

Stroke

Cribier TF SA SC 27 �27 22.2 3.7 JACC
(2006)
47:1214

Grube TF CV SC 25 11 20 12 Circ
(2006)
114:1616

Lichten-
stein

TA SA SC 7 35 14 – Circ
(2006)
114:591

Grube TF CV MC 86 21.5 12 10 JACC
(2007)
50:69

Webb TF SA SC 50 28 12 4 Circ
(2007)
116:755

Walther TA SA SC 30 27 10 – EJCTS
(2007)
31:9

Walther TA SA MC 59 27 13.6 3.4 Circ
(2007)
116:I–240

Walther TA SA SC 50 27.6 8 – EJCTS
(2008)
33:983

Grube TF CV MC 646 23.1 8 0.6 EuroInterv
(2008)
4:242

Svensson TA SA MC 40 35.5 17.5 – Ann T
Surg
(2008)
86:46

TF transfemoral, TA transapical, SA SAPIENTM prosthesis, CV CoreValveTM prosthesis, SC single
center trial, MC multicenter trial, n patients included, log ES logistic EuroSCORE (%), 30-d mor-
tality all cause mortality within 30 days, stroke postprocedural new strokes (%)



Given the limitations of the current risk scoring systems available, re-
sults from different groups are difficult to compare on a scientific basis.
There are no prospectively randomized clinical trials available at present.
Table 1 gives an overview on the published results with TA- and TF-AVI.
In the more recent series, results from experienced centers are good with
30-day mortality rates below 10%. When judging these results, we always
have to take into account the high-risk profile of the patients included with
a predicted (even though overestimated) risk for 30-day mortality of 20–
30% by logistic EuroSCORE.

As demonstrated in Table 1, superiority of the transapical or the trans-
femoral approach is still unproven. A randomized, multicenter trial com-
paring TF-AVI, TA-AVI, and conventional aortic valve replacement would
be warranted in order to identify optimal treatment strategies for high-risk
patients suffering from severe symptomatic aortic valve stenosis.

At present TA-AVI offers a truly minimally invasive approach facilitating
off-pump aortic valve implantation with good results even in high-risk pa-
tients with peripheral artery disease. Due to the antegrade approach mini-
mal manipulation at the aortic arch is needed resulting in an extremely
low stroke rate and the short distance from the apex to the aortic annulus
allows for exact positioning of the prosthesis. In conclusion, TA-AVI is an
elegant and safe option to treat high-risk patients by a transcatheter valve
specialist team.
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Introduction

The incidence of valvular heart disease (VHD) has steadily increased over
the past few decades in western communities and is expected to continu-
ously do so in the face of an aging population. The majority of valvular
lesions in Europe and North America are of an acquired origin and occur
in the fifth to eighth decade of life. Calcified aortic valve stenosis (AS) and
degenerative mitral valve regurgitation (MR) are the two most frequent
forms of acquired VHD and account for over 70% of cases in Europe [1].
In Germany, about 98000 cardiac surgical procedures are performed an-
nually. In 2008, 33400 cases included valve procedures with 12300 patients
receiving isolated aortic valve replacement (AVR). Mortality rates have
been stable around 3 to 4% for single AVR in spite of the ever increasing
average patient age and associated comorbidities. The choice of prosthesis
in the aortic position has shifted with the majority of diseased valves being
replaced by a bioprosthesis today [2]. In contrast to coronary surgery
where the decline in the number of operations has been accompanied by a
rising procedural volume of percutaneous coronary interventions (PCI)
since the late 1990s, valve surgery is still expanding.

Since the beginning of heart valve surgery in the early 1960s, repair or
replacement of heart valves has become routine clinical practice. Improved
heart valve prostheses and modern repair strategies have led to excellent
results with low perioperative morbidity and mortality rates, and good
long-term outcome, setting a high standard for new treatment options.
However, the number of elderly patients, many of whom present with mul-
tiple comorbidities, is increasing. The share of octogenarians among the
surgical candidates has tripled in the past 10 years, nearing 10% of all
cases in Germany today. This development has triggered the introduction
of less invasive surgical valve procedures to reduce operative trauma and to
accelerate postoperative recovery. Traditionally, valvular heart surgery was
performed through a full median sternotomy, employing cardiopulmonary
bypass. Beginning in the early 1990s, minimally invasive techniques were
developed, many of which have become standard care today with the same
good results concerning perioperative morbidity and mortality and post-
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operative valve function along with faster patient recovery. More recently,
the cardiovascular community has witnessed the advent of new interven-
tional transcatheter valve procedures which hold the promise of an even
less invasive treatment option.

Indications

Indications for aortic valve replacement (AVR) were determined by a joint
task force of the American College of Cardiology (ACC) and the American
Heart Association (AHA) in 1998 and were updated in 2008 [3]. In sum-
mary, AVR is indicated in all symptomatic patients with severe AS and in
patients with asymptomatic severe AS undergoing cardiac surgery for other
reasons. Many cardiac surgery centers have made it their practice to per-
form AVR along with concomitant cardiac surgery in cases of moderate
AS, since the disease is known to progress over time [4]. There remains
some controversy as to the treatment of asymptomatic patients with severe
AS who have no other indication for surgery. The presence of a low gradi-
ent AS along with depressed left ventricular function may indicate exces-
sive afterload (afterload mismatch) to be the cause of LV dysfunction and
patients will usually benefit from surgery, especially if a substantial myo-
cardial contractile reserve can be documented [5]. In asymptomatic pa-
tients with severe AS and normal left ventricular contractility, exercise test-
ing may help determine treatment strategies.

Techniques of minimally invasive aortic valve surgery

The conventional approach to perform aortic valve surgery via full median
sternotomy and cardiopulmonary bypass with cardioplegic arrest implies a
profound interference with physiological body functions. Therefore, cardiac
surgeons, spurred by the successes of laparoscopic procedures in general
surgery in the early 1990s, attempted to minimize surgical trauma in heart
valve surgery as well. Delos Cosgrove at the Cleveland Clinic and Lawrence
Cohn at Brigham and Women’s Hospital were the first to describe their
experience with a nonsternotomy approach for aortic valve surgery [6, 7].
Initially they proposed a right parasternal incision and resection of the
third and fourth costal cartilages to gain access to the proximal ascending
aorta. Transsternal modes of access were also explored. Finally, these inci-
sions were abandoned because of postoperative complications such as chest
wall instability and lung herniation or because the price of sacrificing both
internal mammary arteries using the transverse sternotomy approach
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seemed too high. In conclusion, the partial upper sternotomy approach
eventually became the strategy of choice. Its routine clinical application
was first described by Gundry and coworkers in 1998 [8] and has been
adopted by most surgical units performing minimally invasive valve proce-
dures today.

Our approach to minimally invasive aortic valve surgery at the Univer-
sity Heart Center Hamburg consists of a 5 to 6 cm skin incision beginning
approximately 5 cm below the jugulum downwards. Dissection of subcuta-
neous tissue is followed by identification of the third or fourth right inter-
costal space. After partial upper median sternotomy using an oscillating
saw, the dissection is continued into the third or fourth intercostal space,
depending on the patient́s individual anatomy. Care must be taken to
strictly adhere to the sternal midline to avoid fracture of the sternal halves,
even more so since only small sternal retractors will fit the incision, thus,
distributing forces over a limited area of the sternal edges. The right inter-
nal mammary can usually be spared, the pleura remains intact in most
cases. We use conventional aortic cannulae as employed for routine cardiac
surgery, and small vacuum-assisted venous drainage cannulae to cannulate
the ascending aorta and the right atrium directly via the incision. Some
groups prefer to introduce the venous cannula via an additional incision
below the processus xiphoideus or through an intercostal incision to mini-
mize tubing in the operative field or to be able to retract the right atrium
caudally for optimal visualization. When direct access is impossible, femo-
ral cannulation can serve as an alternative. We use a continuous insuffla-
tion of CO2 into the operative field in order to prevent the formation of
gaseous emboli and to aide deairing towards the end of the operation. The
following steps of the procedure are performed in a standard fashion. After
crossclamping, antegrade cardioplegia is delivered via the aortic root or di-
rectly into the coronary ostia. A vent can be placed via the right upper pul-
monary vein or alternatively in the pulmonary artery, depending on the
surgeon’s preference.

After replacement or repair of the aortic valve, the aortotomy is closed
and the heart is deaired via the needle vent in the aortic root before and
after release of the crossclamp by applying continuous suction (Fig. 1).
Routine use of intraoperative transesophageal echocardiography is manda-
tory in order to control the filling state of the heart, for immediate control
of the surgical result and to guide the deairing process.

Results after minimally invasive aortic valve surgery

During the last 10 years, many groups including our own [9] have con-
ducted studies comparing outcomes after conventional versus minimally in-
vasive aortic valve surgery. We presented the results of our experience at
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the University Heart Center Hamburg at the 2007 annual meeting of the
German Society of Thoracic and Cardiovascular Surgery in Hamburg [10].
Analyzing the results after 438 cases of isolated AVR, we found periopera-
tive mortality to be 3% in the group receiving conventional isolated AVR.
In the minimally invasive group, mortality was 0%. Although surgery and
cross-clamp times were slightly shorter in the conventional group, patients
receiving minimally invasive AVR had a lower rate of postoperative wound
complications (1.5 vs. 2.7%) and a shorter duration of intensive care unit
and overall hospital stay (55±32 vs. 65±67 h and 8.2 vs. 8.6 d respec-
tively).

Most of the existing studies are of an observational and retrospective
nature. There are, however, a few randomized studies. In 2002, Bonacchi
and coworkers from Florence, Italy, published their results of 80 consecu-
tive elective cases randomized either to a conventional sternotomy or a
partial upper sternotomy group [11]. They found a significant reduction in
postoperative blood loss, resulting in lower transfusion requirements in the
ministernotomy group. Furthermore, partial sternotomy patients experi-
enced a significantly improved recovery of respiratory function resulting in
shorter mechanical ventilation, had a shorter duration of intensive care
unit and overall hospital stay, and required significantly lower doses of
analgetic medication postoperatively. Dogan and coworkers also reported
significantly less blood loss and a better cosmetic result. In terms of safety
and reliability both approaches were deemed similar [12]. Recently, Mous-
tafa and coworkers from Mansoura, Egypt, affirmed these earlier results.
Their findings included a cosmetic advantage, lower transfusion require-
ments due to less blood loss, greater sternal stability and earlier extubation
and hospital discharge [13] for patients receiving minimally invasive AVR.

Most of the numerous other studies on this topic report similar findings,
indicating that a minimally invasive approach to AVR is safe and not in-
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ferior to the conventional procedure. Advantages have been demonstrated
concerning blood loss and faster postoperative recovery. However, concern-
ing endpoints such as mortality, rates of perioperative myocardial infarc-
tion or cerebrovascular events, results remain controversial. Since the cen-
tral part of the operation using a suture-based technique for implantation
of modern, biological or mechanical valve prostheses has remained un-
changed, the same excellent long-term results that have been observed after
conventional AVR can be anticipated. The advantages of minimally invasive
over conventional AVR have been recognized by the American Heart Asso-
ciation and have been included in the recommendations of the most recent
Scientific Statement on percutaneous and minimally invasive valve proce-
dures [14].

Percutaneous aortic valve replacement

While AVR via a partial upper sternotomy may offer some advantages in
terms of reduced invasiveness, the need for extracorporeal circulation re-
mains and excludes a substantial patient population from surgical treat-
ment [15]. However, conservative management of AS is afflicted with a dis-
mal prognosis [16]. Therefore, even less invasive, beating heart procedures
have been developed. The implantation of a catheter-mounted valve pros-
thesis was first accomplished in an animal model in 1992 [17]. In 2002,
Alain Cribier from Rouen, France, successfully implanted an interventional
aortic valve prosthesis in a dramatic´last resort́ case of decompensated AS
in a 57-year-old man who had been declined as a candidate for surgical
AVR by several cardiac surgeons [18]. Since then, multiple improvements
have been accomplished in terms of design and access for percutaneous
AVR (pAVR). The initially chosen transvenous, antegrade, and transseptal
route has been widely abandoned due to the complexity of the procedure.
Today, there are two principle procedures for pAVR: a transfemoral, retro-
grade approach via puncture or cutdown of the femoral artery [19] or a
transapical approach via a small left anterolateral thoracotomy [20]. Both
types of procedures should be performed in a specially equipped hybrid
operating room, providing the implanting personnel with adequate equip-
ment should emergency conversion to surgery with cardiopulmonary by-
pass become necessary. Modern imaging techniques are essential to guide
the implantation process. The combination of transesophageal echocardio-
graphy, fluoroscopy, and aortic angiography guarantees optimal conditions
for pAVR.

For the transfemoral approach, local anesthesia may suffice, although we
and most other groups currently prefer general anesthesia. There are at
present two devices on the market and in clinical practice carrying CE
mark approval, i.e., the balloon-expandable Sapien (Edwards Lifesciences,
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Irvine, CA) and the self-expanding CoreValve (CoreValve Inc., Irvine, CA)
prosthesis. Both are of a constructed, pericardial design and are mounted
on compressible stents placed on delivery catheters until final positioning.
The Edwards Sapien valve is crimped on a balloon catheter which allows
for expansion of the valve and deployment in the aortic annulus after ini-
tial conventional balloon aortic valvuloplasty. Ventricular rapid pacing is
used to minimize transvalvular flow at the time of implantation and, thus,
ensure secure seating within the annulus. The CoreValve stent consists of a
self-expanding nitinol mesh frame which allows for compression at low
temperatures and resumes its original form when released at body tem-
perature. The wide mesh covers the coronary ostia but allows for unim-
peded coronary flow. Rapid ventricular pacing is not necessary during im-
plantation of this type of valve.

Direct access to the left ventricular apex via a left anterolateral thora-
cotomy and subsequent transapical access to the aortic root represents a
second alternative deployment route for transcatheter-based AVR without
the need for cardiopulmonary bypass. After thoracotomy and opening of
the apical pericardium the left ventricular apex is identified, Teflon-felt re-
inforced purse-string sutures are placed and the apex is directly punctured
allowing for insertion of an introducer sheath in Seldinger’s technique.
Similar to the transfemoral approach, balloon valvuloplasty under rapid
ventricular pacing prior to valve deployment may be necessary depending
on the type of prosthesis used. After successful valve implantation, the
guide wires and introducer sheath are removed and the access site in the
ventricular apex is closed using the purse-string sutures.

Currently, there are several other systems for pAVR under development
or in early clinical application. One of these, the Direct Flow Valve (Direct
Flow Medical Inc., Santa Rosa, CA) is a stentless device made of bovine
pericardial tissue encased in a conformable, polyester fabric cuff and de-
signed for transfemoral implantation (Fig. 2). Two inflatable and deflatable
ring balloons are used for subcoronary seating. After balloon valvuloplasty
under rapid pacing, the catheter (with the valve enclosed in a jacket) is
advanced to the aortic annulus and the ventricular and aortic rings are

From minimally invasive to percutaneous aortic valve replacement z 51

Fig. 2. Expanded direct flow aortic valve prosthesis attached to
positioning/fill lumens. Reprinted with permission from [21]



successively inflated using a mix of saline and contrast agent. Because the
rings between which the valve leaflets are suspended can be deflated, repo-
sitioning or even complete retrieval of the prosthesis is possible until defi-
nite device deployment. After correct positioning has been confirmed by
transesophageal echocardiography, fluoroscopy, and aortography, the sa-
line-contrast mix is replaced with a solidifying polymer. To date, the Direct
Flow valve is the only repositionable and retrievable device in clinical ap-
plication. The first implantation in humans was performed by our group in
late 2007 and throughout 2008 at the University Heart Center Hamburg
with promising preliminary results [21]. In a group of 15 patients with a
mean logistic EuroSCORE of 24% and a median 30-day risk of mortality of
20% as predicted by the Society of Thoracic Surgeons Score procedural
success was achieved in 12 patients (80%). Eleven patients were discharged
with a permanent implant, surgical conversion became necessary in one
patient on day two after valve intervention, due to incorrect sizing. The
procedure resulted in a significant increase in aortic valve area (median
1.64 vs. 0.60 cm2, p=0.0033) and a concomitant reduction in the mean
pressure gradient (median 14.0 vs. 54.0 mmHg, p=0.0033) as well as
marked hemodynamic and clinical improvement. At 30 days, one cardiac
death and one major stroke were observed.

Results after percutaneous aortic valve replacement

At present, the results after pAVR in most studies are single center experi-
ences with an observational character. Two of the most commonly used de-
vices are the Edwards Sapien valve and the CoreValve system which have
recently received CE mark approval. In most trials using these devices,
pAVR procedures are performed in a high-risk patient population with re-
ported logistic EuroSCORE ranging from 20 to 30%. Inhospital mortality
rates are stated to be 10 to 20% with an incidence of periprocedural cere-
brovascular events of 4 to 12% [22]. Freedom from structural valve dete-
rioration has been documented in different studies for up to 4 years [23].
Concern has been expressed regarding issues like paravalvular regurgita-
tion, coronary obstruction, the inability of most systems to recapture mal-
positioned valves, the incidence of atheromatous embolization and of
course long-term durability of the new valve prostheses. Many of these is-
sues will be addressed in future trials such as the currently ongoing North
American PARTNER Trial (Placement of AoRTic TraNscathetER Valve Trial)
which is randomizing high-risk patients to transfemoral or transapical
pAVR using the Edwards Sapien valve or to standard of care (surgical AVR
or medical therapy). Results can be expected in 2014.
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Conclusions

Since the beginning of heart valve surgery in the early 1960s, replacement
or repair of heart valves has developed to become routine clinical practice.
The incidence of VHD has steadily increased over the past few decades in
western communities and is expected to continuously do so in the face of
an aging population. Conventional surgical AVR, most commonly for calci-
fied AS yields excellent short- and long-term results which are documented
in an extensive body of data on the subject, setting the gold standard for
any aortic valve intervention. Even in high-risk patients outcomes are
favorable and the operative risk is substantially lower than predictable by
the usual risk stratification tools [24]. Indications for valve procedures are
set down in well-approved guidelines of supernational institutions of the
cardiovascular community and procedures are performed following stan-
dardized protocols. Beginning in the 1990s, minimally invasive aortic valve
procedures were developed minimizing surgical trauma and resulting in
decreased blood loss and faster patient recovery as documented in pro-
spective randomized trials. Thus, the minimally invasive approach to aortic
valve disease has become the standard of care at specialized centers such
as our own. While AVR via a partial upper sternotomy offers some advan-
tages in terms of reduced invasiveness, the need for extracorporeal circula-
tion remains and excludes a substantial patient population from surgical
treatment [15]. Therefore, interventional transcatheter-based beating heart
procedures have been developed.

Since Alain Cribier reported the first in-man implantation in 2002,
pAVR has seen a tremendous upsurge. Numerous different devices are
available today and in clinical use by clinicians all over the world. Prelim-
inary results of the second and third generation devices are encouraging
and further improvements concerning deliverability and safety can be an-
ticipated in the foreseeable future. However, results of pAVR always have to
be matched with the superior outcomes of surgical AVR. Extensive data is
available on the safety and long-term durability of surgical AVR. At pres-
ent, most clinicians involved agree that pAVR should be restricted to pa-
tients deemed inoperable due to comorbidities. For all others, surgical AVR
remains the gold standard. In view of the good results of conventional aor-
tic valve surgery in otherwise healthy octogenarians, age alone should not
determine treatment strategies. In their own interest, the protagonists of
pAVR should adhere to strict trial protocols and refrain from merely fol-
lowing patients’ requests for catheter-based and supposedly less harmful
treatment. The current results do not justify the inclusion of patients for
interventional treatment other than those with an unacceptable operative
risk. At the University Heart Center Hamburg, we have established a close
collaboration between cardiologists and cardiac surgeons to determine the
optimal treatment strategy for each patient. If the risk of surgical AVR is
deemed too high by both cardiologist and surgeon unanimously, interven-
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tional treatment via a transfemoral access is an option. In cases of severe
peripheral vascular disease, a transapical approach can then be considered.
All other patients presenting with severe aortic valve disease will undergo
surgery using a minimally invasive approach whenever possible (Fig. 3).

In spite of the current limitations in the clinical applicability of pAVR
due to technical deficiencies and unknown long-term performance of the
current generation of devices, we are convinced that catheter-based valve
techniques will gain increasing weight in the future. The role cardiac sur-
geons are going to play has yet to be determined. The renowned US cardi-
ac surgeon and member of the Society of Thoracic Surgeons Board of Di-
rectors Michael Mack stated in a recent review article: “(. . .) just as in the
dawn of the age of PCI, we have the choice; we can rest on our laurels,
stand by our outcomes, and disparage the new treatments being invented.
Alternatively, we can learn from the past, embrace change, gain the skill
sets needed to participate and thrive, and be part of the process rather
than be unengaged bystanders” [25].
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Introduction

Aortic valve replacement with mechanical or biological heart valves is the
treatment of choice for aortic valve stenosis. With increasing patient co-
morbidity and age, there is a trend towards biological valve implants avoid-
ing long-term anticoagulation. In order to improve the hemodynamic and
clinical outcome of patients after aortic valve replacement, stentless valves
were introduced in the early 1990s. These valves were designed to result in
lower transvalvular gradients.

The implantation technique of stentless valves is more demanding and
time consuming, with consecutive prolongation of the aortic cross-clamp
and cardiopulmonary bypass times. Cox and coworkers published their in
vitro data on the newly designed 3 f aortic bioprosthesis, a stentless bio-
prosthesis which consists of a tubular structure assembled from three equal
sections of equine pericardial tissue [1]. Our group presented clinical and
hemodynamic data on 24 patients operated between January and August
2002. While hemodynamic data were equivalent to other commercially
available stentless valves, the implantation still required a cross-clamp time
of 74 min [2].

In order to facilitate the surgical implantation, the 3 f prosthesis was
modified by addition of a self-expanding nitinol external frame, allowing
for sutureless implant (Fig. 1): The ATS 3 f EnableTM (ATS Medical, Min-
neapolis, MN, USA). The nitinol frame contributes to the fixation of the
device in the deployed location through outward radial forces inherent in
the material. To minimize the potential of paravavular leakage or migra-
tion, an oversized polyester flange was incorporated at the inflow aspect of
the prosthesis. A total of 32 of these valves were implanted at our institu-
tion between July 2007 and November 2008. Because this patient cohort
should profit from reduced implant times, we did not exclude patients at
increased risk for perioperative morbidity and mortality from this trial;
thus, also combined procedures with CABG and mitral tricuspid valve sur-
gery were performed.

Sutureless equine
aortic valve replacement
S. Martens



Operative technique

In stand-alone procedures for aortic valve replacement, access to the medi-
astinal structures was obtained through partial upper sternotomy ending at
the fourth (left) intercostal space.

Patients undergoing combined procedures with CABG received a com-
plete sternotomy and preparation of the mammary artery and saphenous
vein grafts, respectively. Cardiopulmonary bypass was instituted after can-
nulation of the ascending aorta or the right subclavian artery in patients at
increased risk for cerebrovascular events. The right atrium was cannulated
for venous drainage. For drainage of the left ventricle, a vent was intro-
duced through the right upper pulmonary vein or the pulmonary artery,
respectively. If complete sternotomy had been performed, the cardioplegic
solution was applied through a retrograde catheter inserted in the coronary
sinus. Patients operated on through partial sternotomy received antegrade
cardioplegia through a needle vent in the ascending aorta, repeat applica-
tion was performed using selective coronary ostial catheters. After aortic
cross clamping, access to the aortic valve was obtained through transverse
aortotomy, which was performed 2 cm above the sinotubular junction
(Fig. 2). The aortic valve was inspected; the presence of a bicuspid valve
was regarded as exclusion criteria according to the protocol. Attention was
also paid to possible abnormalities of the coronary ostia or mismatch be-
tween the annulus and the sinotubular junction, respectively.

Excision of the aortic valve and debridement of the annulus was per-
formed; afterwards we accurately sized the aortic annulus with especially
designed sizers (Fig. 3). Because fixation of the valve in place is obtained
through outward radial forces of the nitinol frame, care has to be taken for
exact sizing. Paravalvular leakage might occur if the implant chosen is too
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Fig. 1. The external self-expanding nitinol frame combined with the equine biologic 3 f valve
(Model 1000), resulting in a sutureless aortic valve prosthesis (ATS 3 f EnableTM)



small for the annulus. In case of oversizing, complete deployment of the
valve might become impossible. The prosthesis requires rinsing in saline
solution three times for 2 minutes each time. The time required for the rin-
sing process should be used for placement of a guiding suture (2/0 poly-
ethylene) in the acoronary sinus, at the level of the deepest point of the an-
nulus.

After the rinsing process is completed, the valve is placed in chilled
physiological saline to make it pliable (Fig. 4). It is carefully folded under
water to avoid damage of the frame. The valve is inserted in a specially de-
signed deployment tool. The guiding suture is now attached to the superior
portion of the polyester flange, in a position corresponding to the place-
ment in the acoronary sinus. The valve is now inserted and deployed with
special care taken to avoid rotation. Before the deployment is completed,
through rinsing with warm saline solution, the positioning of the valve has
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Fig. 2. The aortotomy is per-
formed 2 cm above the sino-
tubular junction

Fig. 3. Sizing is carefully per-
formed as described in the text



to be meticulously inspected and, if necessary, corrected. If malpositioning
occurs after complete deployment of the valve, rinsing with chilled saline
enhances repositioning. The guiding suture is then tied down. In 9 patients
of our series, we removed it without having observed postoperative dis-
placement of the valve. The aortotomy is then closed in the regular fashion
(Fig. 5).

Correct positioning of the valve prosthesis without paravalvular leakage
was assessed intraoperatively by transesophageal echocardiography. Trans-
thoracic echocardiography examinations were carried out at discharge, at 6
months, and at 12 months after surgery. Again, special attention was placed
on the absence of valvular or paravalvular regurgitation, transvalvular gra-
dients, and effective orifice area.
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Fig. 4. Plication of the valve
in chilled saline solution

Fig. 5. The ATS 3 f EnableTM

valve after correct placement



Clinical experience

From July 2007 through November 2008, 34 elective patients, who pre-
sented for isolated aortic valve replacement or combined procedures, were
included in the study in our institution as a part of a multicenter trial.
Mean age was 78±3 years, mean logistic EuroSCORE was 14; thus, our pa-
tients represented a high-risk cohort of cardiosurgical patients. Patients
with acute infective endocarditis were excluded from this study.

Concomitant procedures were mitral valve and tricuspid valve repair
(n=1), CABG (n=10), and subvalvular myectomy (n=5). Prosthetic valve
sizes were 19 mm (n=1), 21 mm (n=9), 23 mm (n=9), 25 mm (n=13),
and 27 mm (n=2). Two cases were abandoned intraoperatively due to mis-
alignment of the valve (which was a 25 mm size in both cases). Although
we felt that the reason for failure might have been oversizing, we converted
to standard procedures with a 23 mm, commercially available bioprosthetic
stented valve to avoid excess bypass time due to another pump run.

After initial deployment of the valve, exact positioning was time con-
suming, especially in the first cases of our series. Implantation of the valve
required 9±5 min. Cardiopulmonary bypass and aortic cross-clamp time
were 99±31 and 67±23 min, respectively. With increasing implant experi-
ence, procedural times were reduced.

No paravalvular leakage was detected in the operating room or at dis-
charge. In one patient, mild paravalvular leakage was identified at the 6-
month follow-up. However, 12 months after surgery it could not be de-
tected any more. The transvalvular gradient at discharge was 10±6 mmHg
(mean) and 18±9 mmHg (peak). The effective orifice area at discharge was
determined to be 2.2±0.8 cm2. Early mortality (<90 d) was 12.5% (4 pa-
tients); no valve-related mortality occurred.

Comments

The idea of a sutureless valve is not new: Magovern presented clinical
results with a ball-cage-type prosthetic heart valve in the early 1960s [3].
However, the incidence of disabling thromboembolism (42%) and poppet
failure (21%) was high with these early models [4]. First clinical experi-
ences with a bioprosthetic valve designed for sutureless implant were pub-
lished more than 40 years later by Wendt and coworkers [6]. To facilitate
implantation, the 3 f aortic bioprosthesis was modified with the addition of
a self-expanding nitinol external frame that imparts flexibility. In their ex-
perience, three out of six patients presented with paravalvular leakage at
follow-up; one of them underwent successful reoperation after 8 months.
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The design of the valve implanted in this initial series was different regard-
ing the polyester flange. The inferior aspect of the flange was enlarged in
the current model, thus, allowing for broader coaptation with the annulus.
In addition, up to three stay sutures were placed in the annulus in the ini-
tial series, possibly causing distortion of the valve. In our series of 32 im-
plants, only one stay suture was tied down, while 9 implants did not re-
ceive a stay suture at all. Mild paravalvular leakage occurred in only one
patient of our series after 6 months, which could not be detect any more
after 12 months.

Percutaneous transfemoral aortic valve implantation found entrance into
clinical practice. With transapical aortic valve implantation, a more surgi-
cal approach was developed [5]. One of the advantages is a significantly re-
duced stroke rate as compared to the transfemoral approach. With both
techniques, the calcified aortic valve is just pressed into the aortic wall,
without decalcification of the annulus. The rate of paravalvular leakage will
always remain an important issue with this technology.

Implantation of a sutureless aortic valve prosthesis after resection of the
native aortic valve, allowing for reduced CPB and aortic cross-clamp time,
might be an alternative treatment option for patients at increased risk for
morbidity and mortality after cardiac surgery. The transaortic approach
adds the advantage of allowing for concomitant procedures as CABG or
mitral/tricuspid valve surgery, as long as flexible implants are being used
in the latter.

We have shown that sutureless valve implantation is possible and safe
with the equine ATS 3 f EnableTM valve. Exact positioning of the valve
prosthesis is still time consuming, but with increasing experience, further
reduction of aortic cross-clamp and CPB time seems possible. Hemody-
namic features of the valve are promising. Despite encouraging short-term
results with this new valve, we need data documenting long-term perfor-
mance.
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z The Ross operation:
Aortic valve and root
replacement with
pulmonary autograft



The search for the ideal substitute for the diseased aortic valve led Donald
Ross to develop the concept of the aortic allograft and pulmonary autograft
for subcoronary implantation in the 1960s and in the early 1970s as a full
root to replace aortic roots with abscesses [1–5]. Allograft aortic valve re-
placement was pioneered by two surgeons, Mr. Donald Ross himself in
London and Sir Brian Barratt-Boyes in Auckland, New Zealand, indepen-
dently of each other in 1962 [1, 6].

During the last century, the aortic allograft and pulmonary autograft
surgical procedures revolutionized the history of cardiac valve surgery.
They compete well with bioprostheses, being non-thrombogenic and, thus,
requiring no postoperative anticoagulation. They are also resistant to infec-
tion and restore the anatomy of the aortic or pulmonary outflow tract,
which ensures unimpeded blood flow and excellent hemodynamics, thus,
offering patients a better prognosis of survival with good quality of life.
Initial results were unsatisfactory due to technical problems of implantation
and early tissue failure of the allograft valves due to lack of proper decon-
tamination and preservation techniques.

Over time, the pulmonary autograft (Ross operation) has proven to be
the preferred device for valve replacement in young patients in whom
growth of the valve replacement is anticipated. It is a challenging double-
valve procedure consisting of subcoronary aortic valve or aortic root re-
placement which requires surgical skill and experience to achieve good re-
sults. The operation technique has gained popularity and acceptance
among today’s pediatric surgeons.

Both the pulmonary autograft and aortic allograft have gained popular-
ity in the management of acute endocarditis with root abscesses because of
their resistance to infection. Aortic allograft is absolutely indicated for aor-
tic root abscess with aortic ventricular dehiscence and drug addicts [10].
Their superiority over prosthetic valves has been demonstrated in many re-
ports [7–13].

z Pulmonary autograft or aortic allograft
for surgical treatment of active
infective aortic valve endocarditis:
a review of the literature
C.A. Yankah



Results

z The pulmonary autograft in the aortic position

The operative mortality rate for patients with endocarditis is reported to be
5–12% and the rate of reinfection is estimated to be 0–3% at 5 years [11, 12].

In patients with noninfected aortic root, hospital mortality is 0.6–3.9%.
In the series of Elkins et al., in which most of the patients underwent root
replacement, survival at 16 years was 82%, actuarial freedom from auto-
graft reoperation and tissue failure was 80% and 74%, respectively, and for
freedom from autograft endocarditis it was 95%. In children, actuarial free-
dom from autograft failure at 16 years was 83% and survival was 84%. The
16-year freedom from allograft reoperation was 82% [14]. Actuarial free-
dom from reoperation for the subcoronary implantation technique at 8
years in the series studied by Schmidtke et al. was 95% [11, 15].

The overall operative mortality reported from the German-Dutch Ross
Registry in this volume was 1.4%; however, the rate of postoperative endocar-
ditis for a pulmonary autograft in the aortic position and an aortic allograft
in the pulmonary circulation was 14% and 21%, respectively [11].

Long-term results over 20 years are available only from the series of pa-
tients operated on by Ross himself. Of 225 survivors operated on by Ross,
reoperation was performed in 17 (7.5%) patients due to technical failures
and in 7 (3%) due to tissue failure during the 20 years of follow-up. There
were 7 (3%) valve-related deaths and 8 (3.5%) other nonvalve-related
deaths. The actuarial freedom from valve failure or reoperation on the aor-
tic allograft in the pulmonary circulation was 81% and freedom from
valve-related death was 97% (Table 2) [16].
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Table 1. Surgical results of active infective native and prosthetic valve endocarditis according
to type of valve replacement. A review of the literature

Source Years 30-day mortality (%) Reinfection/PL (%)

Allo/PA Prosthesis Allo/PA Prothesis

Knosalla et al. [22] 11 8.5 23.5 3.2 27.1

Petrou et al. [17] 11 8.3 na 4.5 na

Haydock et al. [8] 15 17 20.7 na na

Yankah et al. [10] 17 9.3 na 4.3 na

d’Udeckem et al. [23] 8 na 13 na 11.4

Niwaya et al. [12] 13 17 20 3 12.5

Niwaya et al. [12] 13 12 na 3 na

PA pulmonary autograft, PL paravalvular leak, na not available



z Aortic allograft in the aortic position

The operative mortality of allograft patients with active infective endo-
carditis was estimated to be 4–14% [10, 17]. Survival at 10 years and 15
years was 87% and 70%, respectively. The incidence of early reinfection
was 1–4% and was associated with perivalvular leak and pseudoaneurysm
formation [10, 17]. Freedom from recurrent infection and reoperation for
all causes at 10 years and 15 years was 97% and 80%, respectively [17].
The reoperative hospital death rate after replacement of reinfected allograft
ranged from 4 to 9.3% [9, 10, 17].

The 15- and 20-year survival of allograft patients with sterile aortic
roots in our series was 65% and 58%, respectively. Late death was 5.6%.
The estimated freedom from reoperation for all causes was 76% and 50%
at 15 and 20 years, respectively. Actuarial freedom from structural dete-
rioration at 15 years was 47% in patients under 20 years of age and 81% in
patients between 41 and 60 years [18]. Freedom from explantation of un-
dersized and matched allografts at 15 years was 48% and 77%, respectively
[19].

z Aortic root replacement

Patient survival was 71% for patients with a root replacement at 15 and 20
years. Freedom from structural valve deterioration (SVD) of 82.9% and
56% at 17 and 25 years, respectively, was documented [7, 10].
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Table 2. Long-term results of pulmonary autograft (the Ross operation) and allograft replace-
ment of the aortic valve and root. A review of the literature *

PA Aortic allograft

Elkins et al. Lund et al. O’Brien et al. Yankah et al.

Follow-up (years) 16 10/20 20 17

z No. of patients 487 618 1022 203
z Mean age at op. (years) 24 51 49 53
z Hospital mortality (%) 3.9 5 3 2.3
z Free of SVD (%) 74 62/18 na na
z Free of reoperation 80 81/35 50 72
z Free of graft infection 95 93/89 89 90
z Patient survival 82 67/35 40 64

* Elkins et al. [14], Lund et al. [7], O’Brien et al. [18], Yankah et al. [10].
PA pulmonary autograft



z Freehand subcoronary aortic valve replacement

The survival rate of patients with subcoronary implantation was 45%, 33%,
and 23% at 15, 20, and 25 years. Freedom from SVD was 63.5% and 15%
at 17 and 25 years, respectively. Patients with undersized allograft and tai-
lored aortic root who underwent freehand AVR had 48% and 13% freedom
from reoperation at 10 and 15 years, respectively [7, 10].

Comments

Understanding of the use of pulmonary autografts and aortic and pulmo-
nary allografts, from the bench to clinical practice, is probably universal
for surgeons, especially those of the younger generation, homograft bank-
ers, and scientists.

The surgeon has the medical and ethical responsibility to use a pulmo-
nary autograft and aortic and pulmonary allograft valves to treat patient
with aortic and pulmonary valvular disease. What we have accepted as cri-
tically important to pulmonary autograft and allograft recipients is the im-
planting surgeon’s skill and scientific and clinical knowledge as well as
quality control, which determine the outcome of the patient.

Lerich put it simply and effectively: “The great problem of surgery is a
problem of knowledge.” Allan Callow in Boston complemented this by say-
ing that better science, which means better data, is making better medicine
possible. Proof of the durability of viable allografts came from the longer
follow-up series of Lund and O’Brien [18].

To provide perspective and to emphasize the state of the art, a brief re-
view of current clinical practice is warranted. It is now recognized that the
clinical results and durability of aortic and pulmonary allografts depend
not only on tissue viability, recipient and donor age, and immune response,
but also on valve sizing and the implantation technique.

A full root replacement is associated with a low incidence of valve dys-
function and of early reoperation. Aortic root tailoring or reduction annu-
loplasty of a large aortic annulus during freehand subcoronary aortic valve
replacement appears to carry a high risk of valve failure and early reopera-
tion. Patients with undersized allograft and tailored aortic root who under-
went freehand AVR had freedom from reoperation of 48% and 13% at 10
and 15 years, respectively [7, 10]. In the learning phase of autograft, allo-
graft root and freehand subcoronary aortic valve implantation, the rate of
reoperation for technical, nonstructural valve failure will obviously be rela-
tively high [7, 18]. The technical errors are associated with a geometric
mismatch between the anatomic units of the aortic root, resulting in para-
valvular leak, central leak, cusp rupture, leaflet prolapse or distortion,
commissural displacement or progressive aortic root dilatation (annuloec-
tasia, Marfan’s syndrome).
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Aortic annulus reinforcement with teflon or glutaraldehyde-fixed equine
pericardial strips after aortic root replacement was suggested by Ross and
others to prevent progressive annular dilatation of the pulmonary autograft
and in patients with annuloectasia undergoing allograft root replacement
[20, 21]. While others prefer the aortic root replacement technique for the
Ross operation, Sievers has demonstrated that the freehand subcoronary
implantation technique requires no aortic annulus reinforcement because
the implantation technique itself provides protection against postoperative
root dilatation and ensuing valve incompetence [11, 15]. It is, therefore, a
fact that the implantation techniques of the pulmonary autograft constitute
the technical artistry of the Ross operation.

The operative mortality rate of allograft patients with active infective en-
docarditis was estimated to be 4–14% compared to 5–12% for the Ross opera-
tion [10, 17]. Reoperative hospital death rate after replacement of reinfected
allografts in our series was 9.3% and is comparable to that of other reports
[17]. Recurrent endocarditis was the most common cause of death in allo-
graft patients. The incidence of early reinfection was 1–4% as compared to
0–3% in autograft patients [10, 11, 12, 17]. Actuarial freedom from reinfec-
tion in allograft patients at 10 and 15 years was 81–97% and 72%, respec-
tively [10, 17]. Survival at 10 and 15 years in endocarditis patients with allo-
grafts was found to be 82% and 70.4%, respectively [10, 17]. Survival of allo-
graft patients at 15 and 20 years was 64.8% and 58%, respectively, in our se-
ries. In other series, survival of allograft patients at 15, 20, and 25 years was
48%, 35%, and 26% [7]. There was a significant difference in survival among
patients with different allograft implantation techniques. Others reported
long-term survival of 71% for patients with root replacement at 15 years;
for patients with subcoronary implantation, it was 45%, 33%, and 23% at
15, 20, and 25 years, respectively [7, 10, 18]. Survival of autograft patients
with root technique at 16 years was 82%, while in children it was 84% [21].

In O’Brien’s follow-up of patients with allograft aortic valves, the esti-
mated freedom from reoperation for all causes was 76% and 50% at 15 and
20 years, respectively. Structural deterioration at 15 years was 47% in pa-
tients under 20 years of age and 81% in patients between 41 and 60 years
[18]. In other series, the actuarial freedom from allograft explantation at
15 years was 48% for undersized and 77% for matched valves [19]. Patients
aged 53 years who were undergoing allograft aortic root replacement have
shown freedom from reoperation for structural valve deterioration (SVD)
of 82.9% and 56% at 17 and 20 years, respectively, as compared to 82% for
autograft in patients aged 24 years at 16 years [7, 10, 21].

In conclusion, the pulmonary autograft in the aortic position (the Ross
operation) should be considered the valve of choice for surgical treatment
of active infective endocarditis in children and adolescents, although long-
term data are not yet available. Allograft replacement of the aortic valve
can be performed with good results but the risk of early degeneration lim-
its its use in children, except in rescue operations.
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Until today, no perfect valve substitute has been developed. Some essential
requirements for a perfect valve substitute are proposed in Table 1. Regard-
ing the aortic valve, the Ross procedure (pulmonary autograft operation) is
closer to this ideal than any other substitute in many ways. For this reason,
it was enthusiastically adopted by many surgeons after it became widely
known in the late 1980s and was technically simplified by Stelzer and
Elkins [27] (total root replacment, Fig. 1). In recent years, however, several
groups report high reoperation rates and a worrysome tendency for the de-
velopment of neoaortic regurgitation and/or ascending aortic aneurysms
[7, 10, 16, 18, 20, 29]. A recent systematic review concluded that “durability
limitations become apparent by the end of the first postoperative decade,
in particular in younger patients” [28], and it was asked whether the Ross
procedure is a “Trojan horse” [15]. As a result of these newer data, many
centers appear to have stopped performing the Ross procedure.

In Lübeck, we have retained the subcoronary implantation of the pulmo-
nary autograft, as originally described by Donald N. Ross in 1967 [22], and
have tried to refine this technique. These results have been extensively pub-
lished. For more detailed analyses, especially regarding the influence of
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Table 1. Proposed criteria of an ideal valve substitute

z Hemodynamic function as original valve; preserves interaction with surrounding structures
z Same macroscopic appearance and size as original valve
z Same histologic composition
z No antigenicity
z Viable
z Growth potential
z Non-thrombogenic
z Unrestricted quality of life (no audible valve sound; no need for medication;

no restrictions regarding lifestyle including pregnancy, career, sports, etc.)
z Easy to implant with reproducible results
z No structural degeneration, stable long-term results



technical issues, the German Ross registry (launched in 2002) [13] and the
German-Dutch Ross registry (launched in 2007) were initiated. In this
chapter, we review the experience gathered by the latter registry and give a
personal appreciation on the implications and future perspectives.
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Fig. 1. Schematic drawing of the Ross procedure. The diseased aortic valve is resected (1).
Then, the autologous pulmonary root including the valve is harvested from the right ventricular
outflow tract (RVOT) (2). The autologous pulmonary valve can be implanted into the aortic po-
sition using different techniques
z Full root replacement: this technique was popularized by Stelzer and Elkins and is the tech-
nique most often used worldwide. The autologous pulmonary root is implanted in the aortic
position (3). With this technique, reimplantation of the coronary arteries into the neoaortic root
is necessary, but the geometry of the pulmonary root can be easily preserved in its new posi-
tion
z Subcoronary implantation: this is the technique originally described by Ross and still pre-
ferred by the Luebeck group. The autologous pulmonary valve is implanted into the aortic root
in a subcoronary position (4)
z Cylinder inclusion technique: this technique combines features from the other two tech-
niques. It is technically the most demanding and is only rarely used (5)
z To complete the operation, the defect in the RVOT needs to be reconstructed, usually by im-
plantation of a pulmonary allograft root (6)



The German-Dutch Ross registry

Currently, 12 centers are participating in the registry (Table 2). For each
patient, 61 preoperative, 43 surgical, and 15 postoperative variables are col-
lected. The surgical technique is determined by the responsible surgeon at
each center. At each follow-up visit, another 63 variables are collected, in-
cluding detailed echocardiographic information. Details on the surgical
techniques have been published elsewhere [5, 25].

As shown in Fig. 2, the numbers of Ross procedures per year in the par-
ticipating centers appears to be stable. For this article, 1548 patients with a
mean follow-up of 6.3±4.0 years (min-max: 0.0–19.3 years; total follow-up
9707 patient-years) were analyzed. Patient characteristics are given in Table
3 and Fig. 3. Operative details are given in Table 4.

z J. F.M. Bechtel et al.76

Table 2. Centers participating in the German-Dutch Ross registry

z Department of Cardiac and Thoracic Vascular Surgery, University of Lübeck, Germany
(Registry Site) (JFMB, TH, US, MM, HHS)

z Sana Herzchirurgische Klinik, Stuttgart, Germany (WH, JOB, JGR)
z Department of Cardiothoracic Surgery, Erasmus University Medical Center, Rotterdam,

The Netherlands (AJJJCB, JJMT)
z Herzzentrum Bodensee, Konstanz, Germany (CAB)
z Department of Cardiovascular Surgery, German Heart Center, Munich, Germany (RL, JH)
z Department of Cardiovascular Surgery, Johann Wolfgang Goethe University, Frankfurt/Main,

Germany (AM)
z Department of Cardiothoracic Surgery, University of Cologne, Germany (TW)
z Department of Cardiovascular Surgery, Robert Bosch Hospital, Stuttgart, Germany (UFWF)
z Department of Cardiothoracic Surgery, Friedrich Schiller University, Jena, Germany

(MB, KFK)
z Department of Cardiac, Thoracic and Vascular Surgery, German Heart Center, Berlin

(RH, MH)
z Department of Thoracic, Cardiac, and Vascular Surgery, Eberhard Karls University Tübingen,

Germany (GZ)
z Department of Thoracic, Cardiac and Thoracic Vascular Surgery,

Justus Maximilians University, Wuerzburg, Germany (AWG)
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Fig. 2. The number of Ross procedures per year as performed by the centers grouped in the
German-Dutch Ross registry is shown. So far, no reduction in the number of procedures per-
formed is apparent. Data for 2008 are incomplete and not shown

Table 3. Patient characteristics a

z Male/female (n) 1166/382

z Age (years) 39±16 (min–max: 0–71)

z Valve lesion (n)
– stenosis 314 (20.3%)
– regurgitation 429 (27.7%)
– combined stenosis+regurgitation 759 (49.0%)
– unknown 46 (3.0%)

z Endocarditis (n)
– acute 65 (4.2%)
– healed 178 (11.5%)

z Valve morphology (n)
– bicuspid 935 (60.4%)
– tricuspid 409 (26.4%)
– other 120 (7.8%)
– unknown 84 (5.4%)

a Values are expressed as mean ± standard deviation, or numbers of patients



Results

The 30-day mortality was 1.4% (n=21). During the first 30 days, 104 pa-
tients needed surgical reexploration because of bleeding or pericardial effu-
sion (6.7%) and 11 patients received a permanent pacemaker (0.7%). In
addition, there were 12 cerebrovascular events (permanent, n=7; transient,
n=5; overall 0.8%).

During follow-up, another 24 cerebrovascular events were observed (per-
manent, n=10; transient, n=14), resulting in a linearized rate of occur-
rence of 0.37%/patient-year including the perioperative period (0.27%/pa-
tient-year excluding the first 30 postoperative days).
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Fig. 3. The distribution of age at the time of the Ross procedure is shown by decades. Mean
age was 39±16 years, but the largest group of patients are those in their sixth decade of life

Table 4. Operative details

z Technique (n)

– subcoronary (or root inclusion) 704 (45.5%)
– root replacement 844 (54.5%)

– with annular or STJ reinforcement 443 (52.5% and 28.6%, respectively)

z Cross-clamp duration (min)

– subcoronary 166±38
– root replacement 131±27 a

z ECC duration (min)

– subcoronary 207±39
– root replacement 172±46 a

a p<0.01; STJ sinotubular junction, ECC extracorporeal circulation
Values are expressed as mean±standard deviation, or numbers of patients



At the latest follow-up, a remarkable clinical improvement – as com-
pared to preoperatively – is apparent in almost all patients (Fig. 4). The
autograft (neoaortic valve) showed very good hemodynamic performance
in systole (mean pressure gradient: 3.8±3.2 mmHg, Fig. 5). In diastole,
trivial or mild autograft regurgitation is often found, but significant auto-
graft regurgitation is rare (Fig. 6).

We observed a steep increase of the transvalvular pressure gradient
across the allograft (neopulmonary valve) during the first 1–2 years; there-
after, the results appear to be stable. At latest follow-up, the mean gradient
was 8.6±5.8 mmHg (Fig. 7), and trace or trivial regurgitation is a common
finding (Fig. 8).
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Fig. 4. Physical symptoms according to NYHA classification are shown 1) before the Ross proce-
dure (solid red box), and 2) at the time of latest follow-up (6±4 years postoperatively; pink
box). A remarkable clinical improvement is apparent. NYHA New York Heart Association
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Fig. 5. The mean pressure gradient across the autograft at the time of latest follow-up is
shown. Data are given in three intervals on the x-axis and as percentage on the y-axis. Overall,
the mean pressure gradient was 3.8±3.2 mmHg



During follow-up, 135 patients were reoperated on either the auto- or al-
lograft (linearized rate: 1.39%/patient-year; 12 patients needed reoperation
on both valves). The reasons for reoperation are given in Table 5. When
stratified according to the surgical technique, it became apparent that –
during the period of observation – the reoperation rate was significantly
higher for the root replacement technique without annular and/or reinfor-
cement than for the subcoronary technique or for root replacement with
annular and/or reinforcement (Fig. 9).
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Fig. 7. The mean pressure gradient across the allograft at the time of latest follow-up
is shown. Data are given in five intervals on the x-axis and as percentage of patients on the
y-axis. Overall, the mean pressure gradient was 8.6±5.8 mmHg



Discussion

The German-Dutch Ross registry demonstrates that the reoperation rates
in the first postoperative decade are acceptably low. By the end of the first
decade, however, the reoperation rate begins to rise, but mainly in patients
who had full root implantation of the autograft without annular or STJ re-
inforcement. This finding suggests that technical details of the implantation
play a major role for the fate of the allograft. It should be noted that those
centers that report high reoperation rates predominantly used the full root
technique, usually without any reinforcement [7, 10, 16, 18, 20, 29]. Taken
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Table 5. Reasons for reoperation a

z Autograft failure (n) 77 (0.79%/patient-year)
– endocarditis 11 (14%)
– regurgitation 66 (86%)

– structural valve disease 22 (33% and 29%, respectively)
– nonstructural valve disease 44 (67% and 57%, respectively)

z Allograft failure (n) 58 (0.58%/patient-year)
– endocarditis 12 (21%)
– stenosis 33 (57%)
– regurgitation 7 (12%)
– combined lesion 4 (7%)
– other 2 (3%)

a 12 patients were reoperated on the auto- as well as on the allograft



together, it can therefore be speculated that reoperations for autograft fail-
ure may – to some extent – be preventable. Several techniques for annular
or STJ reinforcement have been described [5, 8].

It must be stressed that the mean follow-up in the registry is still rather
short (6±4 years). Therefore, all projections beyond the first postoperative
decade are somewhat crude. The long-term results (mean follow-up: 20
years) of the original series of D.N. Ross himself are reported to be excel-
lent, but there was no regular follow-up visit with echocardiography in all
patients, the number of patients was not very high (n=131), some basic
data were missing, and the completeness of follow-up was <95% [9].
Therefore, neither the experience reported herein nor the results of the
original series should be considered proof that the pulmonary autograft
can withstand aortic hemodynamics indefinitely, and patients should be in-
formed that the “true long-term” results are still unknown.

The reasons for failure of the RVOT reconstruction are poorly under-
stood. Since the RVOT is usually reconstructed using allograft valves,
which were found to provoke a specific humoral and cellular immunologic
response [14, 26], it is tempting to hypothesize that some kind of rejection
may cause allograft failure. So far, however, clinical studies on this topic
are inconclusive [1–3, 11, 12, 21, 24, 31], and clinical important pulmonary
allograft failure is rare during the period of observation in adults under-
going the Ross procedure. Younger age was repeatedly shown to be asso-
ciated with higher allograft failure rates, but the reason for this is unclear.
An alternative explanation for allograft failure is that the methods used for
sterilization and/or preservation can lead to a detrimental reaction [6, 17,
19, 30].
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A limitation of the Registry is that only those patients who eventually
received a Ross procedure are captured. Patients undergoing a Ross proce-
dure are a highly selected group, and not all patients with aortic valve dis-
ease are candidates for the Ross procedure. Generally accepted contraindi-
cations are anatomic or structural defects of the pulmonary valve, connec-
tive tissue disorders (e.g., Marfan syndrome), severe calcification or unusu-
al location of the coronary ostiae, chronic inflammatory disease (e.g., lupus
erythematosus, juvenile rheumatoid arthritis) and severely reduced left
ventricular function or any other disease that interferes with the possibility
to recover from a long operation. In our experience, uncontrolled or poorly
controlled hypertension should also be considered a contraindication. The
Ross procedure is usually advocated to be of special interest to young pa-
tients. However, in the German-Dutch Ross registry many patients are >50
years at the time of operation. Some lines of evidence suggest that the re-
sults are even better than in younger patients [4, 23], and the “true long-
term” results may not be as important in this group of patients. We there-
fore consider the Ross procedure a valuable option in this group of pa-
tients.

Conclusions

In experienced hands, the Ross procedure has a low perioperative risk and
is an attractive alternative to conventional valve substitutes because of ex-
cellent hemodynamics and the low incidence of extracardiac complications
(low thromboembolic risk; virtually no bleeding). Thus, the Ross proce-
dure offers an unrestricted lifestyle and appears to be especially suited for
very active patients and women who want to become pregnant.

There is a risk of reoperation on the auto- and allograft, and patients
need to be informed that the long-term results (mainly second and third
decade) are still unknown. However, the experience gathered in the Ger-
man-Dutch Ross registry suggests that the probability of reoperation on
the autograft is dependent on the surgical technique used. This means that
reoperations for autograft failure may – to some extent – be preventable.
The reasons for allograft failure are poorly understood, but are likely to be
related to some kind of interaction between graft and host. More research
on the reasons for allograft failure is needed.
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The bicuspid aortic valve (BAV) is the most common congenital cardiac
malformation. Despite being a seemingly simple and harmless anatomic
variation, BAV is said to cause more morbidity than any other congenital
cardiac defect [52]. BAV may lead to aortic valve stenosis (AS) or regurgi-
tation (AR), endocarditis, an ascending aortic aneurysm, and/or devastat-
ing dissection or rupture. Although these potential consequences of BAV
were first described long ago [19, 35, 36], only recently have clinicians be-
come fully aware that the presence of a BAV poses a serious health risk.
However, the so-called bicuspid aortic valve syndrome [14] is extremely
heterogeneous with some patients having rapidly progressive valve and/or
aortic disease, while some individuals with BAV remain free of complica-
tions throughout their lifetime. In this article, we review current concepts
regarding etiology, pathomechanisms, diagnosis, and treatment of BAV
with special emphasis on topics relevant for cardiac surgeons.

Etiology

Despite intensive research during recent years, the etiology and mecha-
nisms leading to congenital BAV remain largely unknown. The process of
valvulogenesis is complex and begins early during development of the
heart [25]. Endothelial-mesenchymal transformation of the endocardium
leads to development of endocardial cushions in the outflow tract and in
the atrioventricular canal. All four valves are formed from elongations of
the endocardial cushions, but cells from the neural crest appear to contrib-
ute to the development of the semilunar valves [22–24]. Experiments in
Syrian hamsters indicate that a BAV does not result from fusion of two
normally developed cusps, but from failure of the anlagen of the three
cusps to separate [42]. Thus, involvement of genes and molecular mecha-
nisms responsible for separation and further differentiation of the valve
cushions in the etiology of BAV appears likely – and this may include genes
encoding transcription factors, extracellular matrix proteins or signaling
pathways that regulate cell proliferation, apoptosis, or differentiation. As
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such, the Notch signaling pathway, which is extremely conserved evolutio-
narily and contributes to the differentiation of various organs, has come
into the focus of research. Several mutations in the NOTCH1 gene have
been described in association with BAV [18, 28], but other chromosomal
loci and genes have also been linked to BAV [12, 26, 29]. Thus, BAV syn-
drome appears to be heterogeneous not only with regard to the clinical
phenotype, but also with respect to molecular and cellular events. It is
tempting to hypothesize that BAV syndrome is the final common pathway
for a variety of genetic defects. This would also serve as an explanation for
associated cardiac and vascular malformations (displaced left coronary os-
tium, short left main artery; malalignment and dilatation of the noncoron-
ary sinus; ventricular septal defect; ascending aortic aneurysm; coarctation
of the aorta or aortic interruption; patent ductus arteriosus) which are of-
ten, but not always found.

Prevalence

The prevalence of BAV is usually given as 1–2%. This estimation is mainly
based on older autopsy series [37], whereas most [20, 30, 33, 50], but not
all [49] more recent echocardiographic studies suggest a prevalence of 0.5–
1.0%. However, although three of these studies examined echocardiograms
from more than 20000 individuals, none of the studies was population-
based. Men are usually found to be more frequently affected than women,
but this is not consistent in all studies [21, 38].

While most cases of BAV appear to be sporadic, there is strong evidence
of heritability in some families [7, 21]. These findings are often interpreted
to show autosomal dominant inheritance with reduced penetrance [15, 17].
Screening of first-degree relatives of patients seems advisable – and is
mandatory in relatives of patients who suffered aortic complications.

Diagnosis

Today, the diagnosis of BAV can usually be made with high reliability using
echocardiography. It is essential to study the valve in both systole and dia-
stole, as a tall raphe may be mistaken for a commissure. The systolic ap-
pearance is less deceptive as a BAV will show a characteristic abnormal
fishmouth opening. However, in heavily calcified valves – either bicuspid
or tricuspid – the echocardiographic appearance will be so abnormal that
the number of cusps cannot be determined.
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The valve configuration is ultimately ascertained in the operating room
(or during autopsy). Even then, distinguishing a congenital BAV from a tri-
cuspid aortic valve with acquired fusion of two cusps may be very difficult
in some cases, but can usually be achieved using the criteria outlined in
Table 1.

Classification

Given the large spectrum of how a BAV can appear, a classification system
is needed. A universally accepted classification system would help make
comparisons between reports possible. In addition, there is some evidence
that the exact valvular configuration might be of relevance with regard to
the degree of associated aortic disease [40], the chances for aortic valve re-
construction, or for doing a Ross procedure.

Several classification systems have been described in the literature but
have not been widely adopted and did not allow concise, easily applicable
classification and coding. We have recently proposed a classification system
that takes into account morphology, spatial position, and valvular function.
It allows description of valves that are commonly called unicuspid, mono-
cuspid, or unicommissural, and it can be extended to tricuspid or quadri-
cuspid valves [48] (Fig. 1).

The classification system distinguishes three categories, the most impor-
tant category being the number of raphes (0 to 2). This main category is
called “type” and is complemented with two subcategories: the first repre-
senting the spatial position of the raphes (or the orientation of the free
edge of the cusps in type 0, respectively) and the second subcategory re-
presenting the functional status of the valve (no dysfunction, AS, AR, or a
combination of both). Thus, the classification may be coded into three
blocks – type, spatial position, function. More subcategories may be added
(e.g., presence or absence of ascending aneurysm), if needed.
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Table 1. Criteria of congenital BAV for discrimination from acquired bicuspid valves (postnatally
fused tricuspid valve)

z One or two of the commissures are more or less malformed and obliterated, giving rise to
a raphe; this malformation may be identified by the fact that
– from the aorta, the highest point of the parallel attachments of two adjacent cusps is

lower than at the other commissures
– from the left ventricle, the commissural area presents as a indentation, not a space

z The free edge of the conjoint cusps is slightly larger than that of the opposite cusp
z The circumferential distances between the three commissures are not equal



Using this classification system, we found among 304 BAVs that type I
(a BAV with one raphe, Fig. 2) is by far the most common configuration
(88%), that the raphe was usually between the left and the right coronary
sinus (L-R; 80% of type I BAVs), and that stenotic valves prevailed (55% of
type I L-R). Type 2 (a BAV with 2 raphes, 5% of the sample examined;
Fig. 3) was associated with a significantly higher proportion of ascending
aortic aneurysms (p=0.022; Fig. 4).
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Fig. 1. Proposed classification system for bicuspid aortic valves (BAV). Schematic presentation
as viewed from the surgeon’s position with the left coronary sinus on the left side. The main
category (type) and the first subcategory (spatial position) and their possible shapes are shown.
Bold line in schematic drawings represents a raphe, which is the nonseparated or conjoint seg-
ment of two underdeveloped cusps extending into the commissural area. Type 0 stands for a
BAV with no raphe; Type 1 for BAV with one raphe; Type 2 for BAV with two raphes. The sec-
ond subcategory is not depicted: BAV may have either no dysfunction (no), or may show steno-
sis (S), insufficiency (I), or both (B). Missing information is coded as “X ”.
ap anterior-posterior, lat lateral, L left coronary sinus, R right coronary sinus, N noncoronary sinus
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Fig. 2. Intraoperative picture of a bicuspid aortic valve type 1, L/R, I (see text and Fig. 1 for ex-
planation). One raphe (large arrow) and two normal commissures (small arrows) are evident.
Reprinted from [48]; with permission from the American Association for Thoracic Surgery

Fig. 3. Intraoperative picture of a bicuspid aortic valve type 2, L/R-R/N, S (see text and Fig. 1
for explanation). Two raphes (arrows) are evident, with developmental anlagen of three cusps
with a high degree of stenosis. Reprinted from [48]; with permission from the American Asso-
ciation for Thoracic Surgery



Complications and treatment

It is estimated that at least one third of all individuals with BAV will suffer
some kind of complication from it [52]. A recent study in 212 asympto-
matic individuals with BAV found that about 42% will have had any cardi-
ovascular event 20 years after diagnosis, and 27% will have had any cardio-
vascular surgery [27]. Another recent study on 642 adults with BAV, which
had a shorter follow-up, found comparable rates [51]. In both studies,
using contemporary strategies for surveillance and surgical techniques, the
overall survival of the groups was excellent.

Valve-related complications must be distinguished from aortic complica-
tions, but both may occur in the same patient, either at the same time or
successively.

z Valve-related complications

In surgical series on the treatment of aortic valve lesions, in 50% or more
of the cases BAV appears to be the underlying pathology. This is by far
more common than its prevalence in the population and highlights the re-
levance of BAV. The most common fate of BAV seems to be development of
stenosis [38, 41], and patients with stenotic BAV are about a decade young-
er than patients with stenotic tricuspid aortic valves. This is not a big sur-
prise as it had been shown that all BAV are inherently stenotic from birth
and subjected to highly abnormal stress during systole and diastole [39].

Aortic regurgitation (AR) is found in approximately 15% of patients
with BAV [41]. AR may result from prolapse of the conjoined cusp, from
fibrotic retraction, from cusp damage due to endocarditis, or from dilata-
tion of the sinotubular junction or of the aortic root (or parts from it). Pa-
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tients with BAV and AR are usually considerably younger than patients
with AS and may reflect a subset of patients especially prone to aortic
complications [17].

The frequency of endocarditis is reported to be alarmingly high in BAV
patients (10–30% [17]), but more recent studies found lower numbers [27,
51]. Endocarditis prophylaxis is no longer routinely recommended in pa-
tients with BAV [32]. Taken together, it is believed that all BAV will even-
tually fail in some way if the patient lives long enough [17].

Aortic valve surgery in patients with a stenotic or regurgitant BAV is in-
dicated if the usual criteria are fulfilled [3]. However, when to operate on
the aortic valve if aortic surgery is indicated, is controversially discussed
[17].

A significantly stenotic or regurgitant BAV will usually be replaced using
standard techniques. An ongoing debate relates to the question whether a
Ross procedure can be performed in patients with BAV arguing that the
pulmonary root has the same embryologic origin as the aortic root and is
prone to dilatation [8, 9]. In our experience, the presence of BAV is not a
contraindication to the Ross procedure [44, 47].

Another controversy involves the value of reconstructive aortic valve
surgery which has gained more and more interest in recent years. Several
techniques have been described for repair of regurgitant BAV in the ab-
sence or in presence of aortic aneurysms (Table 2, Figs. 5 and 6). We [13,
45] as well as others [4, 43] have reported good short- and mid-term re-
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Table 2. Techniques for aortic valve repair *

z Exact identification of the lesion responsible for valve dysfunction (usually regurgitation);
the lesion may be at the level of the sinotubular junction (STJ), on the cusps, at the an-
nular level, or a combination of the three

z Repair of the lesion
� on the STJ level

– replacement with prosthesis
– plication

� on the cusp level
– cusp plication
– resection of raphe
– partial replacement with pericardium
– patch closure of defects
– cusp debridement/shaving
– reinforcement of free margin with GoreTex suture
– subcommisural annuloplasty

� on the annular level
– valve sparing aortic root replacement (David/Yacoub techniques)
– annuloplasty

* Combinations of techniques may be necessary. This list of techniques does not claim to be
complete
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Fig. 5. Schematic drawing of cusp plication. On the left, there is regurgitation (arrow) because
of prolapse of the larger, conjoined cusp along the raphe. On the right, the prolapse has been
repaired by cusp plication at the raphe

Fig. 6. Repair of a bicuspid aortic valve: reattachment of commissure. Intraoperative view of a
type 0 (no raphe) bicuspid aortic valve. First subcategory: lateral; second subcategory: insuffi-
ciency. The valve had been regurgitant because of partial detachment of one commissure. As
can be seen, this detachment has been repaired by reattachment of the commissure to the
aortic wall. Sutures were passed through a small strip of PTFE



sults using these repair techniques (Fig. 7). Repair of regurgitant valves is
increasingly used in our department. However, the long-term stability of
these techniques remains unknown.

z Aortic complications

The literature about the association of BAV and ascending aortic disease
fills a complete library and mainly centers around the question whether
there is an intrinsic aortic disease or whether the aortic pathology is
caused by abnormal flow [39]. A detailed review of this discussion is
beyond the scope of this article, but today most authorities believe that
there is an intrinsic aortic disease in (most) patients with BAV [15, 17].
Although not necessarily evident on standard histopathologic examination
[2], a closer look frequently detects aortic wall abnormalities [1, 16, 31].
Such abnormalities appear to vary with location (convexity vs. concavity)
[5, 6, 11]; whether these asymmetries are related to flow patterns and as
such are related to the morphology of the valve remains speculative.

Mid-ascending dilatation is found more often than root aneurysms [10,
48]. Impaired wall elasticity appears to be fundamental in aneurysm for-
mation, and there is some evidence that ascending aortic elasticity can be
measured noninvasively [34]. This might prove to be of great help in deter-
mining whether aortic replacement surgery is indicated. Generally, replace-
ment of the ascending aorta is advised if the diameter exceeds 4.5–5.0 cm
[15, 17], but more individualized recommendations appear possible [46].
The value of reduction ascending aortoplasty (instead of aortic replace-
ment) has only been poorly studied so far.
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Summary and outlook

The bicuspid aortic valve (BAV) is the most common congenital cardiac
malformation. Most cases appear to be sporadic, but BAV can be inherited.
The genetics of BAV are studied intensively, and some progress has been
made. The phenotype of BAV varies widely, and the presence of BAV will
probably be found to be the final pathway of several genetic defects.

BAV is of special interest to the cardiac surgeon because it frequently
causes valvular and/or aortic complications. While eventual dysfunction of
a malformed valve is not unexpected, the association of BAV and aortic
disease is less self-evident. More research is needed to better understand
this association and the underlying mechanisms.

At the moment, treatment of BAV and its complications is entirely surgi-
cal. With improving understanding of aortic valve function and refined
surgical materials and techniques, reconstructive surgery in patients with
regurgitant BAVs has become an attractive option. However, once the
mechanisms that promote aortic dilatation and dissection in patients with
BAV are better understood, conservative treatment might become possible
and delay the need for aortic surgery – or even render it unnecessary.
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Introduction

Pure aortic insufficiency (AI) represents 9.5% of the surgical indications of
valve surgery in western countries [53, 92]. Dilation of the aortic root and/
or cusp prolapse are the most common causes of AI, characterized by pli-
able cusps that are macroscopically close to normal [29, 70]. Until recently,
valve replacement was the only surgical option for AI. However, none of
the current valve substitutes are ideal options, since mechanical valves re-
quire life-long anticoagulation and bioprosthetic valves present the risk of
reoperation. Inspired by mitral experience, reconstructive methods have
been developed to treat AI, based on sparing or repairing the native aortic
valve, while replacing or stabilizing the other components of the aortic root
[17, 24, 116]. Recent progresses in aortic valve-sparing techniques mirrors
the evolving understanding of the functional anatomy of the aortic root
complex which includes the cusps, the crown-shaped aortic annulus, the
interleaflet triangles, and the sinuses of Valsalva [72, 77]. All “share a dy-
namic coordinated behaviour, which can be partially or completely restored
in various repair or replacement procedures of the aortic root” [77].
Although mid-term results are encouraging, heterogeneousness of current
valve-sparing techniques limits the widespread adoption of these proce-
dures and reinforces the need for standardization and rigourous evalua-
tion.

Anatomy of the aortic root

z Descriptive anatomy

The ascending aorta may be defined as the ensemble of two distinct enti-
ties, separated by the sinotubular junction (STJ):

From dynamic anatomy
to conservative aortic valve surgery:
the tale of the ring
E. Lansac, I. Di Centa



z the aortic root, initial portion of the aorta that includes the aortic valve
with its crown-shaped annulus, interleaflet triangles, and sinuses of Val-
salva, and

z the supracoronary aorta extending above the STJ up to the brachioce-
phalic trunk (Fig. 1) [6, 72, 94, 103].

The sinuses of Valsalva are the expanded portions of the aortic root con-
fined proximally by the concave attachments of each cusp and named ac-
cordingly (right, left, and noncoronary). The aortic annulus is not planar
since it is formed by the semilunar insertion of the cusps that extend from
their basal attachments within the left ventricle (aortic annular base) to
their distal attachments at the STJ, forming the commissures. This three-di-
mensional structure of the aortic annulus may be rationalized into two
functional diameters of the aortic root, ensuring proper valve function,
namely the aortic annular base and the STJ [70, 103]. Echographic mea-
surement of the aortic annulus corresponds to the aortic annular base di-
ameter.
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a

d

b c

Fig. 1. Anatomy of the aortic root: a ascending aorta is separated by the sinotubular junction
(STJ) into the supracoronary aorta and aortic root; b detailed components of the aortic root;
c crown-shaped aortic annulus as a three-dimensional structure; d right: aortic root opened at
commissural level between the right and left coronary sinuses, left: cusps resected, revealing
their semilunar attachments. Reprinted from E. Lansac (2008) Chapter 10: Aortic aneurysms,
new insight into an old problem. Ed. Universitaire de Liège, pp 199–233



z The aortic valve apparatus: a dynamic structure

Although the relationship between the sinuses of Valsalva and the aortic
valve were intuitively illustrated by Leonardo da Vinci, the aortic valve has
been regarded for a long time as a passive, trileaflet structure whose cusps
open and close according to pressure differences between the left ventricle
and aorta [94]. Several authors have questioned this simplistic view by
showing that the expansion of the aortic root actively participates in aortic
valve opening and precisely describe the three-dimensional deformational
dynamics of the aortic root as a function of the different phases of the car-
diac cycle [14, 21, 74, 94, 110, 111]. In an experimental study on sheep,
aortic root volume increases by a total of 33.7 ±2.7% with maximal
changes occurring at the commissural level during systole in order to max-
imize ventricular ejection [72]. The aortic root is the junction between the
left ventricle (LV) and the systemic circulation. The thin cusps separate
two compartments with different hemodynamic systems. The first, the LV
compartment, is situated below the cusps and includes the sigmoid-shaped
cusp attachment line, the interleaflet triangles, and the commissures. These
structures are related to the LV hemodynamics. The second, aortic com-
partment, is situated above the cusps and includes the sinuses of Valsalva,
the STJ, and ascending aorta, and is related to aortic and coronary flow dy-
namics [72, 103].

Expansion of the aortic root starts during isovolumic contraction, initi-
ating at the base and commissures, followed by the STJ, and then the as-
cending aorta reaching its maximum expansion during the first third of
ejection (Fig. 2 a, b). Therefore, significant aortic root expansion (37.7 ±
2.7% of volume increase) occurs prior to ejection and initiates aortic cusp
separation under minimal leaflet stresses. The preejectional expansion of
the aortic root is due to commissural and annular base expansion resulting
from volume redistribution in the LV outflow tract via the interleaflets tri-
angles [21, 95].

Furthermore, aortic root expansion is asymmetric and induces a dy-
namic tilting of the aortic valve throughout the cardiac cycle. In systole,
the LV outflow tract is aligned with the ascending aorta in order to maxi-
mize ejection. As soon as the valve starts to close, this angle tilts back and
behaves as a shock absorber, to reduce stresses on the cusps [73] (Fig. 2 c, d).

The shape of the aortic valve orifice remains speculative. Thubrikar et
al., followed by Higashidate et al., described it as being initially stellate,
then triangular, and finally circular at its maximum opening [51, 109–111].
Three-dimensional sonomicrometry with a high data sampling rate (200 to
800 Hz) showed that the shape of the aortic valve orifice progressed from
initially stellate to triangular, then circular, and finally clover shaped at
maximum opening [74] (Fig. 3). At that time, the cusps’ free edge area ex-
ceeded the commissural area by +16.3 ±2.0%. This behavior of the valve
cusps might explain cases of early cusp deterioration following reimplanta-
tion of the aortic valve within a tubular conduit without sinuses of Valsalva

z E. Lansac, I. Di Centa104



From dynamic anatomy to conservative aortic valve surgery: the tale of the ring z 105

a

c d

b

Fig. 2. Changes at each level of the aortic root time related to left ventricular and ascending
aorta pressures in one sheep, a during three cardiac cycles and b detail of one cardiac cycle.
c Dynamic changes of tilt angle of the aortic root time related to left ventricular and aortic
pressures. d Diagram of the tilt angle between the basal and commissural planes of the aortic
root at end-diastole. Ao aortic pressure, LV left ventricular pressure, SoV sinuses of Valsalva,
B annular base, STJ sinotubular, C commissures, AA ascending aorta, L leaflet. Reprinted from E.
Lansac (2008) Chapter 10: Aortic aneurysms, new insight into an old problem. Ed. Universitaire
de Liège, pp 199–233

a b c
Relative Cross Sectional Area

at Maximum Aortic Expansion

Fig. 3. Shape of the aortic valve orifice and vortices: a clover-shaped aortic annular base and vor-
tices drawn by Leonardo da Vinci, b cross-sectional area diagram of the aortic root at maximum
expansion during ejection (sonomicrometry) showing the clover-shaped orifice of the aortic valve.
c Normal aortic ejectional flux imaged with MRI, in late systole, showing vortices in the sinuses of
Valsalva. C commissures, STJ sinotubular junction, L leaflets, SoV sinus of Valsalva, B base, AA as-
cending aorta. Fig. 3 c reprinted with permission from [63]; © American Heart Association

b



[41, 77]. Cusp displacement beyond the commissural level would result in
cusp impact against the wall of the cylindrical prosthetic conduit. Indeed
the bulging shape of the sinuses of Valsalva prevents contact between the
cusps and aortic wall. They induce formation of vortices that initiate valve
closure during ejection, thus, avoiding valve regurgitation [11, 63, 93].

z Echocardiographic anatomy of the normal aortic root

Analysis of aortic root anatomy and function relies on the study of the fol-
lowing parameters: root diameters (aortic annular base, sinuses of Valsalva,
STJ, and supracoronary aorta), valve coaptation, and aortic root motion
[96].

Recent echocardiographic studies show the STJ to be larger than the
aortic annular base with a STJ/aortic annular base ratio of 1.2 (Table 1) [9,
57, 64, 67, 79, 86, 96, 106, 113].

Correlations between aortic root diameter and body surface area for the
adult population remain controversial, ranging from 1 to 92% (mean 44%)
for the aortic annular base and from 32 to 44% (mean 39%) for the STJ
[16, 66, 113–115]. Therefore, in surgical practice for the average adult pop-
ulation, it seems reliable and simpler to consider absolute values and to de-
fine an aortic annular base diameter larger than 25 mm and a STJ diameter
larger than 30 mm as dilated.

Although aortic root expansion is well documented in experimental
studies, few data are available on humans. Analysis of 183 normal echogra-
phies showed an aortic root expansion of 6.2% (2.5–9.6%) and of 5.7%
(2.8–9.8%) at the aortic annular base and the STJ levels, respectively [28,
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Table 1. Echographic analysis of normal and dystrophic aortic root diameters

Normal aortic root Dystrophy of the aortic root
[9, 57, 64, 67, 79,
86, 96, 106, 113] Aortic root aneurysms

[3, 30, 33, 61, 70, 92,
101]

Isolated aortic
insufficiency
[70, 84, 98]

Total n=665 Total n=700 Total n=595

z Aortic annular base
diameter (mm)

22.6 (20.5–24.5) 26.4 (25–27.5) 27.3 (27–28)

z STJ diameter (mm) 27.4 (24.7–29.5) 45.3 (39.5–52.4) 31 (28–35)

z Ratio STJ/aortic
annular base

1.2 1.7 1.1

n number of patients, STJ sinotubular junction, values in parentheses denote ranges



61, 77, 79, 80, 94, 113]. However the measurement precision of a two-di-
mensional echocardiography or CT scan is on the order of 1–2 mm, which
limits detection of differences between systole and diastole.

z Anatomy of dystrophic aortic roots

Dystrophic aortic root (bicuspid or tricuspid valve) includes two pheno-
types depending on the dilation of the sinuses of Valsalva:
z aortic root aneurysms (sinus of Valsalva >45 mm);
z isolated AI (sinus of Valsalva <40 mm)±supracoronary aneurysms.

In all cases, at least one of the two functional diameters of the aortic root
is dilated (STJ or aortic annular base) (Table 1) [3, 30, 33, 61, 70, 84, 92,
98, 101]. Therefore, dystrophy of the aortic root can be described as a “di-
ameter disease” leading to inadequate coaptation of the aortic cusps. Cusp
prolapse is often associated with root aneurysms and is the most common
cause of isolated dystrophic AI.

Surgical treatment for aortic root aneurysm

Surgical indications for aortic root aneurysms are based on maximum aor-
tic diameter (Table 2) [5, 108]. Two different surgical approaches are avail-
able, either
z radical, replacing the aortic valve and root, or
z conservative, replacing the aortic root while sparing or repairing the

aortic valve.

z Composite valve and graft replacement

Composite valve and graft replacement was first described by De Bono and
Bentall in 1968 [12]. Although defined as the gold standard, its benefits
have to be weighed against the risks of life-long anticoagulation. Indeed,
the majority of patients with aortic root aneurysms are young, and
although the risks of thromboembolism and bleeding in the presence of
mechanical valves are low, their long life expectancy will increase the cu-
mulative risk of valve-related morbidity and impact significantly the 10
years survival (Table 3) [7, 31, 38, 45, 46, 58, 84, 85, 90, 102].
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z Aortic valve-sparing procedures

Owing to the improved understanding of aortic valve dynamics, conserva-
tive aortic valve surgery was developed based on reduction of the dilated
aortic root diameter (± cusp lesion), while preserving root dynamics with
vortices (neosinuses of Valsalva) and expansibility (interleaflet triangles)
[29, 70].

Two types of aortic valve-sparing operations were originally performed
to treat root aneurysms: “remodeling” of the aortic root and “reimplanta-
tion” of the aortic valve. By reducing the sinotubular junction diameter
and creating three neosinuses of Valsava with a scalloped Dacron tube graft
sutured in the supravalvular position, the remodeling technique provides a
physiological reconstruction of the root, but it does not address annular
base dilation [116, 117]. Alternatively, reimplantation as an inclusion tech-
nique of the aortic valve within a cylindrical tube implanted in the sub-
valvular position reduces both the annulus and the sinotubular junction di-
ameters to the detriment of root dynamics [22–27].

Results of main series of aortic valve sparing

These techniques spare the patient from anticoagulation and prosthetic
valve morbidity with a 10-year survival rate ranging from 80.4 to 92%
(mean 88.2%) (Table 4) [3, 22, 25, 30, 35, 36, 56, 59, 69, 87, 100, 117]. In
both techniques with proper patient selection, the results up to 10 years
are equally excellent (Tables 4 and 5). However, in earlier series of the re-

z E. Lansac, I. Di Centa108

Table 2. Surgical indications for aortic root aneurysms American College of Cardiology/American
Heart Association (ACC/AHA) and European Society of Cardiology (ESC) guidelines [5, 108]

z ACC-AHA 2006 [5]
– Symptomatic aneurysms (Class IA)
– ∅ ≥50 mm irrespective of AI grade (Class IC)
– Aortic root increase in diameter ≥0.5 cm/year
– ∅ ≥45 mm and AS or AI on a bicuspid valve (Class IC)
– ∅ ≥45 mm in Marfan women desiring pregnancy

z ESC 2007 [108]
– Symptomatic aneurysms (Class IA)
– ∅ ≥55 mm irrespective of AI grade (Class IIaC)
– ∅ ≥45 mm in case of Marfan, aortic root increase in diameter ≥0.5 cm/year

or familial history of aortic dissection (Class IC)
– ∅ ≥50 mm in case of bicuspid valve when aortic root increase

in diameter ≥0.5 cm/year or familial history of aortic dissection (Class IIaC)
– ∅ ≥40 mm in Marfan women desiring pregnancy (Class IC)

∅ diameter, AI aortic insufficiency, AS aortic stenosis



modeling technique, the reoperation rate was higher after type A aortic
dissection and in patients with Marfan syndrome [68, 76, 78]. In the unse-
lected population of the original remodeling series, up to 30% of patients
presented recurrence of AI grade II or III [69, 78, 117]. The only risk factor
for failure was a dilated native aortic annulus (diameter ≥25 mm) [47a,
69, 78]. Based on larger series, Schafers et al. recommend choosing the re-
modeling technique whenever the sinuses and STJ are enlarged and aorto-
ventricular junction preserved in order to obtain more physiologic root dy-
namics; a larger diameter should be treated with the reimplantation proce-
dure to secure the aortic root at the aortoventricular junction [3, 100].

Aortic root and valve dynamics after remodeling or reimplantation

z In vitro studies. All studies show that the remodeling technique exhibits
valve dynamics closest to those of the native aortic root. The recreation of
the sinuses of Valsalva preserves vortex formation, as well as cusp opening
and closing dynamics, thus, reducing cusp stress which theoretically im-
proves their durability. The valve shows asymmetric motion after reimplan-
tation. The cusp bending deformation index is increased with the reim-
plantation techniques and sinus prosthesis compared with the control and
remodeling groups [36, 40, 44, 91].

z In vivo studies. Leyh and colleagues clearly demonstrated that distensibil-
ity of the aortic root and a proper valve motion were better preserved after
the remodeling than after the reimplantation technique [77]. They showed
that reimplantation with a straight tube abolished root distensibility at all
levels; the cusps took longer for closing, and systolic contact of at least one
cusp against the tube graft was constantly found. Reconstruction of the si-
nuses may assure a sufficient gap to avoid any such contact between the
open cusp and the Dacron wall, which is known to be responsible for cusp
thickening and accelerated degeneration [8, 28, 79]. The presence of vortices
inside the neosinuses of Valsalva preserves the slow closing displacement of
the cusps and is associated with a valve motion similar to that of normal sub-
jects [28, 79]. Although not significant, valve velocities after the remodeling
procedure using the Valsalva graft (Gelweave ValsalvaTM, Vascutek, Inc.) are
closer to normal than after reimplantation using the same graft [28].

Therefore, all dynamic studies suggest that cusp motion and flow pat-
terns across the reconstructed aortic root are more physiologic
z after remodeling of the aortic root than after reimplantation of the aor-

tic valve and
z after procedures using a prosthetic conduit fashioned with neosinuses of

Valsalva than without.
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Modification of original remodeling and reimplantation techniques

Multiple modifications of these original techniques have been proposed,
aiming to combine the rationale of treating annular base dilation, while
preserving root dynamics with vortices (neosinuses of Valsalva) and root
expansibility (interleaflet triangles) [19, 23, 26, 28, 42, 49, 50, 52, 65, 81,
83, 97, 104, 105, 112, 119].

David et al. added an external Teflon strip on the aortomitral junction
to the remodeling technique (David III) or oversized (+4 mm) the tube
graft for the reimplantation technique (David IV) [23, 26]. The David V
technique used an even larger graft size (+6–8 mm), which is “necked
down” at both the bottom and the top ends to create graft pseudosinuses
[81]. Many authors suggested different methods to customize the tube graft
for the reimplantation or remodeling in order to provide better neosinuses of
Valsalva. More recently De Paulis et al. designed the Valsalva graft (Gelweave
ValsalvaTM, Vascutek, Inc.) with vertical pleats in the proximal section for
reconstruction of the aortic root and with the standard horizontal pleats
for ascending aorta replacement [28, 97, 112, 119]. Furthermore, multiple
criteria and methods have been suggested to help determine graft size,
such as annular base diameter (resulting in a tube graft diameter from –15
to +40% of annular base diameter), height of the cusp, distance between
the commissures producing maximal coaptation of the cusps or even more
complex formulae resulting in confusion and lack of standardization.

Towards a standardized and physiological approach
to aortic valve-sparing procedures

The remodeling and the reimplantation techniques may be considered in a
complementary rather than a competiting fashion, thus, combining the
advantages of each technique by adding an external subvalvular prosthetic
ring annuloplasty to the physiological remodeling of the aortic root
(Fig. 4). In order to standardize this physiological approach to valve spar-
ing, we designed a calibrated expansible aortic ring (Extra Aortic, Fig. 5).
The rationale for the design of the ring was based on a controlled reduc-
tion of the diameter of the native aortic annular base in diastole in order
to increase cusp coaptation height, while maintaining systolic expansibility,
with the goal of reducing cusp stress and optimizing left-ventricular ejec-
tion. The main steps of the surgical techniques are detailed in Fig. 6 [71].

The choice of the Valsalva graft is based solely on the measurement of
the native aortic annular base internal diameter using Hegar’s dilators
(Fig. 6 e). Diameter of the prosthetic aortic ring is undersized from one
size.

Since May 2003, these standardized procedures were conducted in 114 pa-
tients with aortic root aneurysms [71]. Two patients required perioperative
conversion (1.7%). Operative and follow-up data are summarized in Table 6.
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Fig. 4. Remodeling of the aortic root using a scalloped graft (Gelweave ValsalvaTM, Vascutek,
Inc.): three neosinuses of Valsalva associated to an external subvalvular aortic annuloplasty,
combining advantages of the original remodeling and reimplantation techniques

Fabric sheath
Thread

Suturing area

Positioning
indicators

Elastomer core

Fig. 5. Expansible ring composed of two separate rings covered by a polyester fabric sheath to
provide a suturing area between the rings (Extra-AorticTM, CORONEO, Inc.). Black indicator
marks on the ring are placed to guide suture placement. Reprinted from E. Lansac (2008) Chapter
10: Aortic aneurysms, new insight into an old problem. Ed. Universitaire de Liège, pp 199–233
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a b

c

e

d

Fig. 6. Surgical steps of remodeling of the aortic root associated to an external subvalvular aor-
tic annuloplasty: a five “U” stitches are placed inside out as circumferentially in the subvalvular
plane. Three stitches are placed 2 mm below the nadir of insertion of each cusp, and two
stitches are placed below two of the three commissures at the base of the interleaflet triangles
(no suture is placed at the base of the interleaflet triangle situated between the right and non-
coronary sinuses to avoid potential injury to the bundle of His). First step of valve repair is
performed by aligning adjacent cusp free edges. Excess of length is corrected by placating cen-
tral stitches (5/0); b remodeling of the aortic root is standardized by scalloping a bulged graft
(Gelweave ValsalvaTM, Vascutek, Inc.) with three symmetrical neosinuses using the linear demar-
cations on the tube. The heights of the neocommissures are cut up to the level of the bulging
part of the graft. Cusp resuspension is re-evaluated in order to obtain an effective height of
8 mm; c the five anchoring “U” stitches are passed through the inner aspect of the prosthetic
aortic ring and tied down externally in the subvalvular position; d final aspect of the neoaortic
root after anastomosis of the coronary ostia (NC noncoronary, RC right coronary, LC left coro-
nary); e criteria for choice of the prosthetic annuloplasty rings (Extra-AorticTM, CORONEO, Inc.)
and tube graft (Gelweave ValsalvaTM, Vascutek, Inc.)

∅ Tube graft

∅ Subvalvular ring

25–26 27–28 29–30 31–32

26

23

28 30 32

25 27 29
e



Valve repair for isolated aortic insufficiency

Surgery is indicated for isolated AI in symptomatic patients and/or LV systo-
lic dysfunction (EF<50%, or end-systolic dimension >55 mm or 25 mm/m2)
[5, 108].

Techniques for aortic valve repair have been documented for over
50 years [15, 107] and interest has been renewed with the spread of valve-
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Table 6. Results of preliminary series of aortic annuloplasty

Remodeling and
subvalvular aortic
annuloplasty

Double sub- and
supravalvular aortic
annuloplasty

z Number of patients 114 17

z Mean age (years) 53.2±14.3 (24–81) 56.6±15.9 (27–77)

z Marfan syndrome 18 (15.8%) 0

z Bicuspid valves 22 (19.3%) 4 (23.5%)

z Mean preoperative AI grade 1.9±0.9 (0–4) 3.2±0.7 (2–4)

z Aortic annulus diameter (mm) 27.7±1.9 (26–37) 27.5±0.7 (24–30)

z Sinotubular junction diameter (mm) 44.8±14.8 (34–79) 34±5.8 (30–38)

z Aortic cross-clamping time (min) a 129.3±20.8 (81–187) 94±16.9 (62–120)

z Perioperative conversions 2 (1.7%) 1 (5.9%)

z Associated valve repair 36 (31.6%) 12 (70.5%)

z Operative mortality 4 (3.5%) 0

z Postoperative aortic annulus
diameter (mm)

20.4±2.1 (16–25) 21.2±2 (18–24)

z Postoperative mean aortic gradient
(mmHg)

8±4 (0–13) 6±2 (1.3–11)

z Mean follow-up (months) 29.8±4.8 (1–67) 27.3±18.7 (2–57)

z Reoperation for aortic valve
replacement

6 (5.5%) 0

z Transient thromboembolic events 2 (1.8%) 0

z Hemorrhagic events 0 0

z Aortic endocarditis 0 0

z Survival at follow-up 106 b (96.3%) 16 c (94.1%)

a excluding patients with associated cardiac procedures (10 patients remodeling group, 4 pa-
tients in the double annuloplasty group)

b 4 deaths during follow-up
c 1 death during follow-up (pancreatic cancer)



sparing procedures. Series of isolated AI repair combine patients of hetero-
geneous indications and techniques. Overall, results of 372 patients are re-
ported in the literature [34, 47, 48, 55, 75, 82]. Total aortic cross-clamping
time averages 71.8 min (42.4–99.8 min). Operative mortality ranges from 0
to 2.5% (mean 0.9%). Incidence of thromboembolic events and infectious
endocarditis is low for a mean follow-up of 32.1 months (13.8–50 months).
The average 5-year freedom from reoperation ranges from 82 to 94.4%
(mean 90.1%).

Techniques are based on the same principles associating treatment for
valvular prolapse and aortic annular base dilation. Commissural annulo-
plasty is commonly used but remains an incomplete annuloplasty plicating
only the interleaflets triangles. Other techniques of annuloplasty have been
developed ranging from experimental prototypes to homemade ring de-
vices lacking standardization [13, 39, 43, 47, 48, 54, 62].

Valve repair for isolated dystrophic AI should follow the same surgical
principles as for aortic root aneurysm (treatment of the dilated diameters
± cusp lesion and preservation of aortic root dynamics). Therefore, we
suggest a standardized approach performing a double sub- and supravalvu-
lar external annuloplasty preserving root dynamics, while protecting valve
repair. The main steps of this surgical technique are detailed in Fig. 7 [71].

Seventeen patients with isolated dystrophic AI underwent a double
sub- and supravalvular aortic annuloplasty [71]. One patients required
perioperative conversion. Operative and follow-up data are summarized in
Table 6.

Repair of cusp prolapse and bicuspid valve

Aicher et al. and El Khoury have reported excellent mid-term results from
the association of cusp repair with an aortic valve-sparing procedure [2,
34]. There were no differences in operative mortality, survival, and free-
dom from aortic valve replacement or recurrence of AI when a cusp repair
was added. Along with the alignment of the free edges of the cusp, Scha-
fers et al. defined an intraoperative effective height ≥8 mm (difference be-
tween the central free margins and the aortic insertion lines at the cusp
nadir) as a goal for aortic valve repair. A special calliper was designed to
standardize this height measurement [99].

Repair of bicuspid valves provides very encouraging results. About 446
patients have been operated for isolated AI (52.9%), aortic root aneurysms
(29.6%) or supracoronary aneurysms (17.5%). Operative mortality ranges
from 0 to 1.2% (mean 0.4%); with a mean aortic cross-clamping time of
57.3 min (47–71 min). Freedom from reoperation at 5 years is 92% (87–
97%) [4, 18, 31, 33, 98]. Schafers et al. showed no difference in valve stabil-
ity after repair of bicuspid or tricuspid aortic valves [98]. In most cases,
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a

b a b c d

Fig. 7. Surgical steps of the double sub- and supravalvular external aortic annuloplasty: a after
complete transsection of the aorta above the STJ, external dissection down to the base of the
aortic annulus is performed, passing under the coronary arteries, without detaching them from
the aortic wall. Five “U” stitches are placed from the inside out circumferentially in the subvalv-
ular plane, as described in Fig. 6. Valve repair is then performed by aligning free edges of adja-
cent cusp. Cusp\ktau resuspension is completed in order to obtain an effective height of 8 mm
on each cusp; b the subvalvular stitches are passed through the inner aspect of the “open”
subvalvular prosthetic ring; c three U stitches are placed on the top of each commissure and
the aortotomy is closed; d the commissural stitches are then passed through the inner aspect
of a supravalvular aortic ring and tied at the STJ level

Sub and supra
commissural

plication

Double sub and supra
valvular external aortic

annuloplasty

a b c da b c d



cusp repair is associated with aortic annular base reduction and aggressive
management of the dilated aortic root [33, 98]. However, a reliable criteri-
on for determining aortic root replacement remains controversial, espe-
cially when the aortic diameter is below 45 mm.

Lesional classification for aortic insufficiencies

As for mitral valve repair, functional classifications for AI are described [1,
29, 48]. We suggest a lesional classification in order to allow a better un-
derstanding of the mechanisms of AI and to standardize its surgical man-
agement towards a more reconstructive approach (Fig. 8) [70]. This classi-
fication relies on a systematic echocardiographic analysis of the regurgitant
jet leading to define AI according to the anatomical lesions. In case of a
central jet (Type I), the lack of valvular coaptation is related to dilation of
at least one of the functional diameters of aortic root (STJ and/or aortic
annular base). In case of an eccentric jet (Type II), the lack of valvular
coaptation is related to the combination of a valvular lesion and the dila-
tion of the aortic root (Fig. 8).

The design of a lesional classification led us to adapt the reconstructive
techniques to each type of AI in a standardized approach. A subvalvular
aortic annuloplasty is systematically performed using an external expansi-
ble aortic ring to reduce aortic annular base diameter. Depending on the
phenotype of the aortic root, reduction of the STJ diameter will be
achieved through a root remodeling (root aneurysm), a supracoronary
graft (supracoronary aneurysm) or a supravalvular expansible annuloplasty
ring (isolated AI).

In all cases, intraoperative transesophageal echocardiography remains
critical in order to analyze the lesional mechanism of AI both pre- and
postrepair. Any residual AI (grade >1) requires correction, because it is a
risk factor for early and late failure of the repair [2, 56].

Conservative aortic valve surgery versus valve replacement:
what do we know?

Few series have compared valve sparing with composite valve and graft re-
placement (Table 7) [10, 20, 27, 60, 89, 118]. Conclusions remain controver-
sial since they were often based on comparisons of different operating time
periods and learning curves periods. Overall, rates of thromboembolism,
bleeding, and endocarditis after valve sparing seem lower than those re-
ported for prosthetic valves. However, there is a lack of consistency in the
way to report pre-, perioperative and follow-up results that prevent the ri-
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gourous evaluation of both techniques. A current prospective international
registry just provided 30-day morbidity and mortality data and shows
equivalent results after a composite valve replacement or a valve-sparing
procedure (despite various type of reimplantation) in a selected population
of Marfan patients (National Marfans Foundation prospective aortic root
replacement registry) [20].

Although reliable data comparing valve replacement and valve-sparing
procedures are still needed, it has already impacted surgical strategies as
being recently added in the ACC/AHA and ESC guidelines [5, 108]. In or-
der to validate the indication for valve sparing versus replacement, patients
with aortic root aneurysm and/or AI will be enrolled in France in the on-
going prospective multicenter CAVIAAR trial (Conservative Aortic Valve
surgery for aortic Insufficiency and Aneurysm of the Aortic Root), over
the next 5 years, comparing 130 patients with a standardized valve-sparing
procedure using an expansible aortic annuloplasty ring versus 130 patients
with a mechanical valve replacement (http://clinicaltrials.gov/ct2/show/
NCT00478803).
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Fig. 8. Lesionnal classification for aortic insufficiency (AI) and adapted surgical strategies.
STJ sinotubular junction. Reprinted from E. Lansac (2008) Chapter 10: Aortic aneurysms, new in-
sight into an old problem. Ed. Universitaire de Liège, pp 199–233
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Conclusions

Conservative aortic valve surgery carries the hope that cumulative valve-re-
lated morbidity and mortality would be lower than in prosthetic valve re-
placement surgery, which still represents the surgical “gold standard” and
the most performed procedure. The evolution of valve-sparing and repair
techniques mirrors the evolving understanding of aortic root and valve dy-
namics. Principles for conservative aortic valve surgery have been refined,
based on treatment of lesions (dilation of the aortic annular base and STJ
and/or cusp lesions) and preservation of the dynamics of the aortic root in
order to improve the durability of the repair. Considering these issues, an
expansible aortic annuloplasty represents a useful adjunct to standardize a
physiological approach to conservative aortic valve surgery. However, objec-
tive long-term evaluation is needed to validate evidence that repairing the
aortic valve is better than replacing it�
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The aortic valve is a complex structure which functions perfectly in systole
and diastole and under a wide range of hemodynamic conditions. Even to-
day, no valve prosthesis can match the function of the native aortic valve.
This is – at least partly – due to the fact that the aortic valve is not just an
outlet whose cusps do move passively in the blood stream. Rather, the aor-
tic valve – which consists of three cusps attached to the wall of the aortic
root – interacts with the aortic root and the left ventricular outflow tract.
During the cardiac cycle, the aortic root undergoes complex movements
that precede and aide opening and closing of the aortic valve [2, 3, 17, 18].
These complex interactions within the aortic root and throughout the car-
diac cycle are not yet completely understood. The aortic valve cusps them-
selves are thin-walled pocket-like structures, made from specialized tissue
with fibrous, elastic, nervous, and muscular properties [13, 16, 21]. No such
thin, but at the same time strong and non-thrombogeneic material can be
produced in laboratories and even less by industrial processes.

It is against this background that valve-sparing aortic root operation has
gained interest. In preserving the aortic valve cusps and trying to rebuild
an aortic root, such techniques are theoretically appealing, and several
groups have reported excellent short- and mid-term results [5, 9, 12, 14,
19]. However, no technique completely meets the complexity of the aortic
valve/root function [7], rendering the durability of the repair somewhat
questionable. We have reviewed our experience with valve-sparing aortic
root operation and tried to identify factors associated with failure.

Techniques of valve-sparing aortic root replacement

There are basically two different types of procedures. With both tech-
niques, the sinus of valsalvae are resected first; only a 3–4 mm rim of tis-
sue to both sides of all commissures and along the attachment line of the
cusps as well as the coronary ostiae are left in place. The aortic root is
then replaced by a vascular graft. The aortic valve can be reimplanted into
the vascular graft in a way described by David [4] (Fig. 1) or can be remo-
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deled into it (Yacoub technique [20]) – in this case, the graft first needs to
be incised at its base so that the three commissures of the valve can be
sewn into the three incisions (Fig. 2). This way, pseudosinuses within the
vascular graft are created. The sinuses within the aortic root are considered
important for aortic valve function and coronary perfusion. Several techni-
cal modifications of the David procedure have been described [12], some
of them aimed at the creation of pseudosinuses. We have exclusively used
the original technique.

Methods

Between 1994 and 2006, 192 patients had valve-sparing aortic root replace-
ment (Yacoub technique, n=108, David technique, n=83) for either aortic
root aneurysm and/or type A dissection. Prerequisite for valve-sparing aor-
tic root operation were macroscopically intact cusps (either tricuspid or bi-
cuspid) without calcifications, thickening, or fenestrations. The choice of
the valve-preserving technique was merely surgeon related.
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Fig. 1. Schematic drawing of the reimplantation (David) procedure. a The aortic root is resected
first leaving only the crown-like attachments of the aortic valve cusps with 3–4 mm of sur-
rounding tissue and the coronary ostiae in place. b The vascular graft is put over the aortic
valve and secured below the aortic valve attachment with several U-stitches. c Then, the basal
aortic valve attachment and the commissures are sewn into the graft with three continuous su-
tures. As the vascular graft has been left tubular, no pseudosinuses are created. Finally, the cor-
onary ostiae have to be reimplanted into the graft. Reprinted from [1]; with permission from
the Society of Thoracic Surgeons



Follow-up data were acquired in our outpatient clinic or by the referring
cardiologist. Completeness of follow-up was 100% for clinical variables and
95% for echocardiography. The mean duration of the echocardiographic
follow-up was 3.1±2.9 years (median: 2.3 years; minimum-maximum: 0.1–
12.1 years). Total echocardiographic follow-up was 560 patient-years. Serial
echocardiographic examinations (total number of examinations: n=654;
mean 3.6±2.0 examinations per patient) were used for hierarchical multile-
vel modeling of the development of aortic regurgitation. For further details
on echocardiography and analysis see [8].

Results

Patient characteristics and operative details are displayed in Table 1. There
were 6 in-hospital deaths (Yacoub: n=4 (3.7%); David: n=2 (2.4%),
p=0.70). Note that none of the deaths in the Yacoub group occurred in
elective patients.
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a

b

Fig. 2. Schematic drawing of the remodeling (Yacoub) procedure. a The aortic root is resected
first leaving only the crown-like attachments of the aortic valve cusps with 3-4 mm of sur-
rounding tissue and the coronary ostiae in place. b The vascular graft is incised at its base in
such a way that the incisions match the height of the commissures – the graft now looks as if
it has three “tongues”. Then, the basal aortic valve attachment and the commissures are sewn
into the graft and between the “tongues” with three continuous sutures. The three “tongues”
of the vascular graft act as pseudosinuses. Finally, the coronary ostiae have to be reimplanted
into the graft. Reprinted from [1]; with permission from the Society of Thoracic Surgeons



The follow-up events as well as the results of the latest echocardio-
graphic measurements are given in Tables 2 and 3. Fig. 3 shows the surviv-
al curve and Fig. 4 the actuarial freedom from valve-related reoperations.
There have been 11 valve-related reoperations (Yacoub: n=10; David: n=1;
p=0.065).

For a more detailed analysis of the stability of the operative results, seri-
al echocardiographic measurements were analyzed regarding changes in
aortic regurgitation. As shown in Fig. 5, there is – on average – trace aor-
tic regurgitation early postoperatively that slowly progresses with time
(0.082 grades/year, i.e., after 10 years the aortic regurgitation is approxi-
mately one grade more than early after surgery. Please note that the values
depicted are average values, and reoperated patients contribute to the fig-
ures. Aortic regurgitation change is not perceivable in most patients.). The
initial regurgitation is higher with the Yacoub technique than with the Da-
vid technique, but the annual increase is not significantly different. Further
analyses showed that adding cusp interventions to the valve-sparing proce-
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Table 1. Patient characteristics. Reprinted from [8]; with permission from the American Associa-
tion for Thoracic Surgery

Yacoub David p

z Male (%) 63 76 0.08

z Age (years) 56 ± 14 49±17 0.007

z Ascending aortic aneurysm (%) 73 53 0.007

z Aneurysm diameter (mm) 60±13 59±12 0.59

z Type A dissection (%) 29 42 0.09

z Marfan syndrome (%) 13 20 0.27

z Bicuspid aortic valve (%) 14 11 0.69

z Aortic regurgitation ≥ grade II (%) 43 59 0.04

z Previous cardiac surgery (%) 3 4 0.98

z CPB duration (min) 185±45 221±60 <0.001

z Aortic cross-clamp duration (min) 138±39 165±49 <0.001

z Open distal anastomosis (%) 65 68 0.78
– with partial arch replacement 33 26 0.38
– with total arch replacement 3 8 0.22

z Vascular graft size (mm) 28±2 29±2 0.05

z Concomitant cusp intervention (%) 13 19 0.35

z Concomitant annulus intervention (%) 20 0 <0.001

z GRF glue used (%) 13 19 0.35

Values are expressed as mean ± standard deviation, or percentage of patients;
CPB cardiopulmonary bypass, GRF gelatine-resorcine-formol
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Table 2. Events during follow-up, hospital survivors a

Yacoub David

z Thrombembolism (n) 3 (3%) 1 (1%)

z Cerebrovascular accident (n)
– transient, lasts <24 h 0 1 (1%)
– transient, lasts more >24 h 1 (1%) 0
– permanent 3 (3%) 4 (5%)

z Bleeding (n)
– minor 0 0
– major 1 (1%) 0

z Myocardial infarction (n) 1 (1%) 0

z Sepsis (n) 0 1 (1%)

z Arrhythmias (n) 14 (13%) 5 (6%)
– requiring pacemaker implantation 3 (3%) 0

a There were no significant differences regarding the frequency of the events between the groups

Table 3. Echocardiographic data at the most recent follow-up examination a. Reprinted from
[8]; with permission from the American Association for Thoracic Surgery

Yacoub David p

z Aortic root dimensions (mm)
– annulus 23±4 22±3 0.13
– mid sinus 30±4 26±4 <0.001
– sinutubular junction 25±3 25±4 1.00
– ascending aorta 30±4 29±3 0.13

z Aortic valve area (cm2) 3.0±1.1 2.2±0.8 <0.001

z Pressure gradient across LVOT (mmHg)
– maximal 9±1 13±10 0.003
– mean 5±5 6±5 0.19

z Aortic regurgitation (n)
– none 15 (20%) 23 (47%) 0.003
– trivial 23 (31%) 11 (22%) 0.37
– mild 28 (37%) 12 (25%) 0.23
– ≥ grade II 9 (12%) 4 (6%) 0.42

a Values are expressed as mean ± standard deviation, or numbers of patients;

LVOT left ventricular outflow tract



dure was associated with a significantly greater annual increase of the aor-
tic regurgitation, irrespective of the technique used (Fig. 6). In addition,
the Yacoub procedure appears to be not well suited in patients with Marfan
syndrome (Fig. 7).

Discussion

Our data – along with those of other groups – show that good results can
be achieved in a broad range of patients using valve-sparing aortic root re-
placement techniques and that the reoperation rates are acceptably low
during the first decade after surgery. Our results also imply that there is
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Fig. 3. Survival: Kaplan-Meier curve of all patients undergoing valve-sparing aortic root replace-
ment, stratified by technique. Censored patient data are indicated by ticks to the curves. The
curves do not differ (p=0.53)

Fig. 4. Valve-related reoperations: actuarial freedom from valve-related reoperations in all pa-
tients undergoing valve-sparing aortic root replacement, stratified by technique. Censored pa-
tient data are indicated by ticks to the curves. The difference is not quite significant (p=0.065)



progression of aortic regurgitation with time. Thus, more reoperations have
to be expected for the second decade. However, in-depth analysis revealed
that technical details and the patient’s underlying disease may have a sig-
nificant impact on the progression of aortic regurgitation. Considering
these factors may serve to improve the longevity of valve-sparing aortic
root replacements.
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Fig. 5. Estimation of aortic regurgitation (AR) with time in patients undergoing valve-sparing
aortic root replacement, stratified by technique. There is significant evidence that the mean in-
tercept (AR at time=0) is higher for the Yacoub technique (p=0.013), but the annual progres-
sion rate of AR is not statistically significantly higher (p=0.061) with the Yacoub technique.
Note that the values depicted are average values, and reoperated patients contribute to the fig-
ures. The aortic regurgitation change is not perceivable in most patients. Modified from [8]
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Fig. 6. Estimation of aortic regurgitation (AR) with time in patients undergoing valve-sparing
aortic root replacement, stratified by technique and by use/non-use of concomitant cusp inter-
ventions (predominately central plication). There is no evidence that the mean intercepts differ
depending on whether there were cusp interventions or not (p=0.38), but there was signifi-
cant evidence of an increase in the annual progression rate of AR with cusp interventions for
both surgical techniques (p<0.001). Adapted from [8]; with permission from the American As-
sociation for Thoracic Surgery



What is the reason for the observed progression of aortic regurgitation
with time? As said above, the aorta undergoes complex movements through-
out the cardiac cycle. We have shown earlier that remodeling (Yacoub) re-
stricts root movement less than the reimplantation (David) technique [10],
but that no root replacement technique completely reproduces normal aortic
valve and root dynamics [7] (Figs. 8 and 9). Distensibility of the root is re-
stricted or even completely abolished and the bending deformation of the
cusps themselves is increased. In addition, it is frequently observed that
the cusps collide with the prosthetic wall during systole. Whether these fac-
tors promote the progression of aortic regurgitation remains speculative.
Furthermore, the incisions into the vascular graft characteristic of the Yacoub
technique may weaken the ability of the graft to prevent further dilatation of
the aortic base annulus, e.g., in patients with Marfan syndrome.

Given the fact the aortic sinuses are believed to be important for valve
function, modifications in the shape of the vascular graft may be helpful
in limiting the burden on the cusps whenever a Yacoub procedure does not
seem to be wise and the David technique is used. The DePaulis Valsalva
graft (Vascutek) is already widely known [6, 15], but is has no separate si-
nuses of Valsalva; instead a segment with uniform circumferential dilata-
tion is included in the graft. The sinus configuration, however, is preserved
with the new UniGraft (Braun Melsungen), but there are no data available
yet for judgment on this new prosthesis. However, as long as stiff materials,
such as Dacron, are used for aortic grafts, no Windkessel function will be
possible and normal aortic root function cannot be expected even with the
best surgical techniques for aortic valve-sparing.
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Fig. 7. Estimation of aortic regurgitation (AR) with time in patients undergoing valve-sparing
aortic root replacement, stratified by technique and by presence or absence of Marfan syn-
drome. The difference in mean intercept between the Yacoub and the David technique is mar-
ginally significant (p=0.049). The difference in annual progression rate of AR is not statistically
significant (p=0.10). However, the higher initial regurgitation plus the marginally higher pro-
gression rate of AR will result in meaningful differences between the techniques after a few
years. Adapted from [8]; with permission from the American Association for Thoracic Surgery



We observed that cusp interventions were associated with a significantly
more progressive increase of aortic regurgitation over time. Several factors
may play an important role: unsuitable valve for either the valve-sparing or
cusp intervention, secondary fibrotic retraction of the cusp margins after
intervention, or improper surgical techniques. In addition, tissue properties
of the aortic valve cusps (bicuspid with a more rigid cusp tissue vs. tricus-
pid with thin and vulnerable tissue) may play an important role. Because
the immediate results seem favorable, there may be time-dependent factors
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Fig. 8. Dimensional changes in the aortic root. Diagram of cyclic changes in dimensions derived
from echocardiographic data at the base, sinus, and commisural levels. Note the reduced dis-
tensibility at all levels of the aortic root in patients who had a David procedure (group A),
whereas movements in patients who had a Yacoub procedure (group B) closely mimics those
in healthy volunteers (group C). Reprinted from [10]; with permission from the American Heart
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that can adversely affect cusp function after the initial intervention. How-
ever, our results indicate that exact root reconstruction without cusp inter-
vention is advisable. It should be noted that none of the patients who un-
derwent reoperation had leaflet repair, which supports our opinion that
leaflet repair per se does not necessarily lead to reoperation but seems to
lead to increased development of aortic regurgitation over time. Our data
were not sufficient to determine whether the observed increased rate of
aortic regurgitation after concomitant cusp intervention could be attributed
to unsuitable valve pathology or improper technique.

Conclusions

Valve-sparing aortic root replacement of either the Yacoub- or David-type
can be performed safely in acute and elective settings and provide excellent
valve function and low rates of thromboembolism in the majority of pa-
tients during the first postoperative decade. No anticoagulation is needed.
However, our results also imply that there is slight progression of aortic re-
gurgitation with time and that more reoperations may become necessary.

Given our results and analyses, we now predominantly use the David
technique in enlarged roots (diameter >28 mm) and in patients with Mar-
fan syndrome. It is crucial that valve-sparing aortic root replacement need
to be performed after careful selection of the patient based on the underly-
ing aortic disease and cusp anatomy. In addition the implantation into the
vascular graft needs to be performed as perfect as possible. According to
our analysis, the necessity of additional cusp interventions appears to have
a negative effect on long-term valve function. We believe that considering
these factors will improve the longevity of the procedures, but more data
and a longer follow-up are necessary for final judgment of the durability of
valve-sparing aortic root replacement, especially during the second postop-
erative decade and beyond.
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Introduction

The word “annuloplasty” derives from the Latin word anus or anulus
meaning “ring” [1, 2] and the Greek word plastia from plastos meaning
“molded” [3]. The official definition of “annuloplasty” is “surgical recon-
struction of an incompetent cardiac valve” [1]. More generally, it means
“plastic repair of a cardiac valve by shortening the circumference of its an-
nulus” [2]. However, in practical surgical situations, a valve annulus can
either be enlarged or reduced. Accordingly, we will discuss reduction and
augmentation aortic annuloplasty in this chapter.

The normal aortic annulus and root

The point has been appropriately made by Professor Robert Anderson that
an understanding of cardiac anatomy is “truly a prerequisite for successful
cardiac surgery.” Moreover, he has argued that understanding cardiac anat-
omy “will be facilitated in the future if words are used in their generally
accepted sense, and if artificial conventions are avoided” [4]. Unfortunately,
some terms remain by convention that are probably too imbedded in our
vocabulary to more appropriately modify. A good example is the convex
portion of the very proximal aorta generally referred to as containing the
“sinuses of Valsalva”, despite the fact that Leonardo da Vinci not only de-
scribed them anatomically, but also described the vortex created in them
physiologically over 200 years before Valsalva’s strictly anatomical post-
humous description [5]. As suggested by Wells and Crowe [6], “this dis-
covery should warrant the renaming of the sinuses of Valsalva to those of
Leonardo.”

The term annulus when applied to the aortic valve is somewhat mislead-
ing, inasmuch as the aortic valvar leaflets are not attached in the shape of
a “ring” but in the shape of a 3-pointed crown spanning the entire vertical
extent of the aortic root from the “basal ring” at the nadir of the sinuses to
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the commissures at the level of the sinotubular junction [7]. Although the
attachment of the leaflets to the root occurs at the hinge point in a “defi-
nite fibrous structure” [8] or “collagenous condensation” [9], these fibrous
thickenings are apparently not universally present [7] but are consistently
thickest at the nadir of the semilunar attachments [9]. The aortic root,
then, is essentially a cylinder supporting the leaflets and consisting of the
leaflets themselves, the sinuses of Valsalva, and the interleaflet triangles ex-
tending from the proximal attachment of the valvar leaflets at the level of
the ventriculoarterial junction (the “basal ring”) to their distal attachments
at the sinotubular junction (STJ) (Fig. 1). Strictly speaking, then, there are
two literal “rings” of the aortic annulus – the basal ring proximally and
the STJ distally. Conceptually, the aortic root is also “a bridge between the
left ventricle and the ascending aorta” with the semilunar attachments of
the leaflets creating a hemodynamic junction between the pressures of the
left ventricle proximally and of the aorta distally [7].

Adding to the anatomic complexity of the aortic root is the aortic-mitral
valvar continuity, often referred to as the aortic-mitral curtain [7], or sim-
ply as the aortic curtain or subaortic curtain, continuous at each lateral ex-
tremity with the right and left fibrous trigones (Fig. 2) [9]. The proportion
of left ventricular muscle supporting the aortic root varies from 25–85%
with an average of 47% [9]. The ventriculoarterial junction is a “straight
circle” where the fibroelastic aortic wall joins with the supporting struc-
tures of the left ventricle [9]. Small fingerlike projections of collagen an-
chor the aortic root to the underlying myocardium [10].

Equally important to an understanding of the components of the aortic
annulus is an understanding of adjacent structures that could be involved
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in collateral damage with any sort of surgical modification of the annulus.
The aortic root is contiguous with either the left or right atrium, the right
ventricle, both coronary arteries, all the other cardiac valves, and the con-
duction system around its entire circumference except in the region of the
left fibrous trigone, where it is contiguous with the transverse sinus outside
the heart. Any opening in the aortic annulus, either surgical, traumatic or
from endocarditis, can produce a communication between the left ventricu-
lar outflow tract (LVOT) and one of these contiguous structures, depending
on the precise location of the communication in the short- or long-axis of
the aortic root.

Histologically, the ratio of elastin to collagen in the aorta falls with in-
creasing distance from the heart [11]. The elastic fibers, which are 90%
elastin, represent more than 50% of the dry weight of the ascending aorta.
They are organized into concentric elastic lamellae alternating with vascu-
lar smooth muscle cell layers [12]. Elastin is synthesized only in early life
[12] with a half-life of more than 40 years [11].

Behind each leaflet lie the aortic sinuses, made up of the aortic wall. At
the nadir of the left and right sinus, the annulus actually lies below the
ventriculoarterial junction, incorporating a small crescent of ventricular
muscle (Fig. 1). The noncoronary sinus is supported by the aortic-mitral
curtain [7] (Fig. 2). Histologically, the sinuses are composed primarily of
concentric elastic lamellae with a progressive decrease in the number of
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elastic lamellae and an increase in the amount of collagen between the elas-
tic lamellae near the base of the sinus. In the proximal half of the sinus
wall, the layer of elastic lamellae is restricted to the luminal side, disap-
pearing at the base of the sinus [10].

Because the annulus is crown-shaped, there are three triangular exten-
sions of the left ventricular outflow tract between each leaflet which extend
the full height of the aortic root to the level of the STJ [7] (Fig. 1). Each of
these interleaflet triangles, consisting of the aortic wall, occupies approxi-
mately 18% of the circumference of the aortic root and each one has a
unique design. The right/left and non/right interleaflet triangles are bor-
dered at the base by the myocardium of the interventricular septum. How-
ever, the non/right interleaflet triangle is also continuous with the mem-
branous septum. The left/non interleaflet triangle is continuous with the
aortic-mitral curtain and the left fibrous trigone (Fig. 2) [9, 10].

Histologically, the interleaflet triangles are composed primarily of circu-
larly oriented collagen fibers with a very thin layer of elastic tissue on the lu-
minal surface which is continuous with an elastic layer in the subendocar-
dium of the ventricle. However, they are thinner and less collagenous than
the attachments of the leaflets [9]. There are islets of elastic fibers in the col-
lagenous interleaflet triangles on the luminal side which are not continuous
with the elastic lamellae of the aortic wall. As the interleaflet triangle be-
comes thinner near its base, the elastic fibers disappear altogether [10].

In a study of 4636 aortic valves from donated human hearts intended
for processing as allografts, the aortic annulus diameter averaged 23.1 ±
2.0 mm in men and 21.0±1.8 mm in women [13]. These dimensions were
confirmed in a study employing magnetic resonance imaging (MRI) with
the mean annulus diameters of 22.4 ±2.1 mm in men and 21.0±2.1 mm in
women during systole in the sagittal plane [14]. In the in vivo study, the
mean indexed aortic valve area was 2.02 ±0.52 cm2/m2 [13]. This value is
in stark contrast to the current ACC/AHA Class I guidelines for surgical in-
tervention on an obstructing aortic valve only when the indexed effective
orifice area has fallen to 0.6 cm2/m2 [15] and the current definition of
prosthesis-patient mismatch occurring only when the indexed effective ori-
fice area falls to 0.85 cm2/m2 [16]. The long-term effects on the left ventri-
cle of energy loss occurring with obstructing (or leaking) native or pros-
thetic valves are beginning to be more carefully studied [17, 18]. These
data will likely encourage the development of annuloplasty techniques re-
sulting in aortic roots which more closely approximate the normal geome-
try and physiology.

The normal aortic root is circumferentially and longitudinally asym-
metric. The mean height from the base to the STJ varied from
19.6 ±2.66 mm for the left sinus, to 21.7 ±3.01 mm for the right sinus to
23.03 ±2.49 for the noncoronary sinus in 10 cryopreserved human aortic
roots. The mean leaflet attachments and free margin lengths corresponded
to the asymmetry of the sinuses of Valsalva [19]. Reid [20], who appears to
be the first to describe the STJ as a “ridge,” found the mean ratio of the
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“inlet” radius to the “ridge” radius in 6 fixed human specimens to be 1.34
and accordingly described the aortic root as a “truncated cone.” In another
study of 10 cryopreserved aortic roots with a mean age of 39±12 years
(range: 18–54) the base was 23.0 ±1.1 mm, the sinus of Valsalva was 23.7 ±
1.0 mm, the STJ was 19.3±0.9 mm, and the proximal aorta 1 cm above the
STJ was 20.6±1.0 mm [21]. This normal truncated cone shape of the aortic
root is confirmed in ovine models [20, 22, 23] and in the ox, pig, dog, and
rabbit [20].

In ovine models, the aortic root tends to become more cylindrical dur-
ing ejection due to a greater degree of dilatation of the sinotubular junc-
tion relative to the base of the aortic root [22, 23], most likely due to the
preponderance of elastic tissue in the aortic root at the level of the STJ and
the preponderance of collagen at the inlet. The relatively greater dilatation
of the STJ compared to the ventriculoaortic junction has also been con-
firmed in humans with MRI [14] and multidetector computed tomography
[24]. Although the sinuses of Valsalva are consistently larger than the sino-
tubular junction, the sinotubular junction tends to approximate the “annu-
lus” (the ventriculoarterial junction at the nadir of sinus) when measured
by transthoracic echocardiography and MRI in normal children and young
adults, with the sinotubular junction actually being slightly larger [14, 25,
26]. These observations are obviously relevant to any aortic valve-sparing
root replacement procedure designed to reproduce normal sinus dimen-
sions in both short- and long-axis planes.

Although the aortic-mitral curtain has traditionally been considered
rigid [27], it actually has a certain degree of flexibility, inasmuch as it
normally bulges toward the mitral orifice during systole as the aortic root
expands [8, 28]. Perhaps surprisingly, the aortic-mitral curtain itself also
normally “expands” approximately 5–10% during systole in a canine and
ovine model [28, 29]. Although Lansac et al. [28] did not believe that the
change in length between the fibrous trigones was due to elasticity of the
fibrous tissue, others have demonstrated a small degree of circumferential
deformation in the noncoronary sinus in a similar model during early sys-
tole [22]. In another similar ovine study [30], the anterior mitral annulus
dilated up to 11.2% in response to a 150% increase in afterload.

Moreover, by virtue of its inherent crimp [31], bovine and equine col-
lagen have been shown to stretch 9% and 15%, respectively, during tensile
stress-strain analysis [32], the collagen in porcine aortic and pulmonary
valve cusps stretches roughly 12% and 10%, respectively, in the circumfer-
ential direction [33], and the collagen in human aortic valve cusps
stretches roughly 10–12% in the circumferential direction [34]. In one
study by Stradins et al. [35], circumferential stretch of human aortic and
pulmonary valves was 18–19%. Clearly, collagen can stretch and the degree
of stretch is related to the percentage of fibers crimped vs. the number of
fibers straightened in response to a given stress [33].

Thus, although the fibrous skeleton of the heart has typically connoted a
structure with a fixed dimension, it appears to have some normal inherent
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distensibility, which could become more pronounced with disease. The dis-
tensibility of the aortic annulus (at the ventriculoaortic junction), as de-
fined by the percentage change in the systolic and diastolic diameter mea-
sured echocardiographically, was 4.5–12% (mean 7.5%) in a “normal aortic
root.” In patients with noncalcified aortic valve lesions it was 2.5–5.8%
(mean 3.8%) [36].

The diseased aortic annulus and root

z Aging

Changes in the diameter and molecular composition of the aorta occur
with aging. In the in vivo study of 4,636 human hearts, the aortic “annu-
lus” (measurement at the most proximal portion of the inlet of the aortic
root) was demonstrated to increase with age [13]. In addition, Zhu et al.
[26] reported in a study of 326 normal subjects with transthoracic echocar-
diography that the “annulus” (in imaging terminology) and the STJ both
increase with age, with the STJ increasing relatively more than the annulus.
The mean STJ/annulus ratio increased from 1.02 at age ≤20 years to 1.16
at age 51–60 years. These changes in diameter have also been noted in the
aortic root. In the Framingham Heart Study of 1849 men and 2152 women,
also using transthoracic echocardiography, the aortic root was shown to in-
crease by 0.8 and 0.9 mm per decade for men and women, respectively
[37]. These dimensional changes were confirmed by MRI in a study of 120
healthy volunteers with an increase of 0.9 and 0.7 mm per decade for men
and women, respectively [14].

This aging process is the result of a change in the molecular composi-
tion of the aorta. Using finite element modeling, Grande et al. [38] demon-
strated increased stiffness in the aortic root with age, with even greater
stiffness in the leaflets. The collagen fibers in the valve leaflets become
thicker and denser, losing their predominantly circumferential orientation.
This leaflet stiffening over time results in a progressively decreased surface
of coaptation [38]. Radial stretch of human aortic valve leaflets also de-
creases over time decreasing the surface area of leaflet coaptation, leading
to possible aortic valve incompetence [34]. Age-related changes in the leaf-
let and root tissue result in a delayed and a slower rate of valve opening
with a smaller magnitude of leaflet tip displacement as compared to nor-
mal. Stresses in the leaflet-root attachment and belly regions of the leaflets
also increased progressively with aging creating a “balancing act of tissue
stiffness and thickness on the leaflet stresses” [39].

While there appears to be an increase in the number of elastic fibers in
the aorta [40], this is more than likely due to fragmentation of the elastin

Aortic annuloplasty z 149



[41]. In a study evaluating 100 normal aortas of various ages, elastin frag-
mentation, fibrosis, and medionecrosis were all correlated with advancing
age. These changes were also more pronounced in the ascending aorta and
the aortic arch [42]. In addition, the aorta becomes stiffer with age because
the elastin not only becomes fragmented and degraded but is also replaced
by much stiffer collagen [11, 12]. Moreover, both proteins also become stif-
fer due to cross-linking and calcification [11].

z “Annuloaortic ectasia”/Marfan syndrome

Patients with annuloaortic ectasia demonstrate significant dilatation of the
aortic root at all levels, including the ventriculoaortic junction, the sinuses
of Valsalva, and the STJ. Moreover, there is a much greater distensibility
during systole at all levels in the patients with annuloaortic ectasia com-
pared to normal. Kazui et al. [43] used 64-row multidetector computed
tomography in 5 patients with annulo-aortic ectasia and 25 normal con-
trols to measure the diameters of all three levels of the aortic root during sys-
tole and diastole. Normal patients demonstrated 0.2%, 0.2% and 0.3% disten-
sibility during systole, respectively, of the “annulus”, sinuses of Valsalva and
STJ; in contrast, the patients with annuloaortic ectasia demonstrated 15.3%,
4.8%, and 8.8% distensibility of these same levels, respectively. It is interest-
ing that the greatest increase in distensibility in the patients with annulo-
aortic ectasia in this study occurred at the level of the ventriculoaortic junc-
tion, where the greatest concentration of collagen in the aortic root is present
in the aortic-mitral curtain. It is believed that annular dilatation with annu-
loaortic ectasia from any cause only involves the fibrous component of the
LVOT [44]. Assuming this hypothesis is true, any correction of annular dila-
tation should logically be aimed at the fibrous portion of the LVOT rather
than the muscular portion, since specific structural abnormalities do not typ-
ically occur in the myocardium with these disorders.

The Marfan syndrome (MFS) is a specific form of annuloaortic ectasia.
It is an autosomal dominant, multisytem disease with a mutation in the
FBN-1 gene that encodes the extracellular matrix glycoprotein, fibrillin-1
[45]. Fibrillin is an integral component of the microfibrils, linking vascular
smooth muscle cells (VSMCs) to the surrounding elastic lamellae within
the aortic media, allowing for the elasticity of the aortic wall. Fibrillin-1
also stabilizes the microfibril against degradation by matrix metalloprotei-
nases (MMPs). Altered or deficient fibrillin results in a loss of these con-
nections, which in turn produces impaired elasticity, smooth muscle cell
apoptosis, destruction of the surrounding extracellular matrix by MMPs,
and eventual aneurysm formation [46]. An additional component in the
disruption of the extracellular matrix is a cytokine, transforming growth
factor (TGF)�, which is thought to be normally inactivated by fibrillin
[46]. Many of the multisystem manifestations of the MFS likely relate spe-
cifically to excess TGF-� signaling [47].
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This combination of structural microfibril matrix abnormalities, dys-
regulation of matrix homeostasis mediated by excess TGF-� and abnormal
cell-matrix interaction is responsible for the specific phenotypic features of
the MFS aorta. Ongoing destruction of the elastic and collagen lamellae
and medial degeneration result in progressive dilatation of proximal aortic
segments [45]. The histological changes seen in the MFS aorta have been
termed “cystic medial necrosis,” although they have also been described in
patients with a bicuspid aortic valve, aortic coarctation, tetralogy of Fallot
and other conotruncal abnormalities [46]. Although the annulus dilates in
MFS, the important measurement for surgical decision-making is at the
level of the sinuses of Valsalva. In aortic valve-sparing operations on MFS
patients, a reduction annuloplasty is typically accomplished with either the
remodeling technique introduced by Yacoub [48] or reimplantation tech-
niques introduced by David [49]. Annular stability appears to be more pre-
dictable with the reimplantation technique than with the remodeling tech-
nique, even if the remodeling technique is accompanied by an annuloplasty
[50, 51]. This observation may be important in determining whether some
sort of external buttress material needs to be added to an annuloplasty
procedure in certain conditions.

z Bicuspid aortic valve

Bicuspid aortic valves (BAV) are frequently associated with a dilated proxi-
mal aorta. The term “poststenotic dilatation” was originally used to refer
to this finding [52]. This relationship of BAV to aortic dilatation is now
recognized in the ACC/AHA 2006 Guidelines for the Management of Pa-
tients with Valvular Heart Disease with a new separate category Bicuspid
Aortic Valve with Dilated Ascending Aorta created since the 1998 Guide-
lines were published [15]. Histologically, the pathology actually resembles
that of the MFS aorta with cystic medial necrosis, loss of elastic fibers,
increased apoptosis, and altered smooth muscle cell alignment [53]. The
medial degeneration involves apoptosis of VSMCs, resulting in a decreased
production of extracellular matrix proteins and elastin fragmentation
which, in turn, results in a loss of structural support and elasticity. Fibril-
lin-1 deficiency results in a detachment of VSMCs from the elastin and
collagen matrix. Differential expression of MMPs and tissue inhibitors of
MMPs (TIMPs) result in an increased degradation of collagen and elastin
[54]. Various lines of evidence also implicate perturbations of TGF-� in the
aortopathy associated with a BAV [46].

This aortopathy appears to be present at birth even in the absence of
valve dysfunction with a progressive dilatation over time [55], which also
involves a loss of elasticity as measured by transthoracic echocardiography
[56]. The prevalence of aortic dilatation with bicuspid aortic valve ranges
from 7.5–57% at the annulus, 16–78% at the sinus level, and 15–79% at the
sinotubular junction, and 35-68% at the proximal ascending aorta. Preva-
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lence increases with age, beginning in childhood, continuing throughout
life from 50% of those <30 years of age to up to 88% of those >80 years
of age [54].

Four patterns of dilatation have been described in a cohort of 64 adults
with BAV undergoing computed tomographic or magnetic resonance angio-
graphy and echocardiography with a mean age of 45±1 years, which
frequently included the aortic root and aortic arch. The mean diameter of
the ventriculoaortic junction (“aortic annulus”) in the entire group was
28.1 ±0.7 mm [57], which is substantially dilated compared to normal [13]
and would require a reduction annuloplasty for a normal-sized aortic allo-
graft or pulmonary autograft implantation. In another study of 257 patients
with BAV disease undergoing angiographic measurements at the ventricu-
loaortic junction (“aortic valve level”), the annulus and all components of
the aortic root and ascending aorta were significantly larger in patients
with aortic regurgitation compared to aortic stenosis. The mean annulus
diameter was 24.8 ±3.4 mm in patients with stenosis and 27.9 ±3.3 in pa-
tients with regurgitation [58]. In the Mayo Clinic surgical pathology study
of 542 cases of BAV, 19% had annuli greater than 3.5 cm. Annular dilata-
tion, by this definition, occurred in 12% of pure stenosis, 68% of com-
bined stenosis and regurgitation, and 94% of pure regurgitation. Annular
dilatation was also generally associated with dilatation of the ascending
aorta [59].

Although the pulmonary trunk demonstrates histopathological changes
similar to those of the ascending aorta in patients with BAV [60, 61], the
presence of a BAV, per se, is not generally felt to be a contraindication to
the Ross procedure [62]. However, some surgeons have shown a higher de-
gree of autograft failure in patients with primary aortic regurgitation [63–
65] and aortic annular dilatation [64, 65], while others have not found
either aortic regurgitation (AI) or annular dilatation to be a risk factor for
late autograft failure [66–68]. For those surgeons who still perform the
Ross procedure in patients with a dilated annulus, an annuloplasty is gen-
erally employed [64, 67, 69, 70].

Geometric mismatch without annuloplasty

After the simultaneous but independent introduction of the aortic allograft
in 1962 by Dr. Donald N. Ross in London, UK [71] and Sir Brian G. Bar-
ratt-Boyes in Auckland, New Zealand [72], concerns began to surface about
geometric mismatch between the homograft and the native aortic root and
what to do about it. Yankah et al. [36] documented the significant negative
impact on valve survival when the diameter of the homograft annulus was
“undersized” in comparison to the recipient aortic annulus diameter by
3 mm. Annuloplasty was not employed; there was a perception of “the lim-
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ited technical possibility to tailor all the three anatomic units of the aortic
root” with the freehand subcoronary implantation technique which the
authors preferred. Good long-term valve function, however, was demon-
strated when the allograft was “matched or oversized” in relation to the
host aortic annulus, presumably by providing “over 50% leaflet coapta-
tion.”

Reddy et al. [73] were reluctant to perform a reduction annuloplasty in
the case of significant geometric mismatch with the Ross procedure in chil-
dren, preferring rather to fill the gap with a larger skirt of RVOT muscle
incorporated in larger suture bites (Fig. 3). (The authors actually describe a
certain degree of annulus reduction in their description of one of the fig-
ures: “The autograft with a wide infundibular cuff is sutured to the larger
aortic annulus with a running suture technique, which can be performed
to exert a purse-string effect, allowing any residual geometric discrepancy
to be compensated for by gradual reduction along the course of the entire
suture line.”)

There are, however, concerns about the structural integrity of a large
muscle cuff on the pulmonary autograft. Possible devascularization of the
subvalvular muscle cuff of the pulmonary autograft during its dissection
has encouraged some surgeons to minimize the amount of remaining
RVOT muscle on the autograft. For instance, Yacoub et al. [66, 70] purpo-
sely remove all but 2 mm of RVOT muscle in a scalloped fashion immedi-
ately beneath the cusp hinges of the pulmonary autograft, in part because
of these concerns about viability and structural integrity of the muscle.
Later follow-up of the pediatric Ross patients from Reddy’s group [74]
revealed 17% with moderate or severe aortic insufficiency within less than
7 years following surgery. Of the 7 patients requiring reoperation, all had
echocardiographic findings of dilatation of all components of the aortic
root, including the annulus. AI was the only predictor of autograft failure
in this series by univariate analysis. In addition to the large cuff of RVOT
muscle used “to compensate for the larger aortic root diameter without
stretching the annulus of the autograft” in cases where the native aortic
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annulus exceeded the pulmonary annulus by ≥3 mm [73], absorbable su-
ture was also employed [75]. Whether the larger muscle skirt or the ab-
sorbable sutures were responsible for the late annular dilatation in these
patients is unknown.

Moreover, although AI is a risk for autograft dilatation in the hands of
some surgeons [63–65, 74], it is not a risk factor for others who perform
the Ross procedure [66, 67]. If late autograft dilatation occurs, it is not al-
ways clear whether it is due to the autograft or the aortic annulus. Further-
more, the reason for late annulus dilatation may not necessarily be a pa-
tient factor. In fact, it may be as much a surgeon factor, related to specific
surgical techniques involving the pulmonary autograft, the aortic annulus,
or both. Although the reasons for these differences in outcomes have not
been definitively validated, it is likely that some technical nuances play an
important role in long-term annulus stability, particularly inasmuch as
some surgeons have not had significant problems with late autograft dilata-
tion either by the root technique or by the subcoronary technique [67, 76].

In the case of the Ross procedure, the use of extra RVOT muscle to com-
pensate for any geometric mismatch is not common practice. Most sur-
geons deal with a geometric mismatch by means of an annuloplasty.

Reduction aortic annuloplasty

Reduction aortic annuloplasty is employed when the aortic annulus is con-
sidered too large for a specific operation applied to the aortic root. A re-
duction annuloplasty of the aortic annulus is analogous in principle to an
annuloplasty of a dilated mitral annulus, popularized by Professor Alain
Carpentier of Paris, France in his numerous publications on the subject be-
ginning in 1969 in the French literature [77] and in 1971 in the English lit-
erature [78]. His fundamental concept was to permanently return the dis-
eased mitral or tricuspid annulus to its original size and shape. He coined
the term “remodeling” to describe this process, employing a rigid “frame”
to accomplish this result. His approach is mindful of Leonardo da Vinci’s
philosophical and scientific mantra captured in these two quotes: “those
who are inspired by a model other than nature, a mistress above all mas-
ters, are laboring in vain” [79]; and “human ingenuity . . . will never dis-
cover any inventions more beautiful, more appropriate or more direct than
nature, because in her inventions nothing is lacking and nothing is super-
fluous” [80]. Carpentier’s “back to nature” approach was supported by his
careful analysis of the normal geometry of the mitral valve, which he was
very careful to restore, at least in two dimensions. A few years later, he ex-
tended his annuloplasty concept to the aortic annulus, this time with a cir-
cular continuous “vertical mattress” running suture encompassing the en-
tire aortic annulus, but without a “frame” [81]. Although he described the
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suture technique as “circular” it was not planar, following instead the en-
tire span of the crown-shaped annulus from the commissures at the STJ to
the nadir of each sinus at the ventriculoarterial junction (Fig. 4).

z Annuloplasty math

Annuloplasty math is very simple. The degree of diameter reduction is di-
rectly related to the degree of circumferential reduction according to a 1 : 3
relationship of diameter to circumference by the formula: circumference=
�×diameter. Accordingly, for every 1 mm of desired diameter reduction,
3 mm of circumference must be plicated. The amount of tissue plicated
along the circumference of the aortic annulus is precisely equal to the in-
terval of tissue within the loop of suture, which in turn is determined by
the length and curvature of the needle. For example, a 12 mm bite of an-
nulus with a single stitch will reduce the annulus diameter by 4 mm in
only the time it takes to pass the needle and tie the suture.

z Suturing techniques

Northrup and Kshettry [82] suggested several different suturing techniques
in dealing with aortic annulus dilatation during allograft implantation, all
with unpledgetted interrupted sutures. Figure-of-8 sutures were preferred
when large plications were required. Other suturing techniques were
employed when smaller plications were done, including “compression” su-
tures, horizontal mattress sutures (Fig. 5) and multiple simple interrupted
sutures. Others have also used simple sutures, either with pledgets [83–86]
or without pledgets [44, 87]. The type of suture is probably not very im-
portant since braided polyester suture is preferred by some [87] and mono-
filament polypropylene suture by others [86].
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z Subcommissural plication

The simplest annuloplasty is closure of one or more interleaflet triangles.
Duran referred to this as a “commissual” annuloplasty [83], which he and
his colleagues first described in 1988 in the treatment of rheumatic aortic
insufficiency [88]. A “U” stitch was placed at the commissure with pledgets
on the inside of the adjacent sinuses of Valsalva very close to the cusp in-
sertion and extending 5–10 mm below the tip of each commissure depend-
ing on the amount of circumference plicated. Cosgrove et al. [84] popular-
ized this technique as an adjunct to aortic valve repair for non-rheumatic
cusp prolapse to increase the coapting surface of the cusps. David et al.
[89] simply closed one or both of the interleaflet triangles of the noncoro-
nary sinus with suture in cases when the aortic annulus was more than
2 mm larger than the pulmonary annulus during a Ross procedure. Eishi et
al. [87] reported closing all 3 interleaflet triangles with unpledgeted 4-0
braided polyester “Z” stitches in cases of aortic annular dilatation during a
Ross procedure.

Northrup and Kshettry [82] suggested three different priority zones
among the three different interleaflet triangles during allograft implanta-
tion. The zone of first choice was always the left/non interleaflet triangle
because it immediately faces the surgeon and is continuous with the sturdy
aortic-mitral curtain. Moreover a large plication can be taken here, espe-
cially with the use of a figure-of-8 suture, without any risk of distorting
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the anterior mitral leaflet as long as the plication does not go below the
interleaflet triangle. The right/left interleaflet triangle still seems to be a
good second choice for a subcommissural plication since it has substantial
collagen present in the interleaflet triangle. If engagement of the collagen
with the plicating suture is important, as it intuitively seems to be, then it
would be important not to take this plication too far below the top of the
commissure where one would eventually encounter the myocardium of the
ventricular septum. The third choice for a subcommissural plication would
then be the non/right interleaflet triangle because of the presence of the
conduction system at the inferior edge of the membranous septum (Figs. 2
and 5). Accordingly, a shallower bite is also in order at this zone. Kollar
[90] has applied this technique of plicating all three interleaflet triangles in
his valve-sparing procedures with pledgeted mattress sutures placed out-
side the aortic wall.

z Intertrigonal plication

David [44, 49] has employed a partially circumferential reduction annulo-
plasty in cases of annulus dilatation when performing a remodeling type of
valve-sparing aortic replacement and when performing a Ross procedure.
The annuloplasty only involves the fibrous portion of the left ventricular
outflow tract from the membranous septum to the left fibrous trigone.
Horizontal mattress sutures of 4-0 polyester are placed from inside out in
a single horizontal plane just below the aortic annulus and then either
through a Dacron graft in the case of a valve-sparing procedure (Fig. 6) or
a strip of polyester fabric placed outside the aortic root in the case of a
Ross procedure (Fig. 7). Although in the case of the valve-sparing proce-
dure, sutures are placed around the entire circumference of the subannular
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LVOT, the annular plication only occurs in the intertrigonal portion by tak-
ing smaller bites in the Dacron in this portion of the LVOT.

Sievers [91] uses a technique similar to David when performing a reduc-
tion annuloplasty during the subcoronary technique of the Ross procedure.
Yacoub [70] performs a similar annuloplasty if necessary during the root
replacement technique of the Ross procedure with an intertrigonal running
“compression suture” woven in and out in the aortic-mitral curtain just
beneath the left and nonaortic cusp hinges with a single monofilament su-
ture tied externally. Stewart et al. [85] employed a variation of intertrigonal
plication in 26 children undergoing a Ross procedure, using several hori-
zontal mattress sutures to plicate a single area of the noncoronary sinus.
Northrup and Kshettry [82] preferred separate small plications in the inter-
trigonal portion of the annulus when dealing with aortic annulus dilatation
during aortic allograft implantation (Fig. 6), but also employed a circum-
ferential external autologous pericardial buttress in the proximal suture
line. Each stitch can be made in just the amount of time required to pass
the needle and tie the suture. As long as the sutures stay in the aortic-mi-
tral curtain and away from the hinge of the anterior mitral leaflet, there is
no risk of distorting the mitral valve even with large plications.

z Circumferential plication

As mentioned above, Carpentier [81] was the first to suggest a completely
circumferential suture annuloplasty which followed the crown shape of the
aortic annulus (Fig. 4). Izumoto et al. [92, 93] have utilized a similar annu-
loplasty concept following the entire vertical extent of the aortic annulus.
They placed pledgeted horizontal mattress sutures in a row just above the
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hinge of the leaflets from inside the sinus out to back in just below the
hinge of the leaflets inside the left ventricular outflow tract. The sutures
were then placed through a PTFE strip 9 mm wide and 0.6 mm thick. Since
the primary purpose of this annuloplasty was to “shorten the commissural
annulus” the sutures were placed such that the interleaflet triangles were
effectively closed (Fig. 8). This subvalvular circular annulplasty did not
interfere with annulus motion during the cardiac cycle and, in conjunction
with the remodeling procedure, restored near normal geometry and phasic
motion. Ruvolo and Fattouch [94] performed a similar annuloplasty in pa-
tients with annulo-aortic ectasia undergoing a valve-sparing procedure
with individual pledgeted mattress sutures placed immediately below the
aortic annulus and brought up behind the cusp attachments to engage in-
dividual Dacron patches placed separately within each individual aortic
sinuses. The mean aortic annulus diameter was accordingly reduced from
29 mm to 21 mm.

Other circumferential plication techniques in a “subvalvular” planar
fashion have been reported. Elkins et al. [69] reported placing a double
purse-string of 3-0 polypropylene suture in the plane of the nadir of the
aortic sinuses in two patients with dilated aortic annuli undergoing a Ross
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procedure. The suture was tied externally over a felt pledget in the non-
coronary sinus with a sizer of a predetermined diameter placed through
the aortic annulus (Fig. 9). In a total of 20 patients with dilated annuli,
including these two patients, an external buttress of either Dacron, Teflon
or pericardium was incorporated into the interrupted 4-0 polypropylene
proximal suture line.

A circumferential piece of tubular Dacron graft has been employed as an
annuloplasty buttress in three different manners. In the first example,
David and Feindel [49] described an aortic valve-sparing operation for pa-
tients with annuloaortic ectasia entailing reimplantation of the aortic valve
inside a tubular Dacron graft. Multiple 4-0 polyester mattress sutures were
placed inside out immediately below the aortic valve. The sutures were pla-
nar in the fibrous portion of the left ventricular outflow tract and scalloped
in the muscular portion (Fig. 6). The reduction annuloplasty was accom-
plished only in the fibrous portion by placing the sutures closure together
in the graft than in the fibrous portion of the left ventricular outflow tract.
A modification of this technique was reported by Gleason [95], whereby
the lower suture line was scalloped in all three interleaflet triangles.

In another report [96], an annuloplasty of an annulus >35 mm was cre-
ated by a series of horizontal mattress sutures placed from inside to out-
side the left ventricular outflow tract immediately below the level of the
annulus and then passed through a 1 cm piece of a 34 mm Dacron graft
from inside out. The Dacron graft was secured to the left ventricular out-

z W.F. Northrup III, S. D. Rollins160

Membranous
septum

Conduction
system

Fig. 9. Aortic annuloplasty with purse-string suture method



flow tract by tying the sutures over a 28 mm sizer, followed by insertion of
a 25 mm aortic allograft within the Dacron graft.

In a third iteration, Lansac et al. [97] employed a similar technique
using a very narrow external ring in the immediate subvalvular plane to
reduce the annulus diameter in a small series of patients undergoing a re-
modeling type of valve-sparing procedure. The ring was originally fash-
ioned from a “slice of the Dacron tube graft used to reconstruct the aortic
root” and was anchored externally with five pledgeted 2-0 polyester hori-
zontal mattress sutures placed inside out below the nadir of each cusp and
at the base of the interleaflet triangles bordering the left coronary cusp
(Fig. 10) [98]. More recently, Lansac [99] has developed an expansible ring
with an elastomer core covered by knitted polyester fabric which has pre-
served the normal distensibility of the ventriculoarterial junction in an
ovine model. This new device is currently being evaluated in a prospective
trial comparing aortic valve-sparing to mechanical valve replacement.

z Resection

In 1965, Barrett-Boyes [100] described excision of as much of the noncoro-
nary sinus as necessary to deal with a geometric mismatch with the aortic
annulus diameter 2 mm greater than the diameter of the aortic allograft.
The author had a very keen understanding of the anatomy of the aortic
root. His description of the details of this resection are worth repeating:

“The excision must be carried through the base of the aortic cusp on to the mitral
leaflet and this can nearly always be done without perforating this leaflet. As the
base of the non-coronary cusp arises from the right fibrous trigone through which
passes the bundle of His, the excision is centered slightly behind the deepest por-
tion of the cusp remnant (towards the left rather than the right coronary orifice)
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and, when a centimeter or more of the aortic root requires removal, this is therefore
in a backward direction away from the trigone region. The deficiency so created is
pear-shaped with its base on the mitral leaflet.”

The defect was then closed with interrupted sutures.

Durham et al. [86] have performed a triangular resection of the dilated
aortic annulus in young patients undergoing a Ross procedure. A vertical
incision is made at the left/non commissure and carried down into the
anterior mitral leaflet followed by excision of a triangular wedge large
enough to produce an annulus diameter 2 mm less than the pulmonary
autograft. The V-shaped defect is reapproximated with interrupted pled-
geted horizontal mattress sutures over a calibrated dilator.

z External buttress

Stable autograft dimensions by echocardiography up to 4 years have been
demonstrated in Yacoub’s Ross patients [76] despite the absence of any but-
tressing material at any level of the aortic root [70]. Similarly, Pigula et al.
[101] demonstrated stable echocardiographic annulus diameters beyond 3
years in a series of pediatric Ross patients who had undergone some form
of annulus reduction which was stabilized with either autologous pericar-
dium or Teflon felt. Northrup and Kshettry [82] routinely incorporated an
external autologous pericardial buttress in the proximal suture line of aor-
tic allograft root implants. Elkins et al. [69] used an external buttress of
Dacron, Teflon felt or pericardium to “fix” the annulus following a reduc-
tion annuloplasty and demonstrated stable Z values by echocardiography
for up to 5.6 years. Luciani et al. [102] have also demonstrated that but-
tressing the suture lines at the annulus and sinotubular junction with glu-
taraldehyde-treated autologous pericardium is protective against pulmonary
autograft dilatation with the root technique.

Based on these composite data, a geometric mismatch, particularly if the
aortic annulus is larger than either the allograft or the autograft, seems to
be best handled by a reduction annuloplasty. In some cases of the pulmo-
nary autograft, it may also be appropriate to provide external support to
the aortic root, either at the level of the ventriculoaortic junction, the
sinuses or the STJ.

Augmentation annuloplasty

Occasionally, the aortic annulus must be enlarged either to avoid geometric
mismatch during biological valve procedures such as the Ross procedure or
aortic allograft implant or to avoid prosthesis-patient mismatch as origi-
nally described by Rahimtoola [103] and carefully studied in a variety of

z W.F. Northrup III, S. D. Rollins162



different aortic valve replacement procedures by Pibarot and colleagues at
the Quebec Heart Institute [16, 104]. It is likely that annulus enlargement
procedures will be employed more frequently in the future for routine
prosthetic aortic valve replacement in view of recent data demonstrating
progressive late excess mortality inversely proportional to age at surgery
following implantation of mechanical valves and stented bioprostheses
[105–108], especially with smaller sizes [107]. The specific techniques
either enlarge the LVOT posteriorly in the fibrous portion of the aortic-
mitral curtain or anteriorly in the muscular portion of the ventricular
septum. It is important to be aware of the contiguous cardiac structures
when performing these annulus enlargement procedures in order to avoid
collateral damage or unintended communications.

z Aortic-mitral curtain enlargement procedures

In 1970, Nicks et al. [109] described a technique for enlarging the aortic
annulus by incising through the noncoronary sinus “across the aortic ring
as far as the origin of the mitral valve” (Fig. 11). A piece of Dacron was su-
tured down to the “fibrous origin of the mitral ring” and on up as a con-
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tinuous patch of the annulus and oblique aortotomy. In 1993, Yener et al.
[110] reported a variation of the Nicks procedure in a single patient under-
going simultaneous replacement of the aortic and mitral valves, whereby
the anterior mitral leaflet was reflected upward through the aortic annulus
and used to patch the defect.

In 2007, Dhareshwar et al. [111] reported the Mayo Clinic’s experience
with aortic root enlargement in 249 of 2,366 patients undergoing aortic
valve replacement from 1993-2001. The authors preferred the Nicks proce-
dure specifically using a “teardrop-shaped patch of autologous or bovine
pericardium” as patch material. They found a higher raw operative mortal-
ity in the root enlargement cohort (5.6% vs. 2.9%), but the procedure was
not an independent risk factor for operative death by multivariate analysis.
Hopkins [112] reported no technique-related mortalities in 196 patients
undergoing a Nicks procedure with a “water droplet”-shaped patch of
bovine pericardium allowing up to three prosthetic valve upsizings if the
valve was tipped up to 15�. In 2005, Hopkins [113] described the use of a
portion of the contiguous anterior mitral leaflet of the aortic allograft as
patch material during a Nicks procedure.

In 1979, Manouguian and Seybold-Epting [114] created a variation of
the Nicks operation with a transverse aortotomy by incising precisely down
into the non/left commissure and carrying the incision “into the anterior
mitral leaflet, maximally to its appositional portion” (Fig. 12). A 1 cm inci-
sion into the “initial portion of the anterior mitral leaflet” allowed for “an
enlargement of the aortic ring of 15 mm.” A single patch of Dacron or peri-
cardium was used to close the defect in the same manner as with the Nicks
procedure. The left atrium was typically entered with this maneuver be-
cause of its proximity and closed either by “simply including the cut edges
of the atrium in the running suture lines with which the patch is sutured
to the defect in the aortic leaflet of the mitral valve.” With a deeper inci-
sion into the mitral leaflet “the defect between the left atrial wall and the
patch must be closed with continuous sutures or with mattress sutures
which also fix the sewing ring of the aortic prosthesis.” Sometimes the ob-
ligatory incision in the left atrium with this deeper incision requires peri-
cardial patch closure. The authors reported no impairment of mitral valve
function with this procedure. Also in 1979, Rittenhouse et al. [115] de-
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scribed an identical technique with the incision “extended across the aortic
annulus and down the center of the mitral valve leaflet to within 5 mm of
the free edge.”

In 2002, Molina [116] reported a double patch variation of a combina-
tion of the Nicks and Manouguian procedures using PTFE to patch the de-
fect in the anterior mitral leaflet and aortic annulus and a Dacron patch in
the aortotomy. The author claimed that the PTFE resulted in a more pliable
and mobile mitral valve than with Dacron. In 2004, Okuyama et al. [117]
reported on the application of the Manougian procedure in 30 patients
with small aortic and mitral annuli undergoing simultaneous replacement
of the aortic and mitral valves. The authors used an oval equine pericardial
lined Dacron patch designed to enlarge the mitral annulus, a portion of
the aortic-mitral curtain, the aortic annulus, and aorta in continuity. Hop-
kins [113] has described the use of the contiguous anterior mitral leaflet of
the aortic allograft to patch the defect in the mitral valve and aortic-mitral
curtain with the Manouguian procedure.

In 1993, Milsom and Doty [118] performed a variation of the Manougian
procedure in three patients utilizing a portion of the contiguous anterior mi-
tral leaflet of the aortic allograft as patch material for aortic annulus enlarge-
ment or nearly the entire allograft leaflet to replace the majority of a diseased
anterior mitral leaflet. The use of the contiguous anterior mitral leaflet of the
aortic allograft for aortic annulus enlargement has also been described more
recently by Hopkins [113] and Yankah et al. [36]. The use of the mitral leaflet
to replace damaged tissue in the aortic root was predictive of its eventual
application particularly in extensive excavating native and prosthetic valve
endocarditis involving the aortic annulus [119–121].

In 1997, Peterson et al. [122] reported on the Toronto General Hospital
experience of 669 patients undergoing aortic annular enlargement from
1995–2005. A Nicks procedure (incision 2–5 mm below the aortic annulus)
was used with a single teardrop-shaped patch of untreated autologous peri-
cardium when the annulus was upsized by one. When the annulus was in-
creased by two valve sizes, a Manouguian procedure (incision 10–15 mm
below the annulus) was used with a double patch of untreated autologous
pericardium. The second patch was used to close the obligatory defect in
the contiguous left atrium, with the deeper incision below the aortic-mitral
curtain and into the anterior mitral leaflet. The authors concluded that
patch enlargement of the aortic annulus is a “safe adjunct to aortic valve
replacement” based on a significant improvement in surgical mortality
from 7.5% to 2.9% between the first and second halves of the decade under
review.

In 1983, Nunez et al. [123] reported a variation of the Manouguian
procedure by simply resecting the non/left commissure after a transverse
aortotomy which results in “lateral spontaneous retraction of the edges”
and a “wide separation of 15–22 mm.” The authors avoided getting into the
adjacent left atrium by blunt dissection between the media and adventitia
of the aorta at the level of the left atrial attachment. In this case the defect
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was filled with Dacron patch “with a wide base.” According to their descrip-
tion, the patch is anchored to the aortic-mitral curtain and the aortic wall,
avoiding the anterior mitral leaflet. A later iteration combining aspects of
the Nicks, Nunez, and Manouguian procedures was recently reported by Bor-
owski and Kurt [124] who performed a subtotal resection of the noncoronary
annulus and sinus extending “through the fibrous origin in the anterior leaf-
let of the mitral valve approximately 1 cm below the aortic annulus, without
entering the left atrium.” The commissures were left intact and the conduc-
tion system was avoided. The defect was filled with a “wedge-shaped” Dacron
patch, allowing an upsize of 1 or 2 prosthetic valve sizes.

z Ventricular septum enlargement procedures (aortoventriculoplasty)

Anterior enlargement of the LVOT must necessarily take place in the mus-
cular portion of the ventricular septum and is referred to as an aorto-
ventriculoplasty. Enlargement through the membranous septum below the
non/right interleaflet triangle, to the right side of the right coronary artery
ostium, is an unacceptable option because it would result in damage to the
conduction system and subsequent heart block. Accordingly, such an en-
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largement would have to be to the left of the origin of the right coronary
artery.

In 1975, Konno et al. [125] described an aortic annulus enlargement
procedure in two patients undergoing prosthetic aortic valve replacement
with an incision into the anterior portion of the aorta “with an adequate
sewing margin remaining to the left of the right coronary ostium” which
was “extended downward into the upper portion of the ventricular septum”
and the anterior wall of the right ventricle. The prosthetic valve was par-
tially implanted as shown. A Dacron patch was sutured to the defect in the
ventricular septum and the prosthetic valve and used to close the aorto-
tomy (Fig. 13), while a second patch of either Dacron or pericardium was
sewn to the opening in the RVOT and the first patch (Fig. 14). Also in
1975, Rastan and Koncz [126] independently described the identical proce-
dure utilizing Dacron patches in four pediatric patients with tunnel-like
subaortic stenosis. It has been estimated that 35–50% of the valve annulus
is made up of the Dacron patch with such a procedure, allowing for nearly
a doubling of size of the prosthesis [127].

Hopkins [128] has described using the contiguous anterior mitral leaflet
of the aortic allograft as the ventricular septal patch during an aortoventri-
culoplasty. Since it is done as a root technique, there is no need for an
aortic patch. The right ventricular free wall defect is simply closed with a
pericardial patch.

In 1991, Yamaguchi et al. [129] described a variation of the Konno-
Rastan procedure in conjunction with a Nicks procedure in two children
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with aortic stenosis. In both cases the annulus was enlarged by 9 mm,
while avoiding the potential risk of a ventricular septal defect and damage
to the septal coronary arteries. The anterior incision in the aortic annulus
was “directed into the commissure between the right and left coronary
cusps and carried downward across the aortic ring to near full thickness
of the right ventricular wall as with the incision in the procedure of Konno
and co-workers. Distinct from their procedure, however, the incision is
stopped just before entering the right ventricular cavity and the interven-
ticular septum.” The defect was closed with a bifurcated teardrop-shaped
Dacron patch similar to that used in an extended aortoplasty for supra-
valvular aortic stenosis. Otaki et al. [130] in 1997 employed the same “ante-
rior aortotomy” in combination with either a Nicks or Manouguian “posteri-
or enlargement” in three patients undergoing aortic valve replacement with
aortic annuli 11–18 mm. The anterior incision was extended “to the ventricu-
lar septum through the commissure between the left and right coronary
cusps; it did not reach the ventricular septum as in the Konno procedure.”
The mean increase in annular diameter after the posterior enlargement was
24%. A mean further increase after the anterior enlargement was 34%, for
a total mean increase in annular diameter of 68%. The authors emphasize
the advantages of the two-directional enlargement to not only allow for a
more substantial annular enlargement than by a posterior enlargement alone
but “a more central position to the prosthetic valve, and consequently more
luminal and physiologic flow may be expected.” Moreover, avoidance of the
interventricular septal incision should minimize coronary injuries, endocar-
ditis, residual shunts, and conduction disturbances.

In order to avoid the obvious disadvantages of the aortic allograft,
mechanical valves, and bioprostheses in children with complex left heart
obstruction, the Konno procedure was eventually combined with the pul-
monary autograft procedure. In a series of 11 pediatric cases of the Ross-
Konno procedure reported by Reddy et al. [131] in 1996 “the pulmonary
autograft was harvested with an extension of infundibular free wall muscle
attached to it” and “seated with the infundibular muscle extension fitting
into the Konno incision in the interventricular septum.” Despite the theo-
retical risk of devascularizing the RVOT conus muscle extension, no residu-
al VSDs or abnormal function of either the left or right ventricle were
reported by echocardiography during an 8.5 month mean follow-up.

In the same year, Starnes et al. [132] also employed the Ross-Konno pro-
cedure in eight children, but purposely avoided excision of any more than
5 mm of the RVOT conus muscle below the pulmonary valve during auto-
graft harvest. The authors specifically stated that “no excess portion of the
RVOT muscle was harvested to accommodate the completion of the septal
ventriculoplasty.” Moreover, “the incision of the conal septum, starting at
the level of the intercoronary commissure, was carried leftward [italics
ours] to avoid the conduction system”. In 4 children, a relatively shallow
septal incision was sufficient to open the subaortic area with the recon-
struction completed with the short subpulmonary conal muscle skirt of the
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autograft. In the other 4 children who required a deeper incision in the
septum, a Dacron patch was used in the manner of the classical Konno
procedure. Mean echocardiographic follow-up of 13.5 months revealed nor-
mal right and left ventricular function with no residual VSDs with only
one conduction disturbance. Elkins et al. [133] reported a series of 178
Ross patients under age 18 with only 11 Konno-type aortoventriculoplas-
ties and no details on this small subgroup. The authors did comment on
the 28 patients with complex LVOT obstruction where “left ventricular
myomectomy or an aortoventriculoplasty has been effective in relief of the
obstruction.”

There appears to be a modest risk for rhythm and conduction distur-
bances after the Ross procedure. Pasquali et al. [134] reported on 47 pa-
tients who had a Ross procedure at a median age of 8.7 years. Twenty-two
patients (47%) had complex left-side reconstructions, 18 of whom (82%)
had a Konno procedure. At midterm follow-up with Holter monitoring one
third of patients had rhythm and conduction disturbances, including sinus
node dysfunction in 15%, atrioventricular block in 4% and ventricular
tachycardia in 15%. However, the Konno procedure was not statistically
related to the occurrence of any of these arrythmias or conduction distur-
bances. Although both patients who required a permanent pacemaker had
a Konno procedure, one with a subaortic membrane resection, only 8% of
patients undergoing either a Konno or subaortic membrane resection de-
veloped complete heart block.

Some surgeons apparently prefer to avoid a formal Konno operation and
have apparently been successful in combining an alternative method for
dealing with complex LVOT obstruction. Al-Halees et al. [135] in his report
of 136 Ross procedures on children described a “modified Ross-Konno
technique” where “part of the septum was actually cored out to completely
open up the LVOT without creating a ventricular septal defect. In those pa-
tients the fibrous annulus of the aortic valve was often divided, and the cut
was partially taken down to the septum. In all patients this resulted in
complete relief of the obstruction . . .” Yacoub et al. [8] believe that an
aortomyoplasty is “potentially destructive” and do not use it to accomplish
LVOT enlargement.

Vouhe and Neveux [136] described a technique of dividing the aortic
ring “through a vertical incision of the left anterior fibrous trigone.” Fortu-
nately, it is clear from their illustrations and descriptions that they were
not really dealing with the left fibrous trigone, but with the intercoronary
commissure and the right/left interleaflet triangle instead. On the other
hand, Yacoub et al. [137] have described a technique for eliminating fixed
subaortic LVOT obstruction by “mobilizing” the left and right fibrous tri-
gones. By means of a combination of sharp and blunt dissection, the hinge
mechanism that normally exists between the ventricular septum and the
aortic-mitral curtain is freed up, allowing restoration of the normal back-
ward movement of the aortic-mitral curtain during systole. The authors
point out that the left fibrous trigone, unlike the rest of the circumference
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of the LVOT, is not related to a specific adjacent cardiac chamber, but is in-
stead bounded by the transverse sinus outside of the heart. It is imperative
that any incision made into the aortic annulus should never divide the left
fibrous trigone.

Conclusion

The aortic annulus is a complex crown shaped three-dimensional collage-
nous structure beginning at the ventriculoaortic junction and spanning the
entire aortic root up to the STJ in its longitudinal dimension to which
three separate aortic valve leaflets are normally attached. In its circumfer-
ential dimension, it is contiguous with the roughly equal muscular and fi-
brous components of the LVOT at the proximal end and the ascending aor-
ta distally. It is vulnerable to a variety of congenital and acquired diseases
producing obstruction or regurgitation of blood flow at the level of the
aortic valve. But it is also amenable to procedures which can relieve these
perturbations by either reducing or enlarging its circumference in cases
where there is a geometric mismatch between the aortic annulus and spe-
cific surgical procedures directed at salvage, repair or replacement of the
aortic valve.

A critical understanding of the anatomy of the aortic annulus and adja-
cent structures is paramount to achieving a successful annuloplasty with-
out causing collateral damage. Various techniques designed to accomplish
either a reduction or augmentation annuloplasty are described in detail.
Controversy still exists as to some specific technical details and particularly
as to whether external buttressing materials are required to stabilize reduc-
tion annuloplasties and whether LVOT enlargement procedures can be done
less invasively just as well by avoiding incisions into the anterior mitral
leaflet and the ventricular septum. There appears to be a general trend to-
ward restoration of more normal aortic root geometry and physiology with
current annuloplasty techniques.
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Introduction

Aortic aneurysms grow not only in diameter but also in length. In the as-
cending aorta, such elongation may cause aortic valve incompetence in an
otherwise normal valve by dislocation of the aortic valve plane towards the
left ventricle and subsequent valve dislocation, causing leaflet prolapse.
Loss of the sinotubular junction by aneurysmal widening of the aortic root
may further add to this mechanism.

A method is described for the correction of both aneurysm formation and
aortic valve incompetence by relocating the displaced aortic valve annulus
plane to its normal position. This is achieved by replacing the ascending
aorta with a vascular graft considerably shorter than the original aorta and
with a graft diameter the size of the inner aortic valve annulus, thus recreat-
ing a supravalvular narrowing at the site of the sinotubular junction.

Pathophysiological considerations

Longitudinal growth in aneurysmal disease affects the ascending aorta in
an asymmetric fashion since this aortic segment is fixed to the pulmonary
artery on the left side. Therefore, elongation is more pronounced on the
right, “free” side, thus shifting the aortic valve annulus plane from its orig-
inally oblique position relative to the body long axis into a more parallel
position (Fig. 1). The resulting dislocation of the otherwise normal aortic
valve may lead to leaflet prolapse, in particular of the noncoronary leaflet,
thus causing valve incompetence. This mechanism may be aggravated by
loss of the supravalvular narrowing at the site of the sinotubular junction
caused by aneurysmal aortic widening. It is well accepted that this narrow-
ing above the aortic valve sinuses is essential for aortic valve leaflet coapta-
tion and valve closure.

The method presented aims at relocating the aortic valve plane to its orig-
inal position and orientation and restoring an adequate sinotubular junction.

Correction of aortic valve incompetence
combined with ascending aortic
aneurysm by relocation of the aortic
valve plane through a short-length
aortic graft replacement
R. Hetzer, N. Solowjowa, M. Kukucka, C. Knosalla, R. Röttgen



Surgical technique

All operations were performed via median sternotomy and on total cardio-
pulmonary bypass with normothermia except in three patients with conco-
mitant aortic arch replacement, in whom deep hypothermia (16 �C), low
flow perfusion via the femoral artery and selective head perfusion via the
brachicephalic trunk were applied. In the cases with isolated ascending
aorta aneurysms, the aortic arch and the right atrium were cannulated and
a left ventricular vent catheter was introduced via the right upper pulmo-
nary vein. Except in the cases with concomitant arch replacement, the as-
cending aorta was clamped just below the take-off of the brachiocephalic
trunc and the ascending aneurysm was incised in a longitudinal fashion;
this incision was directed toward the noncoronary sinus to a point half
way between the cranial tips of the neighboring commissures. The heart
was arrested with blood cardioplegia infused via the coronary ostia and
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Fig. 1. Schematic drawing of the mechanism of asymmetric growth of the ascending aorta in
aneurysmal disease and shift of the aortic root toward the left and to a position almost parallel
to the vertebral column (left). “Relocation” of the aortic valve plane upwards and into a more
oblique position by a relatively short ascending graft with a caliber equaling the inner diameter
of the aortic valve, thus, creating a new sinotubular junction (right). The dimensions measured
by CT scan are indicated: (A and A1) from the deepest point of the noncoronary sinus to the
inferior rim of the take-off of the brachocephalic trunk; (B and B1) from the left coronary
ostium to the lateral rim of the take-off of the left subclavian artery; (C and C1) the diameter
at the presumed and the new sinotubular junction; (D and D1) the diameter at the level of the
coronary ostia; and the angles � and � between the aortic root plane and the long axis of the
vertebral column



this cardioplegia infusion was repeated every 15 to 20 min. The aortic valve
was carefully inspected and tested for potential competence. When the
valve was found to be normal and the leaflets well coapting, the decision
was made to preserve the valve. The inner diameter of the valve annulus
was measured and a straight Dacron graft with a caliber equaling the inner
diameter was chosen. This graft was sewn onto the aorta approximately
5 mm above the commissures with a continuous suture of 4-0 polypropy-
lene. The competence of the aortic valve was tested by infusing blood car-
dioplegic solution into the graft under pressure and by pulling the aortic
valve annulus toward the arch. When aortic valve competence was proven,
the graft was then cut to appropriate length, which was considerably short-
er than the original aorta, to a degree that aortic valve competence was
maintained under cardioplegia pressure infusion. The distal anastomosis
was sewn to the distal aorta with a 4-0 polypropylene running suture. The
graft inclusion technique with wrapping of the aneurysmal wall around the
implanted graft was used in all cases. Intraoperative transesophageal echo-
cardiography (Fig. 2) was applied in all cases to document the degree of
aortic valve incompetence and the morphology of the aortic root before
and after the procedure.
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Fig. 2. Intraoperative transesophageal echocardiograms before and after the relocation proce-
dure. The preoperative echo shows extensive ascending aortic aneurysm, loss of the sinotubular
junction and normal valve leaflets (above left). The Doppler echo shows massive aortic incom-
petence (above right). After the procedure there is a new sinotubular narrowing at the proxi-
mal anastomosis of the graft (below left) and in Doppler studies there is no aortic incompe-
tence (below right)



Routine investigations

Echocardiographic studies were performed in all patients before, during,
and at long-term follow-up after the procedure. In 22 patients, computed
tomography (CT) was performed before and after the operation, and the
dimensions that were found important for this procedure were measured.
The CT scans were performed with a Siemens Somatom Definition machine
and the following parameters were measured in volume reconstruction CT
data: distance from the noncoronary leaflet sinus to the ostium of the bra-
chiocephalic trunc (A), distance from the deepest point of the left coronary
ostium to the inferior rim of the ostium of the left subclavian artery (B),
diameter of the sinotubular junction (C), diameter of the aortic root at the
level of the coronary ostia (D), and the angle between the coronary ostial
plane and the longitudinal plane of the spinal column (E). The data of
these measurements are given in Table 1.

Patients

The initial series of this procedure as described here comprises 32 patients
(17 men and 15 women). Ages ranged from 7 to 82 years (median 64
years). All had expanding ascending aortic aneurysms with aortic elonga-
tion and all had significant degrees of aortic valve incompetence. All pa-
tients survived the procedure; two patients died after discharge from the
hospital from causes unrelated to the heart and to the procedure. Both these
patients were older than 70 years. Follow-up was complete in all cases and
follow-up time ranged from 1 to 128 months (median 29 months). Aortic
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Table 1. Results of the dimensions measured in CT scans before and after the procedure in 22
cases. There was considerable but asymmetric shortening of the ascending aorta by graft re-
placement which was more pronounced on the right side (A) as compared to the left (B). The
sinotubular junction became smaller, as determined by the graft at the proximal anastomosis
(C). Even the diameter of the aortic root became smaller (D) and the angle between the aortic
root plane and the longitudinal axis of the spine became wider (�, �)

Preop. (mm) Postop. (mm) Change (%)

A NC sinus/rim of brachioceph. trunc 117.5±10.8 96.5±12.2 –22.0±12.2
B Left coron. ostium/rim left art.

subclavia
100.4±13.4 86.7±12.8 –15.7±9.2

C ∅ sinotubular junction 47.7±7.6 26.6±2.3 –79.5±21.7
D ∅ aortic root at coronary ostia 43.9±6.0 35.2±3.9 –24.1±13.0
�, � angle sagittal spine plane/aortic

root plane
46.5± 8.3 � 67.9±13.3 � +32.3±12.4



valve incompetence regressed from a mean of 2.42 to 0.42 after the operation
and to 0.32 at later follow-up (Fig. 3). Hitherto, there has been no case of a
patient needing reoperation.

The CT measurements (Table 1) indicated considerable shortening of the
distance between the aortic root and the aortic arch by a mean of 12% on
the left side (dimension B) and by 19% on the right side (dimension A),
thus proving the shift of the aortic root upwards and to a more “normal”
oblique position relative to the long axis of the spinal column taken as a
fixed structure for orientation. This is also proven by the widening of the
angle between the transsectional plane of the aortic root and the spinal
column by 21 �. The creation of a sinotubular junction by the relatively
small diameter of the graft (dimension C) also had the effect of a reduction
of the width of the root itself at the level of the coronary ostia (dimension
D), i.e., the widest extension of the sinuses.

Comments

The procedure described here was performed for the first time in 1998. This
was in a case of ascending aortic aneurysm and aortic valve incompetence
originally planned for ascending aortic and aortic valve replacement. During
the operation, an entirely normal aortic valve with well coapting and tender
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Fig. 3. Aortic valve incompetence (AI) determined by echocardiography. Most cases had AI
grade 2 and 3 before the operation, with a mean of 2.42. After the operation, at the last fol-
low-up, there were 11 cases with AI grade 1 and most had no measurable AI; mean was 0.32.
There were three cases where AI went only from grade 2 to grade 1



leaflets was found. When trying to understand the reason for the valve dys-
function in this case, it was recognized that by elevating the valve at its non-
coronary sinus the valve became competent. Simple supracoronary replace-
ment of the ascending aorta with a graft shorter than the original ascending
aorta itself in fact resulted in complete valve competence. Since this initial
case, which showed favorable long-term results, a consecutive series of the
relocation procedure has been added. The principle of the assumed mecha-
nism and of the procedure was first mentioned in a review article in 2007
[1] and meanwhile oral presentation has been accepted for the 2010 annual
meeting of the Society of Thoracic Surgeons [2].

The mechanism of prolapse of mainly the noncoronary leaflet by aortic
lengthening and distortion of the aortic base follows a mechanism similar
to aortic incompetence in acute type-A dissection when the inner layer of
the aorta bearing one or two of the aortic valve commissures – usually the
ones neighboring the noncoronary cusp – shifts toward the left ventricular
cavity. In this setting, valve competence can be restored by “resuspension”
of the aortic valve in combination with ascending aorta replacement.

For chronic aortic aneurysms, restoration of not only the location and
orientation may be important but also the restoration of a sinotubular
junction which is often flattened by the aneurysm. The aortic narrowing at
the sinotubular junction, just above the aortic valve commissures, is of
great importance for well-functioning coaptation of the valve leaflets and
valve closure. This was recognized by Leonardo da Vinci [3] and several
modern investigators [4–6].

In our technique, we determined the width of the sinotubular junction
by the caliber of the implanted graft prosthesis, which was decided upon
according to the inner diameter of the aortic valve annulus as measured
during the operation.

In the combination of supracoronary ascending aneurysm and elonga-
tion of the aorta combined with aortic valve incompetence in a completely
normal valve, the presented simple concept of “relocating” the aortic valve
plane to its normal position and orientation by a relatively short ascending
aortic graft enabled lasting valve competence to be restored, thus avoiding
valve replacement or complicated valve repair procedures.

The restoration of a supravalvular narrowing at the site of the sinotubu-
lar junction is presumably important for valve closure. The effect of relo-
cating the width of the root itself at the widest extension of the sinuses in
a kind of “remodeling” of the aortic root was also shown. The procedure
has not been attempted in bicuspid valves or in annulo-aortic ectasia of
the Marfan type. However, it may well be that by further modifications of
the technique those types of aortic root disease may be approached suc-
cessfully in the future.
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Rationale for using BioGlue

Aortic root operations involve the creation of fragile suture lines that be-
come difficult to access once the repair is complete. Furthermore, these
procedures involve working with aortic tissue that is extremely fragile,
especially in patients with acute aortic dissection or connective tissue dis-
orders. Consequently, securing hemostasis during these operations remains
a significant challenge. In a multicenter study of 151 patients with Marfan
syndrome who underwent aortic root replacement, 9% of patients required
mediastinal reexploration to treat bleeding [34]. In another recent report,
the incidence of bleeding requiring reoperation was 12.9% in a series of
132 patients who underwent root replacement with porcine aortic root
xenografts [25].

There are many techniques and adjuncts used to prevent bleeding after
aortic root surgery [11]. One adjunct that has been particularly useful is
BioGlue (CryoLife, Inc., Kennesaw, GA, USA), a surgical adhesive com-
posed of 45% purified bovine serum albumin and 10% glutaraldehyde,
which mix within the delivery tip during application [36]. BioGlue reaches
maximum bonding strength in 2 to 3 min and demonstrates excellent ten-
sile and shear strengths. Because BioGlue is stored and used at room tem-
perature and requires no solution preparation before use, it is rapidly
available for use in the operating room. One drawback of BioGlue is that it
requires a bloodless field to adhere, so it is not useful for controlling active
bleeding.

Balancing potential benefits with risks

The decision to use BioGlue should be based on careful consideration of
the agent’s potential benefits and associated risks. Many groups have re-
ported subjective benefits of using BioGlue to facilitate aortic repairs.
BioGlue appears to improve hemostasis, strengthen weak tissues, provide

Using BioGlue to achieve hemostasis
in aortic root surgery
S.A. LeMaire, J. S. Coselli



anastomotic support, and enhance the durability of repair [10, 16, 30];
these benefits are especially pronounced in patients with marked tissue fra-
gility, including those with connective tissue disorders or acute dissection.
Additional purported early benefits of using BioGlue include reduced
bleeding, decreased transfusion requirements, shortened operative times,
and shortened hospital lengths of stay [7, 10].

Although BioGlue may offer benefits, it poses several potential risks that
need to be considered [26]. Several reports suggest that BioGlue may se-
verely injure the aortic tissue, ultimately leading to redissection or pseu-
doaneurysm formation [5, 13, 15, 21, 28, 29, 35]. Ngaage and colleagues
[29], for example, recently reported nearly circumferential disruption of
both the proximal and distal anastomoses after ascending aortic dissection
repair. Reports after reoperations have described necrotic, fibrosed, and
excessively thinned aortic tissue found at the site of adhesive application
[5, 22, 28]. These complications may be the result of direct tissue toxicity,
an intense local inflammatory response, or a mismatch between adhesive
and tissue compliance. Azadani and colleagues [1] recently studied
BioGlue’s mechanical properties in the context of aortic root replacement
and found that BioGlue’s stiffness was at least 30 times greater than that of
the other products tested, and its elasticity was significantly less than that
of aortic tissue or commonly used aortic replacement conduits. In consid-
ering the clinical implications of their findings, the authors suggested that
the high stiffness of BioGlue may cause elevated wall stress, which could
weaken the tissue and lead to pseudoaneurysm formation.

When using BioGlue during root repair, surgeons should take extra care
to avoid the phrenic nerves, because the glutaraldehyde component of
BioGlue has been reported to be directly toxic to nerves [8, 18, 24, 33].
The concerns about toxicity to nerves also apply to cardiac conduction tis-
sue [24]. BioGlue has also been linked to the development of vascular stric-
tures and impaired aortic growth; therefore, it is not recommended for use
during aortic root operations in children [5, 22].

Systemic embolization of adhesive fragments is another concern, espe-
cially given the proximity of the coronary ostia during aortic root repair.
Several reports have raised concerns about adhesive leaking into the aortic
lumen, resulting in embolization or valve dysfunction [2, 12, 17, 19, 20,
27]. Strokes and myocardial infarctions caused by polymerized glue emboli
have been found on autopsy, and polymerized glue emboli have been ex-
tracted from patients with acute limb ischemia [4, 6, 17, 27]. There are sev-
eral potential mechanisms by which adhesives may cause embolization, the
most obvious of which is inadvertent direct spillage into the aortic lumen
(despite precautions); this can result from technical error, so careful atten-
tion and proper training of the surgical team will minimize this risk. As
originally suggested by Carrel and associates [6], glue can also leak into
the aortic lumen through suture-line needle holes even when the glue is
properly applied in accordance with the manufacturer’s instructions [23].
Although the number of reported cases involving adhesive embolization re-
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mains low, the incidence of adhesive embolization may be underestimated,
because adhesive embolization is rarely suspected as a cause when isch-
emic complications arise, and postmortem microscopy examinations are
not routinely performed in patients who succumb to complications of aor-
tic root repairs.

Given the well-documented risks involved in using BioGlue during aortic
repairs, we do not recommend doing this routinely; however, during cer-
tain complex operations – especially in cases of acute aortic dissection –
the benefits of using BioGlue may truly outweigh the risks. Thus, the risk-
benefit ratio for using BioGlue should be carefully considered on a patient-
by-patient basis. BioGlue should be used only when medically necessary to
secure hemostasis and reinforce weak tissues. When the use of BioGlue is
warranted by the clinical situation, several technical considerations can be
applied to make the use of this product as safe as possible.

Technical aspects of using BioGlue during aortic root repair

The two principal clinical scenarios in which we use BioGlue are
z when repairing the acutely dissected aortic root and
z when performing valve-sparing or valve-replacing aortic root replace-

ment [9].

In both situations, several technical steps and precautions can be taken to
maximize efficacy and minimize complications associated with using this
product.

When repairing the dissected aortic root, we use BioGlue to obliterate
the false lumen and reinforce the fragile suture lines. Because blood inter-
feres with tissue bonding, all clotted and fresh blood is removed from the
false lumen to create a dry field. The dissecting membrane is carefully
tacked to the outer wall with 6-0 sutures to keep the walls aligned during
glue application. Moist sponges are used to protect adjacent structures, the
aortic valve leaflets, and the coronary ostia from unintentional adhesive
run-off during BioGlue application. The left main coronary artery can also
be protected by the insertion of a red rubber catheter or another soft, flex-
ible cannula to occlude the ostium [31]. To reduce the chance of glue leak-
ing into the lumen while being applied to the suture line, it is important to
temporarily stop the left ventricular sump suction [16, 23, 36].

Before BioGlue is applied, the applicator tip is primed to evacuate air
and ensure the proper mixing of the components. This adhesive has a very
low viscosity, making it difficult to fully control during application, partic-
ularly if it is rapidly released. Slowly releasing the glue during application
tends to increase its initial viscosity and improve control. BioGlue is released
so that a thin (approximately 2-mm) layer fills the false lumen, while spillage
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outside the aorta or into the true lumen is carefully avoided (Fig. 1). Any
spilled adhesive is rapidly evacuated with the wall suction (never with the cell
saver or pump suctions). The walls of the aorta do not need to be pressed
together; in fact, the goal is to maintain an even layer of glue between the
tissue layers as it bonds to the aorta and polymerizes. After the glue has
been allowed to set for 2 to 3 min, the protective sponges are removed. The
true lumen and aortic valve leaflets are inspected to ensure that there is no
glue there. Once the dissected layers of the aortic wall are reapproximated,
the proximal anastomosis between the prosthetic graft and the sinotubular
junction is performed. Rather than incorporating felt strips into the repair
– a technique used by several surgeons [3, 32] – we often use pledgeted
mattress sutures to circumferentially reinforce the anastomosis after com-
pleting the primary suture line. We then apply a thin layer of BioGlue to
the outer surface of the distal suture line before removing the aortic clamp.

We occasionally also use BioGlue when performing aortic root replace-
ment procedures. This is especially helpful in patients with severely weak-
ened aortic tissue, such as those with connective tissue disorders. In these
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Fig. 1. Drawing illustrating the use of glue during repair of an acutely dissected aortic root.
The arrows indicate the direction of arterial inflow from the cardiopulmonary bypass pump. In
this case, a beveled hemi-arch repair has been performed during hypothermic circulatory arrest,
while antegrade cerebral perfusion was delivered via a right axillary artery cannula. Glue is
being used to obliterate the false lumen of the dissected aortic root. Note the fine sutures
keeping the layers of the aorta aligned and the protective moist sponge covering the aortic
valve and coronary ostia. Reproduced from LeMaire SA, Carter SA, Coselli JS (2008) Surgical ad-
hesives. In: Coselli JS, LeMaire SA (eds) Aortic arch surgery: principles, strategies and outcomes.
Wiley-Blackwell, Chichester, UK, p 244. Used with permission



repairs, the glue is applied to the outer surface of the completed annular,
aortic, and coronary suture lines to provide reinforcement and reduce
bleeding. To avoid inadvertent coronary compression or kinking, care is
taken to minimize the amount of glue placed around the coronary buttons
[16].

Regardless of the type of the lesion being treated, although BioGlue is
an excellent adjunct for creating a secure anastomosis, it is not helpful for
controlling active bleeding once flow has been restored. In patients with
active bleeding, we advocate using additional sutures to achieve hemo-
stasis; after the bleeding has been controlled, adhesive can be used to
strengthen the repair. In cases of severe bleeding that cannot be controlled
by conventional means, BioGlue can be applied to a bleeding site during a
brief period of hypothermic circulatory arrest [14].

Summary

BioGlue is one of the most widely used adhesives in aortic root surgery.
Although there is limited objective evidence to support using BioGlue dur-
ing aortic root operations, many surgeons have found that adhesives can
be extremely useful as adjuncts for securing hemostasis, particularly in pa-
tients with acute aortic dissection. Because of the potential associated
risks, BioGlue should be used only when medically necessary to facilitate
hemostasis and reinforce weak tissues. There remains a critical need for
new biocompatible adhesives that are nontoxic and rapidly achieve excel-
lent bonding strength; such an adhesive would be an ideal adjunct for aor-
tic root repairs.
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Introduction

Infective endocarditis (IE) is an uncommon disease. A key issue in IE is
that it is still associated with significant morbidity and mortality [1]. It is
uncommon as its current incidence rates vary between 2.4/100 000 and
11.6/100000 population according to sources [2]. It is a very serious dis-
ease considering that early in the 21st century there is still significant risk
involving the general population and hospital-admitted patients, which has
remained almost unchanged for decades [3, 4]. Furthermore, despite ad-
vancements in medical and surgical treatment, hospital-acquired cases of
IE have higher morbidity and mortality [4, 5].

The advent of surgical treatment of IE represented a major step forward
after the introduction of antibiotics. This is obvious when reviewing the
recent history of IE. From the early observations at the end of the 19th
century by Osler [6] who has been continuously quoted since, remarkable
changes have occurred leading to a better understanding of the disease
and better treatment options. This has been very well depicted by Durack
and Crawford [7] who stressed the need to reduce mortality by combining
efforts. Currently, IE has to be considered a combined medical and surgical
disease. This has been made possible by organizing multidisciplinary
groups of professionals with shared interests in this uncommon, serious,
and medically challenging disease.

At our institution, the Hospital Clinico Endocarditis Study Group has been
functioning since 1979, including physicians who are experts in infectious
diseases, microbiology, echocardiography, surgery and surgical pathology
(Appendix 1). This has led to obtaining significant experience in diagnosis
and treatment of this disease in an attempt to reduce mortality through a
consensus case-by-case decision-making process (Fig. 1). More recently, a
global initiative took form in 1999 as the International Collaboration on En-
docarditis (ICE) [2], a worldwide group of investigators sharing common in-
terests and tools like the Duke diagnostic criteria of IE [8]. These and some
other departmental or interinstitutional working groups represent the under-
lying philosophy of a global approach to the patient.
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Appendix 1

Members of the Hospital Clinico Endocarditis Study Group

Infectious

diseases

Cardiology Cardiovascular

surgery

Microbiology

J.M. Miró
A del Río
C. Cervera
A. Moreno
J.M. Gatell

J. C. Paré
C. Falces
M. Azqueta
M. Sitges
L. l. Mont

C. A. Mestres
R. Cartañá
S. Ninot
J. L. Pomar

F. Marco
M. Almela
M. T. Jiménez-deAnta

Other
services

Pathology Experimental
endocarditis lab

External
collaborators

D. Soy
M. Brunet
E. de Lazzari

N. Pérez
J. Ramírez
T. Ribalta

C. García de la María
Y. Arnedo
M. E. Díaz

G. R. Corey
V. Fowler
C. Cabell
J. Gavaldà
A. Pahissa
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Current challenges in infective endocarditis

Infective endocarditis is a complex, challenging disease. If we assume that
a challenge is “to stimulate especially by presenting difficulties” [9], then
IE is a real challenge for all physicians involved in patient care. This is
probably one of the best meanings of the word “challenge” and depicts
quite well the problems seen daily with IE. Trying to look into the issues
that make IE challenging, a few can be considered in different fields related
to IE (Table 1). This includes mortality with or without surgical treatment.
A summary then follows.

z Conceptual challenges

The optimal diagnosis and management of patients suffering from IE re-
quires a very high degree of suspicion due to the protean manifestations of
the disease. Suspicion is a part of experience, and experience requires time.
It is challenging to have knowledge disseminated in an appropriate way.
Thus, the role of guidelines, which have to be dynamic, become important.
Guidelines are meant to be information intended to advise people on how
something should be done or what something should be [9] or a statement
or other indication of policy or procedure by which to determine a course
of action.

The good part is that they give an overview of the disease, they repre-
sent an organized approach, they try to define common pathways and uni-
fy criteria as help in the care of the patient. This has been extensively
proved in the literature. However, there are always problems with guide-
lines. First, some people pretend them to be law. Second, despite the fact
that they may represent an option looking for the best practice in a given
problem, IE is an infrequent disease of which knowledge is still being accu-
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Table 1. Mortality in infective endocarditis in different types of population by treatment
groups; Hospital Clinic Barcelona: 989 episodes (1979–2007); ICE: 2781 episodes (2000–2005)

Surgery
Barcelona/ICE

Mortality
Barcelona/ICE

z IE in i.v. drug users 18/38% 11/10%
z IE in general population 38/48% 31/17%
z PV IE 46/49% 35/23%
z Pacemaker/ICD IE 91/61% 12/10%
z Overall 39/48% 25/18%

ICE International Collaboration in Endocarditis; IE infective endocarditis, PV prosthetic valve,
ICD implantable-cardioverter defibrillator



mulated from the perspective of daily clinical work, which is too scanty to
construct large-size randomized trials. Currently, there are a number of
society guidelines [10–13] aiming to summarize the best options from pre-
vention to diagnosis and treatment; however, there are some differences in
the way information is integrated by the practitioner. There are a number
of different views and there is no consensus in some regards. A good ex-
ample is the recent most modification of the prevention guidelines focus-
ing on dental procedures [14–17].

Summarizing briefly, guidelines today confirm that cardiac surgery is
the standard of care in certain subgroups of patients with active IE and
that we are operating on more patients during the acute phase of IE due to
a steady decrease in surgical mortality (Table 2). Despite this, indications
and timing are difficult decisions. The way to make guidelines useful and
profitable is still complex as there are a number of different approaches to
them and the rate of adherence is not uniform [18].

z Timing

As a consequence of the intrinsic nature of the disease, a clear challenge in IE
is the appropriate timing for a surgical intervention. This important problem
has been addressed frequently in recent years. As stated earlier, experience
and suspicion are important in the diagnosis of IE. Extensive clinical experi-
ence should help in determining the best moment to operate. Guidelines, of
course, do fail in defining the best time for surgery. There are many factors
influencing the surgical results, including the delay from the onset of symp-
toms to an accurate diagnosis, the patient’s preoperative condition, the extent
of anatomical destruction in a given region, etc. Therefore, taking all into ac-
count, it is unlikely that a correct decision with regard to appropriate timing
would be reached in some subgroups of patients [19].
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Table 2. Summary of current knowledge and indications for surgery in infective endocarditis

z Congestive heart failure Primary indication

z Uncontrolled infection Rule out visceral involvement

z Vegetations and peripheral emboli (risk <1% after 1 week)

z Perivalvular infection (10–40% NVE – 40–100% PVE)

z PVE Surgery

z Fungal endocarditis Surgery

z Neurological complications Delayed surgery (>30 d) according to recovery

z Timing of surgery (Very complicated issue, yet to be decided . . .)

NVE native valve endocarditis, PVE prosthetic valve endocarditis



Although indications for surgery are quite well defined today, the issue
of timing for surgery is still a matter of controversy [20–24]. In fact, most
papers refer to the indications for surgery as clearly stated by Olaison and
Petterson [19]; however, there is no clear-cut conclusion as to what the
appropriate timing is, thus, leaving substantial doubt about the correct
decision, especially in patients with high surgical risk, risk that can be
stratified in a number of ways, using different scores [25]. A recent contri-
bution by Tleyjeh et al. [24] seems to suggest once again that a delay in
surgery may be beneficial in terms of mortality but leaves open a number
of questions that need further elucidation. Organizing prospective, ran-
domized trials in IE is difficult. Although there is no doubt about the value
of surgery in certain subgroups of patients (Table 3) [26, 27], no appropri-
ate study has defined when a patient may benefit most from the operation.
A recently published trial protocol underlines specific issues in this regard
[28].

z Special populations

HIV-infected patients

The subgroup of HIV-infected patients with IE continues to be of particu-
lar risk due to comorbidities and the eventual impact of the infection in
patients who will eventually undergo an aggressive intervention like cardiac
surgery. Our previous data showed that over the last 20 years there have
been an increasing number of HIV-infected patients referred for cardiac
surgery [29]. Very early data in a nationwide survey described a population
at risk [30] and suggested that there may be no influence on the outcome
of these patients due to surgery with cardiopulmonary bypass. At that
time, there were also a number of ethical issues in terms of denying major
surgery to advanced HIV-infected patients (with AIDS criteria or very im-
mune suppressed (e.g., <200 CD4+ T-cell count/mm3)).
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Table 3. Surgery for infective endocarditis – Group benefit

z NVE S. aureus

z NVE Coagulase-negative Staphylococci

z Congestive heart failure

z Aortic valve vegetations

z Perivalvular complications

z Sytemic embolization

NVE native valve endocarditis



Intermediate data from our group disclosed that HIV-infected patients
may have better outcome and prognosis than expected [29, 31]. Cardiopul-
monary bypass did not impair the immune status of the patients as clearly
assessed by CD4 count postoperatively [32]. These data included those of
HIV-patients with IE but no intravenous drug abuse [33], an important
fact if we take into account that almost on a universal basis it has been
thought that IE was associated with drug abuse. Furthermore, medium-
term follow-up also confirmed that HIV-infected patients on HAART have
a more than acceptable survival at 10 years, between 35 and 40%.

Despite these positive outcomes, the problem still persists and the recent
report by De Rosa et al. [34] warns about the persistence of the problem.
Drug abuse continues to be a social problem with very strong medical im-
plications due to the increased risk for infection, as is the case of IE. If pa-
tients undergo operations, the chance for reoperation does exist and can-
not be neglected. Furthermore, around 40% of HIV-infected patients will
develop left-sided IE, which carries a much worse prognosis than tricuspid
or pulmonary valve involvement.

In addition, the issue of comorbidities has to be taken seriously. So far,
previous publications from our group and from others suggest a lack of
difference in terms of postoperative mortality and morbidity, especially in
terms of surgical site infection. This was also the issue in a preliminary
case-control study performed by us in HIV-infected patient with no IE
[35], which was not extrapolated to the subgroup of HIV-infected patients
with IE due to the difficulties in finding an appropriate population for
comparison. A critical statement that is also supported by others [36] is
that the level of immune suppression does not influence mortality unless
the patient has developed AIDS. Because there is a high incidence of IE
(10–12%) among HIV-infected patients with an associated high overall
mortality of around 30%, every effort has to be made to cope with this
risky population. So far, no patient has been denied surgery based on non-
medical reasons.

Liver cirrhosis

Liver cirrhosis is a very serious disease that, in advanced stages, has high
mortality. Currently, for very advanced disease there is no other therapy
than replacement therapy through liver transplantation [37, 38]. Our cur-
rent level of knowledge indicates that patients with liver cirrhosis poorly
tolerate major surgery, including intraabdominal or intrathoracic surgery
in particular. Data from Filsoufi et al. [39] indicate that out of 27 patients
with liver cirrhosis, who underwent major cardiac surgery at their institu-
tion, overall mortality was 26%, but when advancing into a major degree
of severity for the liver disease, mortality rose to 67% in Child C class pa-
tients. Two patients were HIV-infected and 3 patients were operated on for
acute IE. In addition, 9 patients underwent the operation off-pump, which
we do believe is a different type of population, because the additional trau-

z C.-A. Mestres, J.M. Miró200



ma of cardiopulmonary bypass is eliminated. In any case, this series by
Filsoufi et al. [39] represents the largest cohort of patients operated on for
cardiac conditions. The conclusion was that patients with advanced liver
disease, Child C class, are at highest risk.

From our point of view, our current experience with liver cirrhosis pa-
tients seems to be similar in terms of risk. So far, we have experience with
19 patients undergoing 20 operations for acute IE out of a larger series of
cardiac patients. These still unpublished data confirm that mortality is
high in Child B and C patients, with the highest mortality being observed
in the latter class (about 70%). In addition, postoperative morbidity is also
significant, leading to a complex postoperative period. Data from the few
papers published so far also seem to support that patient selection is, as
usual, a key point for positive outcomes and we agree with this.

Patients with liver cirrhosis represent a challenge in the broadest sense
of the word. Further analyses must be performed in order to elucidate the
actual role of surgery in these patients, especially in IE considering the in-
trinsic high risk of IE patients. Because units specialized in the care of the
liver patients have developed in the past two decades, initially caring for
patients with gastrointestinal bleeding and later incorporating liver trans-
plant patients, this special population represents a new subgroup of pa-
tients who will be referred for surgical evaluation.

z Anatomical and technical issues

As stated earlier, mortality continues to be high in IE and possible causes
include changes in the clinical pattern of the disease and the absence of
adequate treatment [40, 41]. Adequate is a very wide term that describes a
number of accepted possibilities to treat any condition. In the case of IE
and despite all advances in microbiological and clinical diagnosis and ad-
vances in pharmacology leading to better antibiotic therapy, mortality re-
mains high as previously discussed. Surgery is also not free from signifi-
cant morbidity and mortality, and the factors influencing this have been
discussed [2, 19].

A surgeon will definitely face many different conditions in a patient re-
quiring an operation for IE, regardless of the valve location and number of
valves involved. The truth is that the more extensive the local damage, the
higher the risk and the worse the results, even in the best hands. Once
again, the inability to organize controlled trials, the variability in the ana-
tomic condition and extravalvular extension of tissue destruction due to
infectious and inflammatory processes makes it extremely difficult to look
for a uniform approach to patients with IE.

Typical examples of challenging cases in terms of anatomy are periannu-
lar complications. Perivalvular abscesses and aortocavitary fistulae repre-
sent very advanced and serious diseases as extravalvular extension confirm
both a very aggressive pathogen like S. aureus and a delayed clinical diag-
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nosis. Mortality and morbidity are definitely very high as has been our ex-
perience in the past with both anatomic conditions [42–45]. The situation
is particularly worse in the setting of infected prosthetic valves [43], where
the chances for adequate repair are slim with conventional valve replace-
ment or repair techniques. The advent of aortic homografts [46–50] al-
lowed for a technically successful repair in cases with no chances other-
wise, despite complex techniques including extraanatomical reconstruction
as suggested earlier by Danielson et al. [51]. In the aortic root, homografts
[48, 50] and possibly autografts [52], despite being old techniques, continue
to be extremely useful when there is extravalvular destruction. This, of
course, does not necessarily guarantee a better final outcome, because the
patient may eventually die from sepsis or other complications. However,
the technical challenge can be better approached with such replacement de-
vices. The results have to be looked at from the perspective of time and
durability. The extraordinary results reported by Yankah [53] and Knosalla
[54] confirm that the homografts play an important role in the manage-
ment of challenging aortic roots, especially in prosthetic valve IE. However,
a problem is the complexity of the disease and up to what extent some
good results can be reproduced. If there is no such complex disease, good
results have also been reported with other devices like stentless valves [55].
The underlying philosophy is that biological replacement devices seem to
work extremely well, although no comparative studies have been performed
with mechanical valves both in the short- and long-term.

Perivalvular complications originating in the mitral position are less fre-
quent than in the aortic root. However, once they appear, the anatomical
condition will pose difficulties to any surgeon, because the local destruc-
tion may extend into the fibrosa or a calcified annulus will become ex-
tremely difficult to treat. Although less frequent, technical complexity
should not be neglected, and sometimes cumbersome and complex tech-
niques like mitral valve replacement using the pulmonary autograft, also
well known as the Ross II operation, are useful. Initially described in the
setting of rheumatic valves [56–60], this technique may play a role in chal-
lenging situations in the mitral position [61].

The problem with the combination of perivalvular extension, mitral or
aortic, in combination with multivalvular involvement may lead to the
worse case scenario that can happen when looking at the anatomy. This is
the destruction of the fibrous skeleton of the heart. This is does not occur
frequently but is a dreaded complication of extravalvular extension in uni-
or multivalvular involvement in IE. Some patients have such extensive de-
struction that it is technically almost impossible to manage. From our own
experience, we can identify four patients with multiple destruction involv-
ing the fibrous skeleton in the setting of prosthetic valve IE. Three of them
died perioperatively during attempted repair, despite the use of extensive
debridement and homografts. One young 24-year-old male with three acute
operations due to community-acquired methicillin-resistant S. aureus un-
derwent orthotopic heart transplantation, while on a left ventricular assist
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device. Blood cultures were, of course, negative at the time of transplanta-
tion. He survived 2.5 years before he died from hyperacute rejection [62].
There are scanty reports on this subject [63, 64]; however, they demon-
strate that in some cases, transplantation may be an alternative rather than
a contraindication in the setting of IE. The key requirement is having neg-
ative blood cultures.

z Risk stratification

To the list of challenges in IE that should be considered, we add the fol-
lowing: improving microbiological techniques (polymerase chain reaction,
DNA testing, etc.), improving echocardiographic techniques (3D), identify
vulnerable populations, increasing the awareness of the medical commu-
nity, and preoperative risk assessment. There is no doubt that IE is still a
very challenging disease from all perspectives, and we are still far from
being successful in obtaining full control of the disease for, among them,
the many reasons stated above.

In recent years, preoperative risk stratification has become popular in
the cardiovascular surgery community [25]. Preoperative risk assessment is
of crucial importance in high-risk patients; current risk scores tend to un-
derestimate the risk of mortality in high-risk patients despite the fact that
low- or medium-risk patients can easily be identified and matched. In
Europe, the EuroSCORE has become the most popular risk stratification
model, because it can handle the vast majority of adult cardiac surgery
procedures; it has been validated in different populations and has been
compared with other models that can be considered as competitors [65,
66]. Currently, it is accepted that risk models can be used to predict some
outcomes, to determine quality assurance, and to educate individuals or
departments in the monitoring of quality [67–70]. At our institution, we
have been concerned with the extraordinary risk of some subgroups of
patients with IE. This may sometimes not be easy to share with the patient
or the relatives. However, using a specific tool, like risk models, may help
in the decision-making process, especially when the surgical risk is consid-
ered to be unacceptable. As in most places in Europe, we have used the
EuroSCORE for years and it has helped to identify the highest-risk candi-
dates, been used to monitor surgical results, and to take uncomfortable
decisions as to when to deny surgical treatment [71]. With a number of
limitations, our study confirmed that the EuroSCORE model seems to work
acceptably well in IE; these patients are usually in the high-risk area. There
is still controversy as to when models may be trusted due to the dynamic
nature of the surgical practice. This has been recently addressed by
Choong et al. in an elegant editorial [72]. To what extent, this will help the
physicians in defining what the real value of such models in IE is, remains
to be confirmed.
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Conclusions

Infective endocarditis is an infrequent and very serious disease. Despite a
number of advances in all related disciplines, morbidity and mortality re-
main high. Surgical treatment is an integral part of the management of the
patient with IE. This is a highly demanding disease with suboptimal re-
sults, thus, making it an unpopular medical and surgical problem, which
requires a team approach. At the beginning of the 21st century, it should
be considered a highly challenging problem with a number of still unan-
swered questions.
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Introduction

Despite improvements in medical care, the incidence of left-sided active in-
fective endocarditis (AIE) has remained unchanged over the past few de-
cades. As shown in a review of 26 publications on a total of almost 3800
patients treated between 1993 and 2003, it is reported to affect a median of
3.6–5.4/100000 persons per year, increasing in individuals over 65 years
old to 15.0/100000 persons per year, with a male:female ratio of 2 : 1 [1].
This unchanging incidence may be explained by changes in both the spec-
trum of causative organisms and in the patients affected [2]. New groups
at risk of endocarditis have emerged, for example, the increasingly aging
population with heart valve sclerosis, patients with prosthetic valves, those
exposed to nosocomial infections, hemodialysis patients, and intravenous
drug abusers [3], while chronic rheumatic fever, which was a classic pre-
disposing factor in the preantibiotics era, has become rare in industrialized
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countries. These developments reflect our experience of continuing high
numbers of patients who have to be operated on for AIE each year: be-
tween May 1986 and December 2008 a total of 1313 AIE patients were op-
erated on at the Deutsches Herzzentrum Berlin, 72.4% (n=1009) for native
endocarditis and 27.6% (n=384) for prosthetic endocarditis (Fig. 1).

To exclude the effects of different valve types on the outcome after an
endocarditis operation, we analyzed a subgroup of patients with left-sided
AIE (n=297) in whom the same bioprosthesis (Shelhigh®) was implanted
between February 2000 and December 2008. The retrospective study ana-
lyzed both prospectively updated data and patients recently operated upon.

The aim of this study was to investigate outcome after surgical therapy
in these AIE patients, in particular, with regard to survival in relation to
surgical urgency, valve position, the number of implanted valves, and ab-
scess formation. Another objective was to analyze the reinfection rate of
the implanted prostheses with regard to our previous findings in a larger
group of patients over a longer period [4, 5].

Patients and methods

z Patient population

An overview of the patient population is given in Table 1. Between Febru-
ary 2000 and December 2008, 297 patients with left-sided AIE (211 men,
median age 60 years) received implantation of a Shelhigh® stentless valve
prosthesis. In 213 (71.7%) patients, native valve endocarditis was present,
while 84 (29.0%) had prosthetic valve endocarditis. A large proportion of
patients were referred to our department in a condition of cardiac decom-
pensation: 71 (23.9%) patients were intubated, 52 (17.5%) had protracted
septic shock, and 77 (25.9%) required high doses of catecholamines. The
operation was performed electively in 20 (6.7%), urgently in 184 (62.0%),
and as an emergency procedure in 93 (31.3%) patients. S. aureus (23.6%)
and Streptococci (18.5%) were the most common microorganisms found in
the blood cultures. Follow-up was completed in all survivors by telephone
contact with the patient, by analyzing standardized mail questionnaires
sent to the patients, by consulting the population registry and by contact-
ing peripheral hospitals.

The median follow-up time was 0.87 years (range 0 to 8.7 years), with
676.2 patient years.

The study population of 297 patients represents 22.6% of all patients
operated on at our institution due to AIE over the past 20 years and 36.7%
of all surgical endocarditis patients for the study period (n=808).
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Table 1. Patient population with left-sided endocarditis AIE

Period 2/2000–12/2008

z Patients with AIE
– Men
– Women

n=297
n=211 (71.0%)
n= 86 (29.0%)

z Age

– Median
– Mean
– Range

60 years
57.4 years
17–85 years

z Endocarditis
– Native AIE
– Prosthetic AIE

n=213 (71.7%)
n= 84 (28.3%)

z Preoperative status
– Intubation
– Septic shock
– High-dose catecholamines

n=71 (23.9%)
n=52 (17.5%)
n=77 (25.9%)

z Operation
– Elective
– Urgent
– Emergency

n= 20 (6.7%)
n=184 (62.0%)
n= 93 (31.3%)

z Blood microorganisms
– Staphylococci

S. aureus
– Streptococci

Viridans streptococci
– Enterococcus species
– Culture negative
– Others
– Unknown

n=36 (12.1%)
n=70 (23.6%)
n=55 (18.5%)
n=25 (8.4%)
n=33 (11.1%)
n=49 (16.5%)
n=13 (4.4%)
n=16 (5.4%)

z Follow-up
– Median
– Range
– Patient years

0.87 years
0–8.7 years
676.2 years

Indication No. of patients

z Progressive heart failure
+ recurrent septic embolisms
+ vegetations
+ therapy-resistant septic infections

244 (82.2%)
111 (37.4%)
178 (59.9%)
108 (36.4%)

z Abscess formation
– aortic
– mitral
– aortic + mitral

145 (48.8%)
92 (30.9%)
39 (13.1%)
7 (2.4%)

z Therapy-resistant septic infection 108 (36.4%)
z Recurrent septic embolism 111 (37.4%)

AIE active infective endocarditis



z Indications for surgery and operations performed

An overview of operative indications during the acute phase of AIE is
given in Table 1. In general, patients developed a summary of indication
for surgery during antibiotic treatment for AIE. The majority had to be op-
erated on due to progressive heart failure in combination with recurrent
septic embolisms, vegetations, or therapy-resistant infections. A total of
145 patients (48.8%) developed an abscess in the aortic and/or mitral
valve. An overview of the number and the position of the Shelhigh® bio-
prostheses (n=315) implanted is given in Table 2. A total of 43 patients re-
ceived concomitant CABG operation.

z Definition of active infective endocarditis

AIE was defined on the basis of vegetations or an abscess shown in the
echocardiogram and accompanied by positive blood cultures or intraopera-
tively harvested valve cultures, on the basis of clinical evidence of persis-
tent sepsis or recurrent septic embolism, or on the basis of the intraopera-
tive diagnosis.

z The Shelhigh® SuperStentless bioprosthesis

The aortic Shelhigh® SuperStentless bioprosthesis (Fig. 2) is made entirely
of biological material and is a composite valve consisting of three individu-
al porcine semilunar cusps. It is available in the sizes 21–31 mm. It is made
from noncoronary cusps taken from three glutaraldehyde-fixed aortic
valves that are congruent to each other and sewn together with cardiovas-
cular sutures. The resulting composite trileaflet valve, which is covered
with pericardium, has no stent and therefore an optimal opening area. It is
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Table 2. Numbers of Shelhigh® bioprostheses implanted and their position

Valve type No.

z Single valve implantation 249

– Aortic valve 125
– Aortic conduit 28
– Mitral valve 89
– Tricuspid valve 7

z Double valve implantation 66

– Aortic and mitral valve 40
– Left- and right-sided implantation 8
– Others 18



also free from mechanical parts and foreign material at the surface, which
is favorable for implantation in patients with endocarditis. The valve has a
very flexible ring situated between the valve tissue and the pericardial coat.
The addition of three so-called struts gives the ring the character of a
“skeleton” which simplifies the implantation process. As the framework is
flexible, it is possible to implant the stentfree valve in the aortic position
by placing a suture at the regular base of the annulus and an additional su-
ture at the struts. The xenograft, which is coated with heparin, is con-
served in glutaraldehyde at very low pressure (<4 mmHg) and detoxified.
This process eliminates residual glutaraldehyde and ensures stable cross-
linking of the valve tissue. In addition, the valve is subjected to anticalcifi-
cation treatment (the No-React® procedure). This is designed to reduce the
reaction of the adjacent tissue and to limit valve calcification and tissue de-
struction in the long term [6, 7].

z Statistical analysis

SPSS for Windows version 12.01 was used. Qualitative data are presented
as number (n) and percent. For quantitative data means ± standard error
were calculated. Analysis of survival and freedom from endpoints was per-
formed according to Kaplan-Meier estimation. For comparison of survival
in different patient groups, the Gehan test was used.

A logistic regression model was applied to investigate possible risk fac-
tors for early mortality (<30 d). First all possible risk factors were evalu-
ated with a univariate approach, followed by multivariate logistic regres-
sion with backward elimination procedure.

Survivors and nonsurvivors were compared by Pearson’s �2 test or Stu-
dent’s t-test accordingly. A value of P<0.05 was considered statistically sig-
nificant.
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Results

z Overall survival and survival in relation to surgical urgency

The overall survival curves and the comparison between the patients oper-
ated on electively or urgently and those operated on in an emergency are
given in Fig. 3. The 30-day, 1-, 3- and 5-year survival rates for the whole
study population were 76.5% ±2.7%, 59.9% ±3.2%, 52.9 ±3.4%, and 46.8%
±4.0%, respectively.

We found a highly significant difference between the survival rates of
patients with elective and urgent surgery vs. those operated on in an
emergency: the 30-day, 1-, 3- and 5-year survival rates after elective
and urgent operation were 87.3% ±2.7%, 68.3%±4.0%, 61.8%±4.2%, and
53.7% ±5.3%, respectively, in comparison to 59.2% ±5.0%, 46.4% ±5.1%,
38.8% ±5.3%, and 36.5%±5.5% after emergency operation (p<0.0001). Anal-
ysis of the survival curve shows a clear difference between the two groups in
the first 30 days.

There were 6 (2.3%) intraoperative deaths: 5 due to septic multiorgan
failure and 1 due to myocardial failure. The main causes of the 60 (23.5%)
early deaths (30 d) were septic multiorgan failure in 46 (76.6%), myocardial
failure in 6 (10.0%), cerebral bleeding in 5 (8.3%), hemorrhagic shock in 2
(3.3%) cases, and pulmonary emboli in 1 (1.6%) case.
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Fig. 3. Overall survival and survival in relation to surgical urgency in patients with active infec-
tive endocarditis after Shelhigh® implantation (n=255 patients)



z Survival in relation to valve position and comparison
of single versus double valve replacement

There was no significant difference between the survival rates of patients
after aortic valve (AVR) or mitral valve replacement (MVR): the 30-day, 1-,
3- and 5-year survival rates after AVR were 76.3%±3.7%, 59.1% ±4.4%,
55.6% ±4.6%, and 46.4%±5.8%, respectively, in comparison to 80.7% ±
5.0%, 67.9% ±6.1%, 54.8% ±7.1%, and 49.8% ±8.0% after MVR (p=0.46).
Compared to all study patients with single valve replacement, patients with
double valve replacement (AVR and MVR) had a significantly worse sur-
vival rate: the 30-day survival rate after AVR and MVR was 60.7% ±9.2%
and for 1-, 3- and 5-years it remained at 40.4% ±9.7% (p=0.0336).

Comparison of the survival curves of single versus double valve replace-
ment showed a nonsignificant trend toward better survival after AVR alone
(p=0.0728) and a highly significant better survival after MVR alone
(p=0.0206) (Fig. 2), but the low risk for the double valve replacement
group has to be taken into consideration. A clear difference is seen between
the two groups in the first 30 days and in the period of between 1 month
and 1 year.

z Survival in relation to abscess formation

The survival curves in relation to abscess formation are shown in Fig. 4.
From the study population, 145 (48.8%) showed abscess formation. Of
these, 92 (30.9%) developed an isolated abscess of the aortic valve, 39
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after Shelhigh® implantation (n=255 patients)



(13.1%) patients of the mitral valve and 7 (2.4%) patients had abscess for-
mation on both valves (Table 1). Comparing the groups with and without
abscess, the figures for better survival in patients without an abscess were
highly significant: the 30-day, 1-, 3- and 5-year survival rates for patients
without abscess formation were 82.6% ±3.2%, 64.6% ±4.1%, 57.5% ±4.5%,
and 50.4% ±6.2%, respectively, in comparison to 68.5% ±4.4%, 53.7% ±
4.8%, 47.1% ±5.1%, and 40.6% ±5.6% in patients with abscess formation
(p=0.0245).

z Reinfection after Shelhigh® implantation

A total of 25 out of 297 patients (8.4%) developed reinfection following
Shelhigh® implantation leading to reoperation. From these, there were only
two early reinfections (<60 d) at the 41st and 59th postoperative day
(0.78%) with the same microorganism.

Fig. 5 shows the freedom from reoperation due to reinfection: the 30-
day, 1-, 3- and 5-year rates were 100%, 94.4%±1.8%, 87.0% ±3.2% and
83.8% ±4.4%, respectively, for the whole population.
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Discussion

z Survival and surgical urgency

For the risk stratification and survival in our study, it has to be taken into
consideration that our hospital is a referral surgical center receiving pa-
tients who have already been treated medically elsewhere and sometimes
coming for an operation as ultima ratio therapy. Our study shows that the
survival of patients differs significantly depending on the surgical urgency.
The difference in survival found between the patients operated on urgently
but in stable condition and those in whom the operation was an emergency
procedure due to unstable hemodynamics or septic shock reflects the ag-
gressive nature of the disease but also shows that a large number of pa-
tients with endocarditis are referred too late for operation. These results
suggest that early outcome can be improved if patients are operated upon
before heart failure or septic shock develops. This is shown in the survival
curve, where after the first 30 days the lines for urgent and emergency
operation run parallel.

In addition, survival in patients after double valve replacement (aortic
and mitral) was significantly worse than with single valve replacement.
Better outcome could have been achieved, if the patients had been referred
earlier for surgery. This view is also supported by the analysis of the 30-
day mortality. Our results are in accord with those of two published studies
in which Alexiou et al. found the hemodynamic status of the patient at the
time of valve replacement to be one of the most important predictors for
operative mortality [8], while Reinhartz et al. showed the optimal time for
operation to be before hemodynamic instability or infiltration of the para-
valvular tissue by the infection occurs [9].

Although rapid surgical treatment in patients with extensive endocardi-
tic infection greatly influences their morbidity and mortality rate, the opti-
mal time point for the operation is still controversially discussed in the
literature [10, 11]. Because no randomized controlled trials have been con-
ducted to clarify the role of surgery in the treatment of AIE patients and
its optimal timing to improve outcomes, current practice guidelines for the
surgical management of complex left-sided IE are largely based on results
of observational studies and expert opinion [3, 11, 12]. Our results are con-
sistent with those of published studies showing the benefit of surgical ther-
apy. In a large, longitudinal, prospective cohort study to examine the im-
pact of surgery, Aksoy et al. determined that surgical therapy in patients
with left-sided AIE is a strong independent predictor of long-term survival.
In this recently published study, the authors demonstrated that the use of
surgery was independently predicted by age, the presence of heart failure,
and an intracardiac abscess, concluding that these high-risk patients may
reap the most benefit from early surgery and should be considered for
early, aggressive surgical therapy [13]. Vikram et al. found in a large retro-

z M. Musci et al.218



spective, observational cohort study of seven hospitals that valve surgery
for patients with complex, left-sided native valve endocarditis was indepen-
dently associated with reduced 6-month mortality, particularly evident
among patients with moderate to severe congestive heart failure [14].

z Survival and abscess formation

Our study confirms previous reports that documented the association of
periannular abscess complications with increased mortality and the need
of surgery in almost all patients [15, 16]. In our study, abscess formation,
which was found in 46% of patients, was not only associated with signifi-
cantly decreased survival but also showed an association with early mortal-
ity in the univariate analysis (OR 2.16, 95% CI 1.21–3.85). These results
are in accord with data published by the investigators of the International
Collaboration on Endocarditis Merged Database, a cohort from 7 sites in 5
countries. They showed that, among 311 patients who had definite aortic
valve AIE, 67 (22%) patients had a periannular abscess. These patients
were more likely to undergo surgery (84% vs. 36%, p<0.001), and their in-
hospital mortality rate was higher (19% vs. 11%, p<0.09). In this study,
periannular abscess formation showed a nonsignificant trend towards an
increased risk of death (OR 1.9, 95% CI 0.9 to 3.8) but failed to be an inde-
pendent risk factor in multivariate analysis, in which S. aureus infection
was independently associated with increased risk of death [17]. These re-
sults are confirmed by recently published studies in which S. aureus in-
fective endocarditis is associated with high morbidity and mortality and a
more severe prognosis compared with AIE caused by other pathogens [16,
18]. In our study, early nonsurvivors showed more infection with Staphylo-
coccus species and a nonsignificant trend towards S. aureus infection.

z Clinical results of Shelhigh® bioprostheses

Our data show that Shelhigh® bioprostheses offer very good early and
mid-term clinical results in patients with AIE. The low reinfection rate
found with these valves is comparable to the results achieved at our institu-
tion in the treatment of endocarditis with cryopreserved homografts [19]
although with a follow-up of 676 patient years the number of Shelhigh®
patients having reached mid-term follow-up is still small and the results
will need to be verified in the long-term course.

In June 2007, the FDA seized all finished devices at Shelhigh’s manufac-
turing facility due to concerns of a potential risk of nonsterility (see press
release FDA June 2007, homepage; http://www.fda.gov) but did not mandate
a recall of the devices. In Germany, there was no government seizure but a
voluntary distribution stop by the Shelhigh® company. In our study, no de
novo infection due to possible nonsterility was found.
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z Study limitations

The present study is retrospective and nonrandomized, using prospectively
updated data. Clinical endpoints such as exercise capacity and functional
tests could not be assessed. There is a natural bias in the clinical assess-
ment of the patient groups. Despite these limitations the present study rep-
resents a unique attempt to collect and analyze a single-center experience
in the surgical treatment of AIE with the use of the Shelhigh® stentless bio-
prosthesis over a period of 8 years in a large group of patients.

Conclusions

The survival of patients differs significantly depending on the urgency of
their operations. Better outcome could have been achieved if patients had
been referred earlier for surgery. Compared to early survivors, nonsurvi-
vors (<30 d) showed clinical signs of cardiac decompensation and dete-
rioration of the endocarditis suggesting that early outcome could be im-
proved if patients are operated upon before heart failure or septic shock
develops.

The low reinfection rate of Shelhigh® bioprostheses in AIE is promising
and the satisfactory early and mid-term results achieved in patients with
native and prosthetic endocarditis need to be verified in the long-term
course.
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Introduction

Active infective endocarditis (AIE), which was first described by Osler in
1885 [1], is still a pernicious disease although its clinical course and out-
come have changed since the introduction of penicillin and other antibiot-
ics. This made the disease treatable and mortality was dramatically lowered
but recent decades have not brought about any further improvement in
treatment [2]. Today the mortality rate varies between 15 and 40% [3–7],
which is as high as in patients suffering from acute myocardial infarction
complicated by heart failure [8, 9]. However, it should be mentioned that
in some published series the surgical mortality is very low. This implies
not only that the criteria by which patients are included in studies vary
but also that there is something that could be done to improve the outcome
of the disease. Because an important percentage of the patients demon-
strate a disproportion between the objective state of the disease and their
subjective symptoms [10], an improvement in visualization techniques such
as magnetic resonance imaging [11] or computed tomography [12] – and
especially the proper use of echocardiography [13] – could substantially
improve diagnostic procedures. In “surgical cases” such an improvement
helps to define the optimal window for surgical intervention and can lead
to improved outcome. It is clear that, before the development of modern
visualization techniques, root abscess was recognized only during surgery
or in postmortem pathological investigations [14].

The different clinical presentations of endocarditis during the individual
development of AIE [15] explain the use in the existing literature of the
terms “chronic” and “acute” endocarditis in line with the course of clinical
manifestation. The chronic type was previously considered to develop with
delay and not to be severe in character. In this paper, the terms “acute”
and “chronic” will not be applied because they are often misleading. The
term “active infective endocarditis” (AIE) will be used to indicate virulence
and progression, independent of the clinical situation. It includes all pa-
tients who had a positive blood culture in the 3 weeks before surgery (or
positive culture of the excised valve) and the presence of macroscopically
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typical lesions [16–19]. Echocardiographic investigations of AIE aim to an-
swer the following important questions:
z How can we predict the clinical course of the disease in individual pa-

tients?
z How can we optimize treatment decisions, i.e., when can we state that

medical treatment has been successfully completed and when is surgical
support needed to improve clinical outcome?

Types of endocarditis

z Native valve and prosthetic endocarditis

Native valve endocarditis should be treated differently from prosthetic
endocarditis. Prosthetic endocarditis should be classified according to the
type of prosthesis. The rate of infection is reported to be significantly low-
er in patients who have received homograft or Shelhigh valve implantation
[20] and the course of infection seems not to be as dramatic as in other
cases following valve replacement. Native valve endocarditis occurs when
infection strikes the native valve. In most cases only valve structures are
destroyed, which means that the inflammatory process is localized, and
deeper parts of the heart are not involved. Most authors dealing with en-
docarditis suggest that the infected mitral valve be treated by “medical”
means; however, at least 25% of these patients require additional surgery.
Endocarditic lesions are often located on “preconditionally” changed
valves. Preconditioning refers to general conditions that increase the risk
of endocarditis. In our series the following preconditions were found as
risk factors in 48% of the AIE patients: tooth extraction 32%, tonsillitis
18%, wound healing 11%, sepsis 11%, respiratory infection 7%, osteomyeli-
tis 7%, cholecystitis 7%, skin abscess 4%, and HIV infection (as a precon-
ditioning factor for right-sided endocarditis) 4% [21].

z Prosthetic endocarditis

In prosthetic endocarditis visualization of the diseased structures is more
difficult by echocardiography; on the other hand, the surgical option
should be considered almost exclusively, once the diagnosis is certain.
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z Simple and destructive forms of endocarditis

From the practical and morphological viewpoints, native endocarditis can
be classified on the basis of echocardiographic findings into the simple or
the destructive form (prosthetic endocarditis is almost always destructive).
This description helps to identify patients who require very early surgical
treatment and distinguish them from those who need echocardiographic
follow-up but in whom early surgery or surgery at all is probably not indi-
cated. Simple endocarditis requires antibiotic treatment until the course of
treatment is completed and surgical intervention should always be kept in
mind if the classical indications are fulfilled.

The destructive form usually requires surgery before antibiotic treat-
ment can be successfully performed. Any delay in surgery will promote the
risk of devastating damage not only of the valves but also of surrounding
tissue, including the myocardium.

Complication of simple endocarditis

The simple form of endocarditis can be complicated by the development of
large vegetations that are a source of embolization. To avoid embolization,
the size of any vegetation should be closely monitored and the risk of em-
bolization should be assessed on the basis of the echocardiogram itself
[22]. However, it should be kept in mind that in a small number of cases
even small vegetations can produce severe clinical symptoms. The risk of
embolization is substantially higher if the vegetations are larger than
1.0 cm (OR, 9; CI, 1.98–40.08; p=0.004) [23]. It is important to note that
stroke [24] (clinically manifested embolism) was an independent predictor
of death (p<0.0001).

Echocardiography with the transesophageal mode of insertion can help
to assess other factors (extension of the abscess, valve regurgitations) influ-
encing morbidity and mortality [25–28] and thus positively influence the
result of the surgical or medical treatment [29].

The overall sensitivity of transthoracic investigation is not as accurate as
that of transesophageal echocardiography [30] for vegetations, and ranges
from 60% to 98% [31–33]. Right-sided localized vegetations, especially
those larger than 2 mm in diameter [34] (which lie closer to the chest
wall), are readily detected by TTE as well.

A vegetation per se can produce infection dissemination to peripheral
organs [35] as well as infection extension into the heart muscle by coro-
nary embolism or the phenomenon of “kissing vegetations” [36]. With
kissing vegetations, infection spreads by contact with the anterior mitral
valve leaflet in diastole, producing microdamage of the leaflet from the left
ventricular side. This leads to total destruction of an important part of the
mitral valve and mitral apparatus with all consequences, including the ne-
cessity of mitral valve surgery in patients who primarily suffered from aor-
tic valve endocarditis.
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The presence of vegetations is the result of multifactorial causes, includ-
ing the virulence of microbes and the host reaction, which are modified by
effective treatment. In the literature the risk of embolization in larger series
is calculated to be between 34.1 [37] and 43% [38]. Some patients have
more than one site of embolization and the three commonest sites in left-
sided endocarditis are cerebral (62%), spleen (49%), and renal (22%).
Fibroelastomas, usually small sized tumors, can mimic a vegetation and,
being small, produce excessive embolic events [39]. The diagnosis of sus-
pected fibroelastoma is very important because the tumor should be re-
moved as soon as possible [40] when it is still small, to save patients from
severe embolic complications such as blindness or hemiparesis. A full body
scan is strongly advocated in patients suffering from AIE to exclude septic
embolic events in other organs. “Silent” septic emboli in the brain or other
vital organs can strongly affect the medical options. The medical team
should be aware of the risk of complications in the course of the treatment
of the “simple” or “benign” form of AIE and of the changing “clinical face”
of endocarditis. The simple form can transform into the destructive form
at any time. Any signs of such “turn over” should not be ignored. In such
a situation the opinion of a second echocardiographer should be sought
and abscess formation or extracardiac embolization should be suspected.
In some cases, lack of clinical reaction during treatment can be affected by
several factors, the most important being virulent microorganisms and/or
microbes resistant to antibiotics but also a weak reaction of the host to in-
fection. In such cases the decision in favor of surgery should be made
without hesitation. It is important to search for peripheral embolization on
the basis of ultrasonography or other modern techniques of visualization.

z Paravalvular abscess as the main sign
of the destructive form of endocarditis

The diagnosis of paravalvular abscess as one of the distinguishing features
of destructive endocarditis has long been based on surgical or necropsy
findings [41], since preoperative clinical information is often misleading
because the clinical manifestations of abscess formation are often not char-
acteristic enough to prompt the diagnosis [107]. Today’s echocardiographic
techniques, particularly transesophageal echocardiography, have allowed
diagnosis of abscess with high sensitivity and specificity, reaching 99% and
98.9%, respectively, at our institution [42]; similar results have been pub-
lished elsewhere [43–48].

Diagnosis of the destructive form of endocarditis should warn physi-
cians to refer a patient for surgical consultation at the right time.
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z Echocardiographic definition of abscess

New technology in ultrasound allows better definition of the abscess ac-
cording to the sonographic appearance of the abscess content. An abscess
should be assumed in ultrasonic investigation when an echodense area is
visible – this is the first sign of an abscess (Figs. 1 a and 2). This phase of
abscess development is difficult to distinguish from the normal appearance
of the cardiac structure in ultrasound. In the later course, a process of
demarcation is strongly suggested by an echolucent area which is clearly
visible in transthoracic echocardiography (TTE) or transesophageal echo-
cardiography (TEE) and can be seen as a structure anatomically localized
in the annulus (Figs. 1b and 3). In the next phase of development the cavi-
ty is opened and in two-dimensional echocardiography the flow appears
inside the abscess cavity (color flow) after spontaneous rupture of the
abscess, when the infected content is injected into the circulation. In such
a case, a connection between the aorta and the abscess is established
(Fig. 1 c).
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Fig. 1. Periannular abscess development: a infiltration, b demarcation process, c abscess cavity
after rupture and emission of the contents into the circulation

Fig. 2. Transesophageal investigation with the short section of the aortic root. The arrow in-
dicates paravalvular abscess at the phase of infiltration (homogenous content) (LA left atrium,
AV aortic valve, RA right atrium)



In the early phase of abscess development, its size is recognized as an
important criterion of severity of the inflammation [49]. According to its
extension, an abscess is classified on the basis of its appearance in the ul-
trasonic image. Three stages are advocated to distinguish sizes of abscess
development in relation to the size of the aortic cusp:
z localized abscess
z circular abscess
z aortoventricular dehiscence.

A localized abscess is not larger than two aortic cusps and is small in size.
Such an abscess should be described by reference to the nearest aortic
cusp: “noncoronary” localization means that the abscess is located in the
area of the noncoronary aortic cusp.

A circular abscess is defined as an abscess that is larger than or compar-
able in size to one half to two thirds of the annular circle without any signs
of aortoventricular dehiscence.

Aortoventricular dehiscence is a separation (discontinuity) between the
aorta and left ventricle of more than half of its circumference. Dehiscence
in the ultrasonic image usually (but not always) means a wide echolucent
area recognizable as a separation of structures. In approximately 20% of
cases, the area of discontinuation is visible in echocardiography as an
echolucent area between the aortic root and left ventricle.
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Fig. 3. Transesophageal long section of the aortic root and LV. The horizontal arrow indicates
root abscess during second phase (nonhomogenous content) shortly after rupture into the left
atrium. The second arrow indicates site of rupture of the abscess. (LA left atrium, AV aortic
valve, LV left ventricle)



z Abscess classification according to stage of development

The stage of abscess is distinguishable during ultrasonic examination in
TTE harmonic imaging and in TEE. One can postulate that periannular ab-
scess formation is very similar to skin furuncle development. In the early
stage of abscess (Stage I), infiltration is present which is visible as an iso-
lated thickness in a very specific manner in the ultrasound (Fig. 1). Not
seldom it appears in the ultrasound as an echodense area, which in some
cases can be easily distinguished from the surrounding tissue, and is mea-
surable. In general, the first stage is difficult to recognize even in the trans-
esophageal investigation during the first examination; nevertheless sensitiv-
ity and specificity in our laboratory were 95.6 and 94.5%, respectively [42].
Stage II is characterized by an echolucent area or “nonhomogenous area”
which means that echolucent spots are seen mixed with echodense areas in
TEE. This stage correlates with the stage of skin abscess when fluctuation
is present. The content of the abscess varies in consistency and ultrasoni-
cally presents as a nonhomogenous area created by the demarcation pro-
cess. In this stage, the abscess can rupture and the infected content, some-
times more than 5 ml, will be injected into the blood, producing a septic
reaction. In stage III, the echolucent area opens for flow, similar to stage
II, but with visible color flow inside the cavity. This stage means that an
abscess cavity is present and is “washed out” by the blood flow. In this
way rupture of the abscess belongs to the stage of spontaneous healing (or
healing after antibiotic therapy). In some cases this can be a sign that the
process of local inflammation is completed, but the infected abscess con-
tent may seed new abscess areas in the peripheral organs.

However, large opened abscesses can cause dehiscence or pseudoaneu-
rysms with the mechanism of ongoing infection or aseptically, and this
process can and should be kept under surveillance by echocardiographic
monitoring.

It seems that the presence of a large abscess in the first stage of develop-
ment is not the optimal time for surgery (as is indeed also the case in skin
abscesses) because of the lack of clear demarcation and adequate antibiotic
pretreatment but also because the diagnosis may be uncertain. This hypo-
thesis was tested in one preliminary study and the results of early surgery
were not satisfactory [50].

z Extension of infection from the aortic area

It should be stated that in one third of cases of the destructive form of en-
docarditis the inflammation process is not as straightforward as might be
expected, even when medical treatment seems to be very effective. The in-
flammation can spread by local infiltration and not be limited to one area
but spread to the next annulus (mitral or tricuspid) with all the conse-
quences of destruction.
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z Double valve disease

Infective double valve disease seldom occurs as a primary lesion. Two
thirds of the patients experience infection extension from primary aortic
valve lesions. Extension of infection from the aortic valve can take several
paths (Fig. 4). Anatomically the aortic valve with its annulus is located
close to other valves and their valvular structures, tricuspid, mitral and
pulmonary. If destruction takes place, these valves are at risk of secondary
infection. In particular, the mitral valve is often involved in the destructive
process. A fistula from the aortic annulus area may develop in the direc-
tion of the right atrium, right ventricle or left atrium. Independently in
diastole, the vegetation may enter the coronary circulation producing ab-
scess formation in the myocardium. The main processes responsible for in-
fection are the following:
z Jet lesion (Hetzer) is the extension of infection through the infected

blood stream. The infected blood coming from aortic regurgitation and
impinging onto the left ventricular structures – usually the anterior mi-
tral leaflet and its chordae – is able to cause ulceration and perforation
(Fig. 5).

z Local metastases are formed by the extension of infection from the aor-
tic root (abscess) deeper by direct contact, producing mitral annulus
destruction and aortomitral dehiscence (Fig. 4). Such a complication is
associated with poorer surgical results [51].

z “Mitral kissing vegetations” produce secondary involvement of the mitral
valve in primary aortic valve endocarditis [36]. The mitral kissing vege-
tation is a vegetation that is attached to the aortic valve and flies and
touches (“kissing”) in diastole the anterior mitral leaflet, and can cause
secondary damage of the ventricular side of the anterior mitral leaflet in
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Fig. 4. The most characteristic path of extension seemed to be infection dissemination from
the aortic area down to the other heart structures (A). Fistulas can extend into the right atrium
or right ventricle, producing a septic ventricular defect, or all complications at the same time
through mechanism of tissue infiltration. Fistulas can develop to the left side of the heart, to
the left atrium, or the left ventricle (B)



a similar way to infection extension by jet lesion. In practice, it is some-
times difficult to distinguish a jet lesion from a kissing vegetation lesion
[42].

The route of extension of infection has a major influence on the mortality
rate. Concomitant mitral valve operation in patients suffering from primary
aortic valve infections raises the mortality rate if extension takes place
through local metastases. Extension of the infection by a regurgitation jet
does not increase mortality when double valve surgery is required because
the reconstruction procedure is possible in the great majority of the cases.
However, selection of the valve and the choice of a prosthesis resistant to
bacterial invasion have a major impact on the results by reducing the risk
of reinfection [52]. Extension of the infection into the mitral valve area is
time-dependent, and adequate echocardiographic diagnosis should help to
make the decision for surgery before disease extension occurs. In such
cases precise two-dimensional echocardiography and color Doppler are ex-
tremely valuable in helping to identify the problem. It is important to note
that destruction of the mitral valve itself is an indication for surgery even
if the mitral regurgitation is not classified as hemodynamically important
(grade 3 or 4).

z Asymptomatic destruction of the heart structures
after successful medical treatment of AIE

Silent progression of the lesions of the heart caused by microorganisms
after successfully treated endocarditis should be distinguished from slow
progression of the degenerative lesions. Such lesions can be the source of
the next attack by microorganisms but also in themselves as loci minoris
resistentiae of the tissue can cause progressive and silent development of
valve disease or pseudoaneurysms. Since this process is silent or accompa-
nied by only very minor clinical symptoms that may be ignored by pa-
tients, echocardiographic follow-up is mandatory even up to several years
after completion of the treatment.
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z Primary mitral valve endocarditis

Approximately two thirds of left-sided native valve endocarditis primarily
affect the aortic valve.

If the mitral valve is affected primarily, endocarditic valve lesions appear
at the site of coaptation of the mitral leaflets, whereby primary mitral valve
endocarditis can be recognized in the echocardiogram (Fig. 6). The early
course of destruction of the mitral valve should be detected, when regurgi-
tation may be minimal. However, the endocarditic lesions are often far
more pronounced than is visible and such “small lesions” should be inves-
tigated very carefully as the destruction can be much more extended. In
the later course, the vegetation and destruction can be so extensive that
the mitral apparatus may be totally destroyed and patients are usually af-
fected by embolic events. Primary mitral ring abscess affects the posterior
part of the ring and should be distinguished from abscess extension from
the aortic root.
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Fig. 6. Transesophageal long section of the aortic root and left ventricular outflow tract (OT).
Horizontal arrow indicates aortic cusps with vegetations. Arrow on anterior mitral leaflet shows
the jet lesion (LA left atrium, AV aortic valve, OT outflow tract)



z Extension to the right side

Primary right-sided endocarditis (RSE) manifests differently and requires
different treatment. RSE as an isolated lesion has a relatively benign prog-
nosis with low inhospital mortality [53], and the surgical results are satis-
factory. There are several preconditions bearing the risk of RSE develop-
ment, including congenital heart defects [54], right heart catheterization
[55], alcoholism, and sepsis [56]. However, in Western populations at least,
it is predominantly a disease of intravenous drug abusers [57] where Sta-
phylococcus aureus is the main microorganism involved [58]. Cardiac re-
synchronization therapy (CRT), which is probably the most rapidly devel-
oping medical option to treat patients with the end stage of dilated cardio-
myopathy [59], has been noted in recent years as carrying the risk of cable
infections in these severely ill patients [60]. Thus, a new challenge for the
echocardiographer is to search pacemaker cables for the presence of vege-
tations in heart failure patients admitted with signs of infection [61].

Infection extension from the aortic valve, which produces left-right
shunts and secondary RSE, requires a different strategy. In such a situation,
surgery is needed before antibiotic treatment is completed, to improve the
treatment results. Following these strategies, surgery of right-sided infec-
tive endocarditis with left-side involvement can be performed with good
early, mid-term and long-term results [62]. Patients with involvement of
the left side showed not only worse preoperative conditions but also a sig-
nificantly poorer clinical outcome than those with isolated right-sided in-
fective endocarditis. This strategy requires adequate and accurate monitor-
ing of patients suffering from RSE on the basis of TEE [63], but for the fol-
low-up TTE is advocated [64].

Three-dimensional echocardiography

Technological advances in ultrasonography equipment have resulted in a
new modality, three-dimensional echocardiography. This modality provides
a view that gives excellent imaging of the anatomical relations to surround-
ing structures [65].

From the surgical decision-making point of view, assessment of the dy-
namics of infection extension is generally of primary importance. Today’s
three-dimensional technology allows the location of the lesions and their
relation to the cardiac structures to be assessed [66]. Unfortunately, infil-
tration and its extension cannot be assessed using this modality [67] as in
classical two-dimensional echocardiography. This limitation reduces to
some degree the utility of three-dimensional technology as a diagnostic
tool in AIE.
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Indications and timing for surgery

The classical indications for surgery, as described by Hetzer et al. [68], in-
clude the following: septic shock, septic emboli and persistent sepsis de-
spite adequate antibiotic therapy, leading to kidney failure or congestive
heart failure. The indications for surgery are fulfilled when prolonged in-
fection persists despite treatment [69] or when there is resistance to anti-
biotic therapy. What makes surgery difficult? Severe destruction of the an-
nular and periannular structures of the aortic, mitral and tricuspid valve
by infection extension can produce technical problems that can be man-
aged only in each situation individually, giving surgeons satisfaction when
success is reached [70–79]. From the classical viewpoint, the value of echo-
cardiography in the diagnosis of complications (such as secondary mitral
valve involvement in the pathological process) is well established [80–84].
However, we have to consider other practical options and concentrate not
only on the assessment of existing complications but also on the aim of
echocardiography, which is to predict the risk of complications as precisely
as possible to find out the exact window of opportunity when a patient will
benefit from surgery. As stated previously, AIE is a malignant disease be-
cause prediction of the clinical course is not easy, as reported by Wallace
et al. [85]. They identified 22 clinical, echocardiographic, and laboratory
markers available within 48 h after admission and found that conventional
prognostic factors in their study did not appear to predict outcome early
during hospital admission. Nor did they help to select patients for surgery
or to assess the optimal timing of surgery. This underlines the fact that a
single echocardiographic investigation will not help significantly and that
serial echocardiography with the aim of “critical vision” of each case is
fundamental. Under such circumstances the value of echocardiography and
the contribution of the echocardiographer who performs the investigation
in selecting patients for surgery are of primary importance. The efficiency
(accuracy, specificity, and sensitivity) of identification of destruction and
prediction of the disease by assessment of the paths of infection propaga-
tion is very precise in experienced hands. For example, the size of vegeta-
tions [86] gives information about the risk of embolization [87].

The echocardiographer should have the clear aim of identifying patients
who need reconstructive surgery [88] as the highest priority. If surgery is
performed early for mitral valve repair [89–92] or reconstruction surgery,
the operative mortality is lower and the operation provides satisfactory
freedom from recurrent infection and freedom from repeat operation.
Avoiding the implantation of foreign material means that anticoagulation is
not necessary, and this is an important achievement. In general, a delay in
surgical treatment has a very great influence on mortality and morbidity
(reinfection, reversibility of congestive heart failure, cardiogenic shock) in
patients suffering from extended infection [93].
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Netzer et al. demonstrated that early aggressive treatment can have a
strong influence on reducing mortality and is the best predictor of good
long-term outcome [94] in patients without congestive heart failure which
can be regarded as a factor of the time passed since the first symptoms de-
veloped (fever). It should not be forgotten that surgery after sterility of the
surgical field is achieved reduces the risk of reinfection, which per se car-
ries high mortality. It is also true that surgical correction of the severely
destroyed heart by experienced surgeons is possible and mortality is not
always elevated in such patients [68]. However, devastating destruction of
the two valves requiring double valve surgery with reconstructive proce-
dures of the roots and aorta carries a higher risk of mortality [50]. There
is another important factor influencing mortality, which is hemodynamic
instability.

Surgery is superior to medical treatment alone when AIE is complicated
by heart failure [95]; in this situation the mortality rate has been reported
as 51% compared with 14% in stable patients (OR, 0.22; 95% CI, 0.09–053;
p=0.001). On the other hand, as has been stated, destructive endocarditis
complicated by shock is associated with a substantial mortality rate reach-
ing 30% and should be treated surgically without delay as an ultima ratio
measure to save the patient’s life. Are we able to assess the risk of decom-
pensation and, in the most severe form, hemodynamic shock?

Hemodynamic shock in AIE is a form of mixed vasodilatory shock and
cardiogenic shock: vasodilatory shock, in which hypotension [96, 97] oc-
curs as a result of failure of the vascular smooth muscle to constrict, and
cardiogenic shock, in contrast characterized by profound vasoconstriction
in the peripheral circulation because the systolic ejected volume of the
heart is strongly reduced [98]. In all forms of vasodilatory shock that have
been examined, plasma catecholamine concentrations are markedly in-
creased [99–101], with activation of the renin–angiotensin system which
indicates failure of the smooth muscle to keep tension. This makes this
hemodynamic situation so difficult to survive for patients, and surgical
correction of the destroyed parts of the valves with excision of the infected
area is the only chance to save the patient’s life. Prolonged medical treat-
ment in one series published by our institution had a prominent negative
influence on surgical results because of the rising risk of shock develop-
ment (OR 11.00, p 0.005) [102]. In general, urgent surgery has the same
impact on the surgical results (OR 11.00, p 0.001) [103]. Patients suffering
from mixed (cardiogenic and septic) shock had an extremely high surgical
mortality rate of 38.8% [104].

Is it possible to predict the risk of such grave hemodynamic complica-
tions on the basis of echocardiography? The hemodynamic state of patients
can be followed on the basis of complete echocardiographic investigation,
in which color Doppler helps to assess the severity of valve incompetence,
which is one of the most important predictors of the development of low
cardiac output syndrome. Assessment of the grade of valve regurgitation of
patients suffering from AIE is critical. As described above, the endocarditic
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lesions at the beginning show a lack of demarcation and the continuity of
the tissue seems to be complete. In fact the destruction may be severe but
the function of the valves is partially protected and the regurgitation jet is
not pronounced. In such cases the classical criteria of regurgitation pub-
lished by Helmcke’s group [105] can be misleading and are not adequate.
The presence of any kind of jet, even a small one, is of primary importance
and all small “color spots” can identify destruction of the heart structures
and should be well defined by the echocardiographer and never ignored.
The first further concept of color jet propagation, “A large jet means great
regurgitation” is still true but the opposite, “a small jet means slight regur-
gitation,” is in many cases untrue. It is advocated that this rule be remem-
bered for the phenomenon of regurgitation assessment on the basis of con-
vergence methods and estimation of vena contracta.

Despite these limitations of the color Doppler method, when the investi-
gator is aware of these problems it can help not only in the precise estima-
tion of regurgitant lesions but also in the estimation of the extent of endo-
carditic destruction and, thus, help to predict the risk of hemodynamic
failure.

It seems to be true that if destructive endocarditis is treated surgically
in good time, before any complications arise, the mortality rate can be as
low as approximately 8% [106].

Conclusions

Echocardiographic investigation in experienced hands and performed seri-
ally allows us to define the extension of inflammatory processes in the
heart with great sensitivity and specificity and can explain worsening of
the hemodynamics, but it can also predict the dynamics of the illness
[107].

During the course of treatment, echocardiographic monitoring of the
size of vegetations [86] is mandatory to assess the risk of embolization
[108]. All other complications, such as dissemination of destruction or any
other form of blood or tissue expansion of inflammation, can be and
should be followed by echocardiographic investigation to enable optimal
timing of surgery [109].

Echocardiography can help to distinguish the dynamic form of destruc-
tion, which happenings within only a few days, from the more “stable” de-
velopment of valve destruction. The destructive form of endocarditis re-
quires definition of the exact window of opportunity when a patient will
benefit from surgery.

The timing of the investigations is crucial in assessing the dynamic
course of development. The echocardiographer’s highest priority should be
to select patients who require reconstructive surgery [110]. Prediction of
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the endocarditis is based on assessment of the presence or absence of vege-
tation formation and destruction development. Careful follow-up is re-
quired to recognize the tendency towards local and general infection exten-
sion. Knowledge and experience of these phenomena in ultrasonography
are required to define and predict the probable course of active infective
endocarditis in each individual patient.
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Introduction

Active infective aortic endocarditis complicated by abscess formation re-
mains a life-threatening disease and continues to challenge cardiovascular
surgeons. Sir William Osler first described endocarditis in the Gulstonian lec-
tures at the Royal College of Physicians in 1885 as a malignant disease that is
in all its forms a mycotic process. An aortic root abscess can be diagnosed
very early at its onset by transthoracic and transesophageal echocardiogra-
phy with a sensitivity and specificity of 98 and 100%, respectively [1–3]. If
after diagnosis, during antibiotic therapy, associated complications occur,
such as burrowing abscess formation and fistulous communication between
the aorta and the right atrium or the right ventricle, interventricular septum,
aneurysm of the sinus Valsalva, pseudoaneurysmal formation of an abscess
cavity and mitral incompetence, then urgent surgical intervention is manda-
tory, otherwise fatal cardiovascular complications are imminent [1–5].

Based on the pioneering surgical clinical work by Wallace in 1965 to
replace the infected aortic valve, other surgeons followed suit by treating
other cardiac valves affected by active infective endocarditis with different
types of prosthetic valve replacements (Table 1) [6–11]. The surgical results
of aortic root abscesses treated with prosthetic valves varied and were asso-
ciated with high rates of early recurrent infection and mortality and, there-
fore, were not very satisfactory. Consequently, in 1972 Donald Ross intro-
duced the use of the aortic allograft, which is a completely biological tissue

Aortic root abscess:
reconstruction of the left ventricular
outflow tract and allograft aortic valve
and root replacement
C.A. Yankah, M. Pasic, H. Siniawski, Y. Weng, R. Hetzer

Table 1. Surgery for endocarditis – historical developments

Wallace [6] 1963 Prosthetic AVR
Robicsek [7] 1967 Prosthetic MVR
Ross [15] 1984 Homograft AVR
Oswalt [10] 1992 P. Autograft ARR
Acar [8] 1992 Homograft MVR
Pomar & Mestres [9] 1993 Homograft TVR



for replacing the infected aortic valve. Allograft tissue is permeable to
serum antibiotics and is therefore resistant to infection. It became popular
because it has the physiological attribute of being non-thrombogenic;
therefore, it requires no long-term anticoagulation and has superior hemo-
dynamic performance [12–18]. Somerville, Lau, and Donaldson reported a
series of patients with aortic root abscesses who underwent successful aor-
tic root replacement with allografts in 1982 and 1984 and proved the con-
cept of biological reconstruction of the left ventricular outflow tract
(LVOT) for the surgical treatment of aortic root abscesses [12–15]. Prior to
this revolutionary surgery for aortic root abscesses, a freehand subcoron-
ary aortic valve replacement technique with an allograft was introduced for
treating noninfected aortic valve diseases by Dr. Donald Ross and Sir Brian
Barratt-Boyes, independently of each other, in 1962 [16–18]. The surgical
procedure with allograft aortic root replacement (ARR) or freehand sub-
coronary valve replacement (FAVR) was technically demanding; therefore,
it was confounded by learning curve periods without tutorial guidance
[19–22].

For over 44 years since the introduction of surgical treatment of active
infective endocarditis by Wallace [6], the valve of choice for treating aortic
root abscesses has been controversial [23–33, 35–44]. In the light of this
uncertainty, a clinical study was conducted at our institution between 1988
and 2005 to evaluate 161 patients with aortic root abscesses who under-
went aortic valve and root replacement with cryopreserved allografts. The
study was designed to evaluate 30-d survival, the long-term survival after
discharge, and freedom from reinfection and valve-related reoperation. The
paper also addresses the following question: How does the allograft aortic
root replacement (ARR) or the freehand subcoronary valve replacement
(FAVR) procedure help to convince the surgeon faced with a patient with
endocarditis with periannular abscess requiring urgent surgery that the
right treatment has been chosen?

Methods

A total of 203 patients, who were operated on between January, 1988, and
December, 2003, were enrolled in the study. The clinical study period ex-
tended to 2005, whereby the evaluation was divided into three periods:
1988 to 1991, 1988–2000, and 1988–2005 and reported [31–33, 56]. Ad in-
terim 46 additional patients with active infective aortic valve endocarditis
who were not included in the study have been operated (Table 2).

Of the 203 study patients, 161 who had periannular aortic root abscess
underwent freehand aortic valve (FAVR, n=78) and aortic root (ARR,
n=83) replacement. The clinical and follow-up study was approved by the
institution and consent was obtained from the patients. Preoperative char-
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acteristics of the study population are shown in Table 3. There were 34 fe-
males (21.1%) and 127 (78.9%) males with a mean age of 53.1 years (range
2–82 years). Endocarditis of the native valve was found in 80 (49.7%) pa-
tients and of the prosthetic valve in 81 (50.3%); of the prosthetic valves, 49
(60.5%) were mechanical and 32 (39%) bioprosthetic (Fig. 1). Annular ab-
scess formation was confined to the noncoronary sinus in 23 (14.2%), right
coronary sinus in 16 (9.9%), left coronary sinus in 23 (14.3%), aortic mi-
tral septum in 8 (5%), and ventricular septum in 8 (5%). Dehiscence of the
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Table 2. Surgery for acute infective endocarditis. Distribution of valve replacements. Deutsches
Herzzentrum Berlin, 1986–2007

Aortic Mitral Tricuspid Two valves Total

z Prosthetic valves 194 130 – 65 389
z Xenografts 186 111 10 38 345
z Allografts 249 a – – – 249
z Shelhigh 134 61 8 54 257
z Elan 6 – – – 6

AIE active infective endocarditis, a 1988–2007

a

c

b

LCA

RCA
Annular
abscess

Fig. 1. a Stented prosthetic valve endocarditis. b Infected
“composite” aortic valve prosthesis and ascending aortic
graft. c Drawing of a circular periannual abscess formation
in the aortic root



ventriculoarterial junction (ventriculoaortic dehiscence) caused by circular
abscess formation was found in 83 patients (51.5%).

The most common microorganisms responsible were Staphylococcus (S.
epidermidis: 34, S. aureus: 13) in 47 patients followed by Enterococcus in
23 and Streptococcus in 39 (Table 4). Additional procedures were replace-
ment of the ascending aorta in 8 patients, mitral valve repair in 27, mitral
valve replacement in 9, tricuspid valve reconstruction in 3, and coronary
artery bypass graft (CABG) operation in 10. Follow-up totaled 810.8 pa-
tient-years (mean: 5.3 years) and was 100% complete.
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Table 3. Two hundred and three patients with active infective aortic valve endocarditis with
and without aortic root abscess, 1988–2005

z Patients with aortic root abscess 161

z Age: Mean 53.1+15.6 years
Range 2–82 years

z Gender: Female 34
Male 127

z NYHA II 17 III 63 IV 81 (44 cardiogenic shock)

z AV-block 3 (2.7%)

z Operative category:
Urgent
Emergency

80
81

z Freehand
AVR
ARR

78 (48.4%)
83 (51.6%)

z Follow-up 5.0±4.3 years, 810 pt-years, 17 years maximum, 100% complete

z Aortic periannular abscess: 161

z NVE: 80

z PVE: 81
49 (60.5%) Mechanical
32 (39.5%) Bioprostheses

z Aortic-ventricular discontinuity: 83

z Abscess confined to the sinuses: NC: 23, LC: 23, RC: 16

z Aortic-mitral sept. 19

z Aortic-atrial fistula 11

z Jet lesion AML 27

z Pseudoaneurysm 13



Preoperative complications were congestive heart failure, 100 (62%); sep-
tic/cardiogenic shock, 44 (27.3%); cerebral embolism, 19 (11.8%); peripheral
embolism, 2 (1.2%); renal embolism, 3 (1.9%); spleen embolism, 3 (1.9%);
pseudoaneurysm, 13 (8.1%); mitral valve dysfunction, 36 (22.4%); and tri-
cuspid valve dysfunction, 3 (1.9%).

Four patients aged 14–48 years developed biventricular failure and were
bridged with mechanical circulatory support for heart transplantation (Ta-
ble 5).

z The aortic root

The topographic anatomy of the aortic root and the anatomic relationship
of the cardiac valves with the conducting system are shown in Fig. 2.

z Pre- and postoperative monitoring and diagnostics

After the clinical diagnosis of active infective native and prosthetic endo-
carditis has been made, the patient remains under antibiotic therapy and
close clinical observation in order to detect as early as possible the ensuing
aortic root abscess formation by transthoracic echocardiography which is
confirmed by transesophageal echocardiography [1–3]. The sensitivity and
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Table 4. Surgery for acute infective endocarditis. Distribution of major responsible microorgan-
isms. Deutsches Herzzentrum Berlin, 1986–2007

Microorganisms No. of Abscess formation
patients

N %

z Staphylococcus 61 47 a 79
z Streptococcus 52 39 75
z Enterococcus 27 23 85

a 34 S. epidermidis, 13 S. aureus

Table 5. Patients with intractable active infective aortic valve endocarditis who were bridged
to heart transplantation

Patient Age Diagnosis Microbiology Abscess

z BR 14 NVE Negative yes
z CM 11 NVE S. aureus yes
z FB 48 PVE Negative yes
z GW 38 NVE S. aureus no



specificity for the detection of an abscess preoperatively by transesophageal
echocardiography are 98 and 100%, respectively [3, 28]. Whole body com-
puted tomography and ultrasound scanning are used to look for metastatic
abscesses and ischemia in the abdominal organs (liver, spleen, kidney),
skeletal bone, and brain. Large liver and spleen metastatic abscesses mea-
suring more than 2 cm in diameter are treated by computed tomography-
guided percutaneous puncture with drainage which is performed by the
radiologist, while cerebral abscesses are treated by neurosurgeons. Small
abscesses are treated with antibiotics and closely observed by sonographic
scanning [28]. Previously, coronary angiography was performed in patients
beyond 50 years of age or in cases with a positive troponin test, which sug-
gests ongoing myocardial infarction. Currently, a preoperative 64-slice com-
puted tomographic coronary angiography is performed to exclude a signif-
icant coronary artery disease or septic embolism, in particular when a
large leaflet vegetation is present with symptoms of angina (Fig. 3).

The following concomitant procedures were performed: closure of ven-
tricular septal defect, n=8 (5%); mitral valve repair, n=27 (16.8%); mitral
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AVN

Fig. 2. Anatomic relationship of the cardiac valves
and of the conducting system. The bundle of His

a b c d

Fig 3. Computed tomographic coronary angiograms. a Right and left coronary arteries. b Left
main coronary artery and its branches, the left anterior descending and the circumflex arteries.
c The left anterior descending coronary artery. d An overview of the coronary arteries



valve replacement, n=9 (5.6%); tricuspid valve repair, n=3 (1.9%); coro-
nary bypass grafting, n=11 (6.8%); and replacement of the ascending aor-
ta n=8 (5%). Postoperatively 15 (9.3%) patients received intraaortic coun-
terpulsation for low cardiac output and one patient needed a biventricular
assist device and was bridged successfully to heart transplantation.

z Current indications for allograft valve and root replacement

The indication for allograft aortic valve and root replacement is regarded
as given
z in children and young adults,
z in women of child-bearing age,
z with active bacterial native and prosthetic aortic valve endocarditis with

aortic root abscess, especially, aortic-ventricular discontinuity,
z with fungal endocarditis,
z with infected composite ascending aortic graft,
z following repeated “bland” periprosthetic leaks,
z according to patients’ special wishes with refusal of long-term anticoagu-

lant therapy and acceptance of the risk of reoperation [27, 32].

z Surgical techniques

Operative steps

A complete median sternotomy is performed followed by free mobilization
of the heart. This involves dissection of the aorta up to the arch, the inno-
minate artery and innominate vein, the main pulmonary artery, and the in-
ferior and superior vena cavae. The aorta is cannulated in the region of the
ascending aorta and the aortic arch after administration of heparin. Bi-
caval venous cannulae are inserted when additional tricuspid and mitral
valve reconstruction is anticipated. Otherwise, a double-stage venous can-
nula is inserted via the right atrium. The left ventricle is vented via a right
superior pulmonary vein approach. Cardiopulmonary bypass is established
at normothermia and the ascending aorta is then cross clamped. A trans-
verse aortotomy is performed 2 cm above the sinotubular junction. The left
and right coronary ostia are intubated with coronary cannulae, and ante-
grade blood cardioplegic solution is administered to induce cardioplegic
cardiac arrest. Intermittent antegrade blood cardioplegia is performed
every 20 min.

After myocardial protection, the infected native or prosthetic valve is ex-
cised and the foreign materials are removed followed by extensive debride-
ment of the infected and necrotic tissues and the abscess cavity. The parti-
cles of the necrotic tissue are removed with a dry sponge and the local
area is disinfected with polyvidon iodine for 3 min. This radical approach
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ensures elimination of biofilm bacteria and decolonization of the biofilm,
thus, supporting the therapeutic effect of the serum and tissue antibiosis
[12–15, 23–33].

The native aortic annulus is sized and an allograft of appropriate size
for aortic root replacement is determined and selected for thawing. Ad in-
terim when concomitant coronary artery bypass grafting (CABG) is antici-
pated with the saphenous vein or the left internal mammary artery, the
distal coronary anastomosis is performed. A thawed, cryopreserved allo-
graft aortic cylinder with flexible leaflets which is free from atheroma is
prepared for the replacement of the native aortic valve in a subcoronary
implantation technique or as a root replacement (Fig. 4).
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a b

c

Fig. 4. a Long segment of composite aortic allograft conduit with anterior mitral leaflet, the
arch, and the supraaortic branches. b Completed procedure of aortic root replacement as a
freestanding root with reimplantation of the coronary arteries. See details of the implantation
techniques in the next chapter. c Subcoronary implantation of scalloped aortic allograft with re-
tention of the noncoronary sinus wall and the anticipated second row of the proximal suture



z Implantation techniques

The implantation technique chosen for the aortic allograft depends on the
pathology and geometry of the aortic root and the size of the available aor-
tic allograft as well as the surgeon’s preference [24, 33, 34].

Reconstruction of the left ventricular outflow tract

An equine pericardial patch is used to reconstruct the right and left coro-
nary supra- and infraannular abscess cavity and ventricular septum defect
to allow anatomic insertion of the allograft [16–33].

After reconstruction of the component parts of the left ventricular out-
flow tract (LVOT), the allograft cylinder is inserted anatomically as a root
replacement. In a situation where a small annular abscess is present, a free-
hand subcoronary valve replacement (FAVR) with an aortic allograft is per-
formed [16, 21, 22, 24–26, 31–33].

Aortic root replacement

Aortic root replacement is preferred when there is extensive abscess forma-
tion and destruction of the aortic root.

z Lower (proximal) suture line. The lower suture line is performed by plac-
ing two-color multiple interrupted sutures at the native aortic annulus with
4-0 polypropylene (Prolene) buttressed by glutaraldehyde-fixed equine
pericardial pledgets when the aortic annulus has not been destroyed by the
abscess. Otherwise it begins at the base of the abscess cavity beneath the
noncoronary sinus at the native mitral annulus with the interrupted sutures
in healthy tissue below the abscess cavity in the native left ventricular out-
flow tract, working up toward the level of the aortic annulus at the
noncoronary sinus without tension or distortion. The lower suture line is
completed by placing single interrupted mattress sutures on the remaining
circumference of the aortic annulus. Multiple interrupted sutures are
placed along the subvalvular skirt of the allograft beginning at the aortic
anterior mitral leaflet which was fashioned to fit the anticipated lower line
below the abscess cavity of the aortic mitral fibrous septum [24, 33].

The allograft cylinder is inverted into the left ventricular outflow tract
to allow reliable tying down of the sutures, then the allograft is carefully
pulled out of the left ventricular outflow tract. Direct side-to-end anasto-
mosis of the native left and right coronary arteries with the circumcised
left and right coronary ostia of the allograft is performed. In a situation
where destruction of the aortic root is present, the coronary ostia are dis-
sected and circumcised as buttons for reimplantation.
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z Distal suture line. The distal end of the allograft (the sinotubular junc-
tion) is anastomosed with the native ascending aorta end-to-end by contin-
uous suture technique using 4-0 polypropylene beginning at the posterior
wall, reinforcing the suture line with the surrounding tissue of the native
aortic wall. The sinotubular junction, which is usually 90% of the size of
the aortic annulus, is geometrically matched to the native ascending aorta
(Fig. 4) [24, 31–33].

z Freehand subcoronary aortic valve replacement

After the lower proximal suture line is completed and the knots tied, the
right and the left commissural posts are temporarily attached 2 cm above
the native commissures with stay sutures. This procedure gives the surgeon
an overview of the coaptation of the valve leaflets. The remaining right
and left scalloped sinus walls are then attached to the adjacent native sinus
walls beginning at the midpoint of the left coronary ostium and leading up
to the commissural post using a double-arm 4-0 polypropylene suture. The
right sinus wall is anastomosed to the adjacent right native sinus wall
using a double-arm 4-0 polypropylene running suture at the midpoint
below the right coronary ostium in the same manner up to the top of the
commissure to meet the other suture. At the top of the commissure the
two suture materials are tied down to fix the commissural post. The other
half of the left subcoronary suture line is continued using the other half of
the double-arm 4-0 polypropylene as a running suture up to the top of the
noncoronary sinus wall and is tied down.

The right subcoronary suture line is continued with the other half of the
double-arm 4-0 polypropylene as a running suture to the top of the non-
coronary sinus wall and tied down. At the closure of the aortotomy the al-
lograft noncoronary sinus is incorporated and attached to the native non-
coronary sinus wall. If necessary, the allograft noncoronary sinus is used to
enlarge the native noncoronary sinus wall as suggested by Ross and by
Nicks in his technique using the autologous pericardium [16, 18, 46].

The completed procedure of aortic root replacement as a freestanding
root with reimplantation of the coronary arteries as described by Ross is
shown in Fig. 4.

Postprocedurally intraoperative echocardiography is performed to verify
complete closure of the ventricular septum defect and competent valve per-
formance (Fig. 5). After closure of the aortotomy, the proximal aortic sa-
phenous vein anastomoses are performed. The aortic clamp times for ARR
and FAVR techniques were 70–263 min (mean 123 min) and 44–260 min
(mean 110 min) and the postoperative bleeding was 125–2700 ml (mean
1024.6 ml) and 100–3025 ml (mean 883 ml), respectively.
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Technical considerations for reducing
postoperative allograft valve dysfunction

There are some technical operative factors which may influence the early
and late outcome of the surgical management of aortic root abscess with
and without dehiscence of the ventricular arterial junction (ventricular aor-
tic dehiscence) with an allograft. Technical causes for reoperation may be
associated with the following:
z incomplete resection of abscess cavity and necrotic tissues might cause

reinfection, anastomic rupture and formation of a pseudoaneurysm,
z the use of a low quality or undersized aortic allograft may postopera-

tively cause an abnormally high gradient and early structural valve dete-
rioration,

z continuous running sutures of the proximal anastomosis may cause
anastomotic rupture in the presence of persistent infection,

z subaortic annular implantation of the aortic allograft can create com-
pression and supravalvular stenosis of the allograft and subsequent high
pressure gradients.

z Reduction aortic annuloplasty by plication of the trigona or annulorrha-
phy of large aortic annulus as described by Carpentier and Elkins [54,
55] by placing two rows of purse-string sutures around the annulus of
>29 mm to down-size should be avoided because it may cause a cata-
strophic suture rupture in the presence of a persistent local infection.

z The mini-root replacement (inclusion technique) which incorporates the
allograft within the native ascending aorta for infraanular aortic root ab-
scess reduces the size of the outflow tract by 2 mm in diameter. The space
between the native and allograft walls collects blood which induces orga-
nized hematoma and late calcification, thus, adding stress to the valve leaf-
lets. Subsequently, structural valve deterioration develops with higher gra-
dients. This is a serious pathology with a high reoperative risk.
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Fig. 5. a Preoperative echocardiogram demonstrating a ventricle septum defect caused by ab-
scess formation. b Postprocedural echocardiogram demonstrating complete closure of the ven-
tricle septum defect



z An undersized allograft will cause an abnormally high gradient and ten-
sion to the valve leaflets, furthermore, promoting an outward extension
of the peripheral commissures at the sinotubular junction of a scalloped
allograft and create central valve incompetence.

z Hemostasis as described by Ross is facilitated by reinforcing the proxi-
mal suture line with a glutaraldehyde-fixed pericardial strip placed with-
in the suture loop of the lower suture line as they are tied down.

z This technique also prevents progression of annular dilation, particularly
in patients with annuloectasia.

z The noncoronary sinus wall can be used to enlarge the aortic root as in
the Nicks procedure, thus, creating a new noncoronary sinus and avoid-
ing squeezing of the allograft when closing the aortotomy [16, 18, 46].

z Data collection and postoperative follow-up

Patients were examined at our Institution or were contacted by means of
telephone interview and mailed questionnaire. Further patient data were
obtained from hospital records, family doctors, and cardiologists. Patients
with unknown addresses could be tracked through the district or state reg-
istry, and the registry of births and deaths.

Follow-up of hospital survivors was complete in 100% of the patients
who were available for analysis at a mean of 5.5 years and 1125 patient-
years. They underwent routine echocardiographic studies at 3 and 9
months after operation and thereafter annually. Thirty patients were re-
operated upon for all causes during the postoperative follow-up period at a
mean of 1.2 years (range: 1 day–4.35 years). Eleven homografts were ex-
planted due to recurrent infection (7 early, 4 late between 2 months and
4.6 years), 2 due to structural valve deterioration (2 and 4 years) and 17
due to nonstructural deterioration (130 days and 6.9 years). Transthoracic
Doppler echocardiography was performed in uniform manner and the eva-
luations were comparable at the different institutions. The postoperative
echocardiographic investigations performed during the study period until
December 30, 2003, were documented and analyzed. If a patient had under-
gone more than one echocardiographic or clinical evaluation, the result of
the most recent investigation was reported. Recurrent infection and struc-
tural and nonstructural valve deterioration of the aortic homograft were
diagnosed preoperatively by echocardiographic studies and confirmed at
the time of explantation.

z Statistical methods

Tabular data are summarized by the mean and standard deviation for con-
tinuous variables and by percentages for categorical variables. Events are
defined as valve-related complications, death, or other occurrences and de-
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termined by Kaplan-Meier actuarial analysis [15]. Differences in actuarial
freedom between groups of patients are determined using the log-rank test.
Differences in prognostic variables between two groups were evaluated by
t-tests for continuous variables and the X2 or Fisher exact test for categoric
variables. Predictors of events during follow-up were identified by means
of Cox’s proportional hazards regression [45]. All variables were investi-
gated for association with hospital death, overall death and valve-related
complications in univariate and multivariate analysis.

Results

z Hospital mortality

Early (30 day) mortality was 9.3% for urgent and 14.3% for emergency
surgery. Forty-four (54%) of the emergency patients were in cardiogenic
shock. Low output syndrome, congestive heart failure or both was the
cause of 50% of the early deaths. The other causes of death were sepsis,
multiorgan failure, cardiorespiratory failure, and renal failure. Staphylococ-
cal infection was not an independent risk factor for operative death;
although the incidence was higher than that of enterococcal and strepto-
coccal endocarditis, the difference did not reach statistical significance
(hazard ratio: 0.860; confidence interval, 95% confidence limits: 0.476–
1.554, P<0.69). Table 6 represents univariate Cox regression predicting risk
factors for reoperation. Table 7 shows a summary of institutional results on
early mortality.
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Table 6. Cox regressional analysis of predictors for operative death

Variables Risk ratio 95% Confidence
interval

P-value

z Staph. infection 0.87 0.48–1.55 0.62
z Enterococcal infection 0.75 0.32–1.74 0.50
z Streptococcal infection 0.90 0.49–1.66 0.75
z Preoperative abscess 1.37 0.78–2.45 0.275
z Reoperation 0.35 0.13–0.98 0.05
z Reinfection 0.25 0.03–1.8 0.17
z Implantation technique 0.71 0.42–1.20 0.20
z Concomitant CABG 1.88 0.68–5.19 0.23
z MV procedures 1.55 0.84–2.89 0.16



z Late mortality

There were 9 (5.6%) late deaths. The actuarial patient survival at 15 and 20
years was 63% and 58%, respectively (Fig. 6). Recurrent endocarditis was
not a predictive factor for late operative death (hazard ratio: 0.249; confi-
dence interval, 95% confidence limits: 0.034–1.800, P<0.174). Long-term
results of other authors are summarized in Table 8.
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Table 7. Surgical results of active infective native and prosthetic valve endocarditis according
to type of valve replacement. A review of the literature

Source Years 30-d Mortality (%) Reinfection/PL (%)

Allo/PA Prosthesis Allo PA Prosthesis

Knosalla et al. [56] 11 8.5 23.5 3.2 27.1
Petrou et al. [24] 11 8.3 4.5
Haydock et al. [25] 15 17 20.7 na na
Yankah et al. [33] 17 9.3 4.3
d’Udeckem et al. [23] 8 13 11.4
Niwaya et al. [29] 13 17 20 3 12.5
Niwaya et al. [29] a 13 12 3

a Ross operation
PL paravalvular leak, na not available
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z Early and late complications

Reoperation

Of the 161 patients with aortic root abscess, there were 30 allograft explan-
tations (Table 9). Seven (4.3%) early and 23 (14.3%) late allograft explanta-
tions of allograft valves were performed. Five early explantations were as-
sociated with the freehand subcoronary aortic valve and two with the aor-
tic root replacement techniques. The surgical results of the 203 patients
with and without aortic root abscess are shown in Table 10.

Three of the four patients with intractable heart failure were successfully
bridged to heart transplantation. The fourth patient died while on mechan-
ical circulatory support (Table 11).
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Table 8. Comparison of surgical results of active infective native and prosthetic valve endocar-
ditis according to technique for reconstruction of the LVOT and type of valve replacement

Procedure FU
years

Freedom
from reinfection
%

Survival
%

z Pericardium & prosth. Valve [25] 8 76 64
z Pericardium/Dacron & prosth. Valve [25] 10 73 na
z Allograft + AML [25] 15 24 na

10 81 na
15 72 50

z Allograft + AML [24] 10 97 78
z Allograft + AML [56] 11 96 82.1
z Pericardium & prosth. Valve [56] 11 64.7 72
z ± Pericardium & allograft + AML [25] 17 72 70.4
z Pericardium & prosth. Valve [25] 8 76 64
z Ross procedure [25] 5 na 88

AML anterior mitral leaflet

Fig. 7. Explanted allograft 15 years after subcoro-
nary aortic valve replacement
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Table 9. Allograft aortic valve and root replacement for aortic root abscess. Causes for reopera-
tion and replacement of allograft (n=30/161)

Early Late

z Residual/Recurrent infection 7 4
z Paravalvular leak 5 –
z Pseudoaneurysm
z Residual abscess cavity 1 2
z AS (technical) 7 –
z Residual VSD 1 –
z Residual Ao-RA fistula 1 –
z SVD – 2

VSD ventricle septum defect, SVD structural valve deterioration

Table 10. Causes of reoperation by implantation technique: freehand AVR and ARR for active
infective aortic endocarditis, n=43/203

Freehand AVR Aortic root replacement

Causes for Reop N N % CI N % CI p value

z NSVD 17 10 58.8 45.4–82.0 7 41.2 17.2–54.6 0.045
z SVD 4 2 50.0 15.0–85.0 2 50.0 15.0–85.0
z Residual/Reinf. 11 9 81.8 55.2–95.3 2 18.2 4.70–44.8 0.0001
z Early 7 6 85.7 48.7–97.4 1 14.3 2.60–51.3
z Late 4 3 75.0 37.6–96.4 1 25.0 3.60–62.5

CI confidence interval, 95% confidence limits; SVD/NSVD structural and nonstructural valve dete-
rioration, died: 4/43 (9.3%)

Table 11. Results of patients with intractable active infective aortic valve endocarditis who
were bridged to heart transplantation

Patient 1st Op 2nd Op 3rd Op Results
a

Follow-up

z BR Allograft RR ECMO Htx Alive 16 years
z CM Allograft RR BVD anticip Htx Died 2 d
z FB Xenogr RR BVD Htx Alive 4 years
z CM Stented AVR IABP/RVAD Htx Died 3 mos

a Causes of death: (1) Sepsis & bleeding, (2) Sepsis and MOF



The 23 late reoperations were associated with the freehand subcoronary
aortic valve replacement technique in 16 (9.9%) and the aortic root re-
placement technique in 7 (4.3%) patients. Table 12 shows various types of
devices used to replace the aortic allograft at reoperation. The mean fol-
low-up until reoperation was 1.2 years (range: 1 day–4.4 years). Actuarial
freedom from explantation for all causes at 17 years was 72.7%. Undersized
allografts measuring <2 mm less than the native aortic annulus were re-
vealed as an independent risk factor for reoperation in the patients with
aortic periannular root abscess (hazard ratio: 0.146; confidence interval,
95% confidence limits: 2.263–10.990, P<0.0001) (Fig. 8). Eleven allograft ex-
plantations were caused by residual/recurrent infection (ARR: 4, FAVR: 7).
Causes of reoperation and type of replacement of allograft are shown in
Tables 9, 10, and 12. Table 13 represents univariate Cox regression predicting
risk factors for reoperation.

Allograft explantation in relation to implantation technique:
aortic root replacement

Nine (10%) reoperations (2 early and 7 late) were carried out in 83 pa-
tients (4 recurrent infection, 4 nonstructural, and 1 structural valve dete-
rioration) who underwent aortic root replacement (Table 10). The actuarial
freedom from reoperation at 17 years for ARR was 82.5% (hazard ratio:
2.36; confidence interval, 95% confidence limits: 1.08–5.15). The root tech-
nique was not immune to developing early structural or nonstructural de-
terioration when an undersized allograft was used.

Allograft explantation in relation to implantation technique:
freehand subcoronary aortic valve replacement

Of the 78 patients with the freehand aortic valve replacement (FAVR) tech-
nique, 21 (26.9%) underwent reoperation: 5 early and 16 late postoperative-
ly. Recurrent infection occurred in 7, nonstructural valve deterioration in
13 patients and structural valve deterioration in 1 patient (Table 10). The
actuarial freedom from reoperation at 17 years for the FAVR technique was
63.7% (hazard ratio: 2.36; confidence interval: 1.08–5.15). The freehand
scalloped homograft technique for AVR was not an independent risk factor
for a reoperation (hazard ratio: 0.477; confidence interval, 95% confidence
limits: 0.202–1.123, P<0.090) unless the allograft was undersized (Table 13).

Structural valve deterioration

Early structural valve deterioration resulting in valve incompetence re-
quired explantation in two young patients 2 and 4 years postoperatively
(Tables 10 and 14). Actuarial freedom from explantation of allografts for
structural valve deterioration at 17 years was 48% for undersized allografts
(Fig. 8). Fig. 9 demonstrates actuarial freedom from allograft explantation
for structural valve deterioration by age group.
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Table 12. Prosthesis of choice for replacement of allografts after reinfection, structural and
nonstructural valve deterioration (n=43)

Type of re-replacement

Bioprostheses Prostheses Allografts Total
stentless stented mechanical

3 5 21 14 43

Hospital deaths: 4/43 (9.3%)

Table 13. Univariate Cox regression predicting factors for reoperation

Variables Risk ratio 95% Confidence
interval

P value

z Reinfection 14.34 6.30–32.91 0.0001
z Preoperative abscess 2.03 0.86–4.78 0.11
z Undersized 0.31 1.53–7.17 0.001
z FAVR 2.19 0.88–5.49 0.09

FAVR freehand subcoronary aortic valve replacement
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Nonstructural valve deterioration

Seventeen (10.5%) patients required reoperation for nonstructural valve de-
terioration. Four (2.5%) of these cases were associated with aortic root and
13 (8.1%) with freehand subcoronary aortic valve replacement.
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Table 14. Allograft aortic root replacement for aortic root abscess. Freedom from valve-related
complications (n=161)

1 year 5 years 15 years

z SVD 100 97.3 ± 1.6 96.0 ± 2.0
z TE & bleeding 100 100 100
z Reinfection 95.1 ± 1.7 91.6 ± 2.4 91.6 ± 2.4
z Reoperation 86.1 ± 4.3 77.7 ± 5.3 73.2 ± 6.1

– FAVR 83.8 ± 4.6 69.0 ± 6.0 63.5 ± 6.7
– ARR 88.5 ± 4.1 86.3 ± 4.6 82.9 ± 5.5

z V-R mortality 95.9 ± 1.8 92.1 ± 2.5 92.1 ± 2.5

TE thromboembolism, FAVR freehand subcoronary aortic valve replacement, ARR aortic root re-
placement, V-R valve related, SVD structural valve deterioration
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Thromboembolism and bleeding

Neither thromboembolism nor bleeding was observed among the 123 sur-
vivors [12].

Residual/recurrent infection and paravalvular leaks

Residual/recurrent infection and paravalvular leaks caused reoperation in
11 patients (7 (4.3%) early and 4 (2.5%) late postoperatively with one op-
erative death). The actuarial freedom from explantation for residual/recur-
rent infection and aortic allograft paravalvular leaks was 91.64% at 10
years with no further events at 17 years (Table 14). Early or late allograft
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Table 15. Incidence of prosthetic valve endocarditis. A review of the literature

Author Valve type Incidence

Yankah et al. [33] Mitroflow 1.4%
Neville et al. [58] CE-P 2.4%
Bach et al. [43] Freestyle stentless 2.5%
David et al. [57] Hancock II 2.7%
O’Brien et al. [60] Allograft 0.1%
Yankah et al. [22] Allograft 0.9%
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recurrent infection was not a predictive factor for operative death in the
patients with periannular aortic abscess (hazard ratio: 1.37, confidence in-
terval, 95% confidence limits, 0.78–2.45). Hazard function for a recurrent
infection after replacement of infected aortic valve with allograft und stent-
less xenograft is shown in Fig. 10. The incidence of prosthetic valve endo-
carditis reported in the literature is summarized in Table 15.

Discussion

The first challenge of an aortic root abscess is a rescue operation, i.e., im-
planting into an infected aortic root a valve which has the potential to re-
sist infection, a low transvalvular gradient to allow rapid left ventricular
recovery of a compromised septic heart, and offers high patient survival.
These conditions have to take precedence over other factors such as the
surgeon’s preference for a particular valve type or its anticipated durability.

Pre- and postoperative transesophageal and transthoracic echocardiogra-
phy study of patients with acute infective endocarditis is a gold standard
for diagnosis and for detecting cardiac complications, such as intracardiac
communications by burrowing abscess, periannular and paraprosthetic ab-
scess, or pseudoaneurysmal formation of an abscess cavity. The sensitivity
and specificity for the detection of abscess preoperatively by transesopha-
geal echocardiography were 98 and 100%, respectively [3, 28]. A pseudo-
aneurysm is caused by rupture or dehiscence of an anastomosis in the area
of abscess cavity due to persistent local infection creating a communication
between the systemic circulation and the abscess cavity [27, 33, 35]. These
early cardiac and extracardiac complications can be well detected by trans-
esophageal echocardiography and sonography to allow early intervention,
therefore, offering better prognosis to the patient. When liver or spleen ab-
scesses of more than 2 cm diameter are present, they are treated by com-
puted tomography-guided percutaneous puncture with drainage if possible
by the radiologist, while cerebral abscesses are treated by neurosurgeons.
Small abscesses are treated with antibiotics and closely observed by sono-
graphy [26, 28, 31–33]. A preoperative 64-slice computing tomographic cor-
onary angiography is useful for excluding significant coronary artery dis-
ease or septic coronary artery embolism.

When a small annular abscess is present, the subcoronary implantation
technique with retention of the noncoronary sinus wall as described by
Ross can be used. This technique offers stability to the commissural posts
and therefore ensures adequate valve leaflet coaptation and reduces the
probability of distortion and failure of the allograft which is associated
with valve incompetence. The noncoronary sinus wall is used when neces-
sary also for enlarging the aortic root [16, 18, 46]. This Ross technique is
used for the implantation of stentless bioprostheses [41–43]. The potentials
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for valve distortion during allograft implantation especially when there is
an extensive periannular aortic root abscess, can be avoided by maintain-
ing the cylindrical shape of the aortic allograft and inserting it as a root
replacement. The natural replacement of aortic root by an allograft and re-
implantation of the circumcised coronary arteries as buttons followed by
distal anastomosis to the native ascending aorta was first introduced by
Donald Ross in 1972 [15–18]. This operation technique was initially used
for reconstruction of a tunnel-type left ventricular outflow tract obstruc-
tion and was then adopted for treating aortic root abscesses. The original
procedure was described by Hugh Bentall and Antony de Bono in 1968
[47]. They implanted a composite Dacron tube graft to replace the aortic
root followed by direct implantation of the coronary arteries into the
Dacron tube graft and used the native ascending aorta to wrap around the
graft tube. The coronary artery reimplantation can be performed directly
without circumcising the coronary artery particularly when there is no ex-
tensive root infection with necrotic tissues.

The fact that the aortic allograft and pulmonary autograft restore the
anatomic and the physiologic units of the LVOT, thus, providing a low
transvalvular gradient [48], have biological attributes similar to those of a
natural valve in resisting infection, and are non-thrombogenic supports
our choice for allograft valve tissue for managing active endocarditis com-
plicated with annular abscess [12–15, 17, 24–26, 29–33, 56]. The limiting
factor is that the aortic allograft does not have the potential to grow like
the pulmonary autograft. It is weakly antigenic, like the glutaraldehyde-
treated xenografts, but requires no immunosuppression in a clinical setting
because the complication of immunosuppression would outweigh the bene-
fits of the allograft, while ABO compatibility as claimed previously is for
logistic reasons an option in adult patients [49, 50].

Our study provides data and outcome of 161 very sick patients with aor-
tic root abscesses who were referred late for a rescue procedure. There was
a higher incidence of abscess formation in patients with mechanical valves
(60%) than in those with bioprostheses (40%). The most frequent biofilm
microorganisms responsible for infection were staphylococcus (30% of all
infections), streptococcus (25%), and enterococcus (13%). Among the pa-
tients with staphylococcal endocarditis associated with root abscess, 72%
were infected by Staphylococcus epidermidis, which is widely respected as
a very virulent organism. Although the incidence of staphylococcal endo-
carditis was higher than that of enterococcal and streptococcal endocardi-
tis, the difference in operative risk/mortality did not reach statistical sig-
nificance (hazard ratio: 0.860, confidence interval, 95% confidence limits:
0.476–1.554). This supports the fact that all biofilm bacteria can cause ab-
scess formation, because they possess surface sensing systems that induce
intracellular signals powerful enough to result in transcriptional and mor-
phological changes for tolerating rapid environmental changes in nutrient
availability, carbohydrate source, and pH [51–54]. This knowledge and in-
formation should, therefore, modulate echocardiographic and therapeutic
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decision-making in terms of the likelihood that biofilm bacteria will re-
quire early medical/surgical therapy before a periannular aortic root ab-
scess develops.

Several technical modifications of the implantation technique of allo-
grafts and autografts have been suggested to improve surgical results.
z Geometric matching of the sinotubular junction: when performing the

distal anastomosis of the allograft with the native ascending aorta, the
sinotubular junction, which is usually 90% of the size of the aortic an-
nulus, can be tailored to match the native ascending aorta.

z Hemostasis as described by Ross is facilitated by reinforcing the proxi-
mal suture line with glutaraldehyde-fixed pericardial strip placed within
the suture loop of the lower line of sutures as they are tied down.

z This technique also prevents progression of annular dilation, particularly
in patients with annuloectasia.

z Annulorrhaphy as described by Elkins and Northrup is performed by
placing two rows of purse-string sutures around the annulus to down-
size it [54, 55]. Further reduction annuloplasty can be performed by pli-
cating the three interleaflet fibrous trigona with a pledgeted 3-0 polypro-
pylene suture.

Clinical reports claimed that the type of valve used to replace the infected
aortic valve may not be as important as radical debridement of infected
and necrotic tissues and resection of the abscess [12–15, 24–33]. The study
identified and confirmed the technique of radical debridement to eliminate
the biofilm bacteria from the infected tissues. The following aspects which
could improve the surgical management of aortic root abscess were estab-
lished:
z radical debridement and resection of the infected and necrotic tissues,
z curetting of slimy endothelial surfaces of the aortic root. Curetting was

reserved for the region of the interventricular septum below the right
coronary artery and the membranous ventricular septum instead of re-
section in order to avoid A-V block. Three patients needed postoperative
pacemaker implantation for A-V block.

z Local disinfection to decolonize the biofilm bacteria in order to enhance
the effective antibiotic therapy.

z Avoidance of undersized allografts.
z Avoidance of aortic root tailoring.
z Use of antibiotic permeable cryopreserved aortic allografts which slowly

release antibiotics into the site of implantation to resist infection.
z Use of sutures pledgeted with glutaraldehyde-fixed equine pericardium.
z Monitoring of intravascular and intracavitary catheters for local conta-

mination and infection.
z Postoperative antibiotic therapy for 2–6 weeks with sensitivity tests and

CRP monitoring.
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The incidence of recurrent allogaft infection ranges from 1–4% which is
lower than the 8–11% rate for prostheses [3, 23–25, 27–36, 56]. In further
analysis, it has been shown that the incidence of early (<60 days) and late
(>60 days) recurrent infection of allografts and autografts was 0–4% and
1–3%, as compared to 4% and 3% for stentless bioprostheses [3, 10, 11, 23,
24, 26, 29, 32]. Reinfection was the most common event in the first 6–12
weeks postoperatively [3, 25, 33]. The linearized rate of recurrent infection
was 0.9%/pt-year in our study. Actuarial freedom from reinfection for allo-
grafts at 11 years and 17 years was 78–96% and 72%, as compared to 72%
and 76% at 8 and 11 years for prosthetic valves, respectively [24, 33, 56].
The above data indicate that the aortic allograft tissue is more protective
against recurrent infection than the prosthetic valves [23, 25, 31, 65]. The
protective potential of allografts against infection is also demonstrated by
the incidence of 0.1–0.9% allograft infection after primary ARR and AVR
in a sterile aortic root. This is somewhat lower than that of stentless and
stented bioprostheses (1.4–2.7%); see Table 13 [10, 11, 22, 33, 41, 43, 57,
58].

The aortic root replacement technique was used in 52% of this series.
The subvalvular muscular skirt and the aortic anterior mitral leaflet of the
allograft were used to exclude and exteriorize the abscess cavities and in-
fected tissues of the left ventricular outflow tract from the blood circula-
tion. The ARR technique allows reimplantation of the circumcised coronary
artery buttons even in a destroyed aorta and, therefore, obviates the need
for an extracardiac aortic coronary vein bypass. Patients undergoing allo-
graft ARR have shown freedom from structural valve deterioration (SVD)
of 82.9% and 56% at 17 and 25 years, respectively. The technique has
proved to be superior when compared with the freehand subcoronary aor-
tic valve replacement technique which has 63.5% and 15% freedom from
SVD at 17 and 25 years [33, 61].

The allografts of the two implantation techniques, ARR and FAVR,
showed neither dilatation nor aneurysmal pathology and did not present
coronary ostial calcification or stenosis during the follow-up. Undersized
allograft and aortic root tailoring were identified as incremental risk fac-
tors for early valve dysfunction and reoperation especially when perform-
ing the freehand subcoronary aortic valve replacement. Patients with un-
dersized allograft and tailored aortic root who underwent freehand AVR
had 48 and 13% freedom from reoperation at 10 and 15 years, respectively
[37, 61].

The operative risk increases in patients with prosthetic valve endocardi-
tis, native aortic root infection with burrowing abscess, and poor left ven-
tricular function [32, 33, 35, 56, 60]. The recently reported 30-day mortal-
ity was 8–17%; for prosthetic valve endocarditis it was 8–23% [23–25, 33,
56]. NYHA class IV and cardiogenic shock at the time of surgery were pre-
dictive factors for the high early mortality [4, 5, 24, 28]. The mid-term sur-
vival of patients with prosthetic valves at 11 years was 64%. The 20-year
survival of allograft patients in our series was 58%. Late death was 5.6%.
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In other series the survival of allograft patients at 15, 20, and 25 years was
48%, 35%, and 26%. There was a significant difference in survival among
patients with different implantation techniques of allografts. Others re-
ported long-term survival of 71% for patients with a root replacement at
15 and 20 years, while for patients with subcoronary implantation it was
45%, 33%, and 23% at 15, 20, and 25 years, respectively [61].

According to the above results, the survival rate of patients with ARR
technique is more favorable than that with prosthetic valves. An explana-
tion of the difference in results might be related to the high rate of reinfec-
tion and hemodynamic performance of the prostheses. If one compares the
survival of patients with degenerative aortic disease undergoing AVR with
xenografts, the results are similar to those of allograft patients with similar
aortic pathology [24, 59–61, 63, 66, 73]. Concomitant coronary artery by-
pass graft operation and mitral valve procedures were not predictive risk
factors for operative death. Reoperative hospital death rate after replace-
ment of reinfected allograft in our series was 9.3% and comparable to that
of other reports. Recurrent endocarditis was the most common cause of
death [23, 24, 28].

Owing to the limited availability of allografts in all sizes, the implanting
surgeon may be tempted to use an undersized allograft or to tailor the aor-
tic root to accommodate an allograft which is larger than the native aortic
root. This scenario opens up an option for the use of stentless bioprosth-
eses, preferably pericardial-covered, when the proper allograft size is not
available. Long-term results of stentless bioprostheses are not available for
comparison, but 20-year actuarial freedom from SVD for stented bio-
prostheses was 61–70% [60–68]. Bioprostheses in patients >65 years offer
similar advantages in durability as the allograft [59–64, 69–72]. The actuar-
ial freedom from reoperation for structural valve deterioration for stentless
bioprostheses at 10 years in patients at a mean age of 73 and under 60
years with a sterile aortic root was 97.0% and 76.4%, respectively. The inci-
dence of prosthetic valve endocarditis was 4.5% [43]. Data from mid-term
clinical studies have shown that bioprostheses are potentially good alterna-
tives to allografts. The major cause of reoperations after implantation of
the Medtronic Freestyle stentless bioprosthesis was nonstructural valve dys-
function [41]. The role of the bioprosthesis as a complimentary biological
valve replacement for surgical treatment of aortic valve endocarditis may
become established. The long-term results of patients with active infective
aortic valve endocarditis who were treated with stentless bioprostheses are
yet to be determined [3, 41, 43, 74].

The three cases of bridge to heart transplantation in these series follow-
ing lack of myocardial recovery confirm the reports of others that more ag-
gressive myocardial support may be helpful in endocarditis patients with
end-stage myocardial failure without septicemia [33, 75].
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Inferences

The aortic allograft offers excellent results of root replacement technique
and has a number of technical advantages (biological reconstruction of
LVOT). The allograft heals in place and has demonstrated a low rate of re-
infection because of its resistance to infection, and therefore a low reopera-
tion rate [76].

As a natural valve, it has a very low gradient which offers rapid myocar-
dial functional recovery of the septic heart and, thus, high patient survival.
The low rate of early valve-related mortality and morbidity endorses its
significant role as a rescue procedure. There is conflicting evidence on the
benefits conferred on allograft patients after the 10th postoperative year
compared with treatment with a bioprosthetic valve. Patient survival was
higher than in patients with prostheses. Durability was high in endocardi-
tis patients and patients under 60 years of age. There were no thromboem-
bolic events and no need for anticoagulation. The impact of decellularized
allograft tissue for repopulation of autologous cells to form biocompatible
tissue and, therefore, enhance durability in younger age groups is yet to be
established [77, 78].

Recommendations for cardiologists, surgeons, and patients

Close echocardiographic studies and early referral of patients with acute
endocarditis and signs of periannular abscess formation are warranted.
The valve of choice for replacing the infected native and prosthetic aortic
valve in endocarditis with periannular aortic root abscess is the aortic allo-
graft as root replacement and alternatively the stentless bioprosthesis, pre-
ferably the pericardial-covered prosthesis. For endocarditis without an ab-
scess, any available valve substitute can be used. The patient should be well
informed about the risk of prosthetic infection and the necessity of anti-
biotic prophylaxis for any intervention after discharge (Table 16).
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Table 16. Prosthesis of choice for valve replacement in patients with infective aortic valve
endocarditis

z Periannular abscess: Aortic allograft
Stentless bioprosthesis (preferably pericardial-covered)

z Without abscess: Any available valve substitute

z Antibiotic prophylaxis: Any intervention after discharge

Early referral of patients with acute endocarditis presenting echocardiographic features of peri-
annular abscess is mandatory for urgent surgery



Conclusions

We conclude that aortic root abscesses can be managed with excellent re-
sults by radical debridement and resection of all infected and necrotic tis-
sues and local disinfection.

Allograft aortic root replacement is the preferential procedure for aortic
periannular abscesses, whereas the freehand subcoronary aortic valve re-
placement may be used for an isolated annular abscess. The aortic allograft
is, by virtue of its permeability to serum antibiotics, resistant to biofilm
bacterial infection.

The aortic root replacement technique, although surgically demanding,
has shown a low reoperative rate, and low early and late mortality.

The procedure is a rescue operation for very sick patients, which offers
low valve-related morbid events, and better survival and prognosis.

An undersized or geometrically mismatched aortic allograft is predictive
for a high rate of reoperation and should be avoided.

In the absence of an appropriate size allograft a stentless bioprosthesis
should be considered. Explantation of the allograft root after structural
valve deterioration is a challenging operation and demands surgical exper-
tise and experience to be performed at a low risk.
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Historical background

Prior to 1972, the surgical results of aortic root abscesses treated with
prosthetic valves varied and, being associated with a high rate of early re-
current infection and mortality, were not very satisfactory. Consequently,
in 1972 Donald Ross introduced the use of the aortic allograft, which is a
completely biological tissue for replacing the infected aortic valve (see Figs.
2–7) [1–4]. This operation technique was initially used for reconstruction
of a tunnel-type left ventricular outflow tract due to congenital obstruction
and was then adopted for treating aortic root abscesses. The original pro-
cedure was described by Hugh Bentall and Antony de Bono in 1968 [5].

Replacement of the aortic valve for degenerative or congenital disease
with an antibiotic treated refridgerated aortic allograft using the freehand
subcoronary implantation technique was introduced by Dr. Donald Ross
[6] and Sir Brian Barratt-Boyes [6], independently of each other in 1962.
Barratt-Boyes used an aortic allograft with all three sinuses scalloped [7],
whereas Ross used an aortic allograft with scalloped left and right sinuses,
leaving the noncoronary sinus intact. The noncoronary sinus wall can be
used when necessary for enlarging the aortic root. A similar technique
using the autologous pericardium for aortic root enlargement during pros-
thetic aortic valve replacement was suggested by Nicks [8].

Surgical management of aortic root abscess

The techniques of biologic reconstruction of the left ventricular outflow
tract with equine pericardium and allograft aortic valve and root replace-
ment are depicted in detail in this chapter.

A thawed cryopreserved homograft aortic cylinder with flexible leaflets
free from atheroma is used to replace the native aortic valve or the aortic
root. The possibility of valve distortion during allograft implantation can
be avoided by maintaining the cylindrical shape of the aortic allograft,

Implantation techniques of freehand
subcoronary aortic valve and root
replacement with a cryopreserved
allograft for aortic root abscess
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inserting it as a root replacement and reimplanting the coronary arteries.
The aortic root implantation technique with reimplantation of the coronary
arteries also obviates extracardiac aortic coronary artery bypass. At the
same time it prevents allograft root distortion and central valve incompe-
tence.

Debridement and local disinfection of the aortic root

One of the major aspects of surgical management of aortic root abscesses
is the radical debridement of the infected tissue, e.g., curetting of the slimy
endothelial surfaces especially at the interventricular septum to avoid dam-
age to the conducting system of His. Resection of the necrotic tissues is
performed where necessary. Polyvidon iodine is applied to the infected tis-
sue for 3 minutes to decolonize the biofilm bacteria and eliminate them.
This ensures the therapeutic effect of the serum and allograft tissue anti-
biosis.

Pericardial reconstruction of the left ventricular outflow tract

The next step is the pericardial reconstruction of the periannular abscess
cavities and closure of the ventricular septal defect. The aortic anterior mi-
tral leaflet or the subvalvular muscular skirt of the composite aortic allo-
graft facilitate the proximal lower suture line and anatomic reconstruction
of the left ventricular outflow tract (LVOT) in the region of the aortic mi-
tral fibrous septum, the noncoronary annulus, and the left coronary annu-
lus (Figs. 1–3).
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a b

Fig. 1. a Schematic pericardial patch reconstruction of the right coronary periannular abscess
cavity and closure of the ventricular septum defect. b Schematic pericardial patch reconstruc-
tion of the left coronary periannular abscess cavity
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Fig. 2. a Schematic presentation of the anticipated proximal (lower) line below the infraannular
abscess cavity in the region of the aortic mitral fibrous septum. The lower line sutures: Two-
color multiple interrupted polypropylene (Prolene) 4-0 sutures buttressed by equine pericardial
pledgets are placed at the base of the infraannular abscess cavity at the native mitral annulus
and in the muscle of the left ventricular outflow tract in healthy tissue. The sutures are placed
further toward the remaining circumference at the left and right coronary aortic annulus to
complete the anticipated lower proximal line. b Reconstructed aortic mitral fibrous septum with
a pericardial patch

b
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Fig. 3. a A short segment aortic allograft with anterior mitral leaflet. b The lower edge of the
allograft aortic anterior mitral anterior leaflet (AML) is fed with two-colour multiple interrupted
polypropylene (Prolene) 4-0 mattress sutures in such a fashion that they fit to the anticipated
lower suture line below the infraannular abscess cavity. This technique ensures anatomic inser-
tion of the allograft. c The allograft is lowered down with the AML in front of the abscess cav-
ity in order to exclude the abscess cavity from the blood circulation. The sutures are tied down
toward the noncoronary and right coronary annulus and fixed, thus excluding the abscess cavi-
ty from the LVOT. The sutures are placed further toward the remaining circumference at the left
and right coronary aortic annulus to complete the circumference of the anticipated lower proxi-
mal line. The subvalvular muscular skirt of the allograft is then fed with the lower line sutures
so that they fit to the anticipated proximal anastomosis with the native aortic annulus. The
allograft cylinder is then inverted into the left ventricle to allow reliable tying down of the re-
maining sutures and to complete the fixation of the allograft. The technique allows the abscess
cavity to drain into the pericardium

a

b

c

RCA

LCA



Aortic root replacement and reimplantation
of the coronary arteries

The subvalvular muscular skirt and the anterior mitral leaflet of the allo-
graft are fixed below and in front of the abscess cavity with two-color mul-
tiple interrupted 4-0 polypropylene mattress sutures. After placement of
the proximal line sutures, the sutures at the anterior mitral leaflet are first
tied down toward the aortic annulus, then the allograft is inverted into the
LVOT to allow reliably tying down of the remaining sutures at the left and
the right coronary annulus to complete the proximal anastomosis of the
allograft. The same procedure is done at the left coronary periannular ab-
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a

b c

Fig. 4. a The allograft is carefully pulled out from the left ventricular outflow tract for reim-
plantation of the coronary arteries. The reimplantation of the coronary arteries is technically
accomplished in two ways: 1. Anastomosis with a circumcised coronary arteries as buttons,
2. Direct anastomosis using a continuous interrupted 4-0 Prolene sutures. b Schematic reim-
plantation of the left coronary artery. The allograft is gently pushed caudally to allow a better
view. Direct end-to-side anastomosis of the native left coronary artery with the adjacent aortic
sinus at the site of the allograft left coronary ostium. c Schematic reimplantation of the right
coronary artery. The allograft is gently pushed cranially to allow a better view. Direct end-to-
side anastomosis of the native right coronary artery with the adjacent sinus at the site of the
allograft right coronary ostium. Testing for the tightness of the proximal suture line. After test-
ing of the tightness of the proximal line during the repeat induction of the blood cardioplegia
the distal end-to-end anastomosis begins



scess cavity. After completion of the proximal anastomosis, the aortic allo-
graft is everted into the aortic root and the adjacent coronary arteries are
implanted directly onto the allograft aorta in end-to-side fashion with 4-0
polypropylene (Prolene) in a continuous running suture technique. In cases
where extensive aortic root destruction is present, the coronary arteries are
dissected and circumcised to allow a better view, while placing the sutures
in viable tissue and proper reimplantation of the coronary arteries. The
procedure exteriorizes the abscess cavity from the LVOT and the blood cir-
culation (Figs. 3 and 4).

The distal allograft cylinder and the component sinotubular junction are
then connected to match the native ascending aorta by continuous running
suture. A review of the literature on the implantation technique of freehand
allograft aortic valve and freestanding aortic root replacement root is pre-
sented in Fig. 5.
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Fig. 5. a The distal end of the allograft (the sinotubular junction) is anastomosed with the na-
tive ascending aorta end-to-end by continuous suture technique using 4-0 polypropylene begin-
ning at the posterior wall, reinforcing the suture line with the surrounding tissue of the native
aortic wall. The sinotubular junction which is usually 90% the size of the aortic annulus is geo-
metrically matched to the native ascending aorta. b Completed procedure of a total aortic root
replacement as a freestanding root with reimplantation of the coronary arteries



Freehand subcoronary aortic valve replacement

After the lower proximal suture line is completed and the knots are tied
down, the right and left commissural posts are temporarily attached 2 cm
above the native commissures with stay sutures. This procedure will give
the surgeon an overview of the coaptation of the valve leaflets. The remain-
ing right and left scalloped sinus walls are then attached to the adjacent
native sinus walls beginning at the midpoint of the left coronary ostium
and leading up to the left commissural post using a double-arm 4-0 poly-
propylene suture. The right sinus wall is anastomosed to the adjacent right
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Fig. 6. Scalloped left and right sinuses of the aortic allograft as described by Ross with intact
nonconcoronary sinus wall for freehand subcoronary aortic valve replacement. The technique re-
duces the probability of distortion of the allograft. The right and the left commissures are se-
curely positioned with the intact noncoronary sinus wall of the allograft to provide adequate
leaflet coaptation. a View of the anticipated second row suture line which begins below the
midpoint of the coronary ostium with secured coaptation of the aortic valve leaflets. b Sche-
matic presentation of completion of the two-row lower proximal suture line (the first row su-
ture line is not visible) and the freestanding noncoronary sinus wall of the allograft. c Com-
pleted second row suture line below the left coronary artery ostium with adequate coaptation
of the aortic valve leaflets



native sinus wall using a double-arm 4-0 polypropylene running suture at
the midpoint below the right coronary ostium in the same manner up to
the top of the left commissure to meet the previous suture. At the top of
the commissure, the two suture materials are tied down to fix the left com-
missural post. The other half of the left subcoronary suture line is contin-
ued using the other half of the double-arm 4-0 polypropylene as a running
suture up to the top of the noncoronary sinus wall and is tied down.

The other half of the right subcoronary suture line is continued with the
other half of the double-arm 4-0 polypropylene as a running suture up to
the top of the noncoronary sinus wall and tied down with a stay suture. At
the closure of the aortotomy the allograft noncoronary sinus is incor-
porated and attached to the native noncoronary sinus wall. If necessary,
the allograft noncoronary sinus is used to enlarge the native noncoronary
sinus wall, as suggested by Ross [9] and by Nicks [8] in his technique
using the autologous pericardium (Figs. 6 and 7).
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a b

Fig. 7. Schematic presentation of the technique for closing the aortotomy. The freestanding
noncoronary sinus wall of the allograft can be used for enlarging the aortic root, if necessary;
otherwise it will be incorporated into the aortotomy closure and fixed to the native noncoro-
nary sinus wall. a Left: Schematic presentation of the noncoronary sinus wall prior to closure of
the aortotomy. b Right: Schematic presentation of the noncoronary sinus wall of the scalloped
allograft. This is used to enlarge the native aortic noncoronary as described by Ross and to ac-
commodate the noncoronary segment of the allograft comfortably in the aortic root without it
being squeezed and causing central valve incompetence. The enlargement of the noncoronary
sinus of a small aortic root was originally described by Nicks using pericardium after prosthetic
aortic valve replacement



Comments

Postprocedural intraoperative transesophageal echocardiography provides
information about coaptation of the valve leaflets and, therefore, the open-
ing and closure mechanism of the competent aortic allograft valve and the
transvalvular gradient. Intraoperative echocardiographic study rules out
possible paravalvular leakage especially into the abscess cavity due to su-
ture dehiscence (Fig. 8). The surgical procedure with allograft aortic root
replacement (ARR) or freehand subcoronary valve replacement (FAVR) is
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Fig. 8. Schematic presentation of suture dehiscence or rupture of the proximal suture line after
freehand subcoronary allograft implantation

Fig. 9. Schematic presentation of reduction aortic annuloplasty by plication of the trigona



technically demanding; therefore, in its early development it was con-
founded by learning curve periods without tutorial guidance [9–23]. Long-
term durability of the allograft valve for root and freehand subcoronary
valve replacement in patients with endocarditis and degenerative aortic
disease after 17–29 years has been reported by several authors [10, 26–28].
Reduction aortic annuloplasty by plication of the trigona or annulorrhaphy
of the large aortic annulus as described by Carpentier and Elkins is asso-
ciated with unfavorable results [15, 24, 27]. It should be avoided in the
management of active infective aortic valve endocarditis (Figs. 9–11).

Owing to the limited availability of allografts in all sizes and current
competing durability of bioprosthesis, the scenario opens up an option for
the use of stentless bioprostheses, preferably pericardial-covered bioprosth-
eses (Figs. 12–14). Data from mid-term clinical studies have shown that the
bioprostheses are potentially good alternatives to allografts [30–34].
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Fig. 10. Schematic presentation of reduction aortic annuloplasty originally described by Carpen-
tier [24] and Elkins [25]. a Circumcised coronary buttons. Annulorrhaphy of large aortic annulus
by placement of two rows of purse-string sutures around the annulus to down-size it. b Rein-
forcing of the proximal suture line with glutaraldehyde-fixed pericardial strip placed within the
suture loop of the lower suture line as they are tied down, as suggested by Ross. Reproduced
with permission from Elsevier; Elkins RC (1996) Ann Thorac Surg 61:1142

a ba b
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Fig. 11. Infraannular implantation of aortic allograft would create compression and supravalvu-
lar stenosis of the allograft and subsequent high pressure gradients. Undersized allograft will
cause root distortion in an extensive aortic root abscess as well as tension on the proximal su-
ture lines and postoperative high gradients and eventually suture dehiscence and paravalvular
leaks, whereby blood from the LVOT would leak into the abscess cavity and develop pseudo-
aneurysm

Fig. 12. Alternative biological valved conduits: Long segment composite aortic valve allograft
and stentless valve bioprostheses. a Composite aortic allograft conduit with the anterior mitral
leaflet, the aortic arch, and the supraaortic branches. b Long segment of Shelhigh composite
porcine stentless bioprosthesis and bovine pericardial ascending aortic graft

a b
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Fig. 13. Alternative biological valved conduits: a Edwards Prima Plus composite porcine stent-
less bioprosthesis, b Prima Plus Baxter, c St Jude Medical composite porcine stentless Toronto
root

Fig. 14. Alternative biological valved conduits: a Vascutek-Elan stentless porcine aortic bio-
prosthesis, b Fabricated Sorin stentless bovine pericardial aortic bioprosthesis, c ATS 3F supraan-
nular pericardial valve replacement, and d Medtronic freestyle composite stentless porcine bio-
prosthesis
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z Surgery
for atrial fibrillation



Introduction

Atrial fibrillation (AF) is the most prevalent cardiac arrhythmia. The re-
ported frequency is 0.5–1% in the general population, increasing with age
to 10% in patients older than 80 years [22]. In patients undergoing mitral
valve operations, the frequency of AF is reported to be as high as 60–80%
[10].

Recurrent AF is classified according to the AHA/ACC guidelines into par-
oxysmal, persistent, and permanent [14]. More recently, Cox proposed a sim-
pler classification into intermittent and continuous AF based on the clinical
presentation and the electrophysiological basis of each type of AF [6].

Patients with AF have an increased long-term risk of stroke, heart fail-
ure, and all cause mortality. The mortality rate of patients with AF is re-
ported to be double that of patients in normal sinus rhythm (SR) [14]. The
risk of ischemic stroke is even higher in patients with rheumatic heart dis-
ease and concomitant AF – in the Framingham Heart Study the stroke risk
was increased 17-fold compared with age-matched controls and attributable
risk was 5 times greater than that in patients with nonrheumatic AF [14].
Given the aging population in the developed world, the treatment of AF
and its complications results in significant current and future health care
costs. Pharmacological treatment with or without electrical cardioversion
cures AF in only a minority of patients with underlying structural heart
disease [14]. For these reasons, surgical and percutaneous interventional
strategies have been developed for the treatment of AF and are expected to
steadily increase in frequency over time.

Surgical treatment options

The Cox MAZE procedure has been regarded as the gold standard of surgi-
cal therapy for AF since its development in 1987 [8]. It is based on the
concept that multiple surgical incisions in both atria interrupt the macro-
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reentry circuits that are thought to be the underlying mechanism of most
types of AF [7]. However, the complex nature of the procedure and the lack
of reproducibility of the original results by other groups have led to the de-
velopment of alternative surgical strategies employing simpler lesion sets
and/or alternative energy sources.

Cryoablation is, next to radiofrequency ablation (RF), the most fre-
quently employed alternative method to create linear, continuous, trans-
mural lesions. The efficacy of cryoablation has been known since the origi-
nal description of its use in humans to create AV node block in 1977 [16].
Its mechanism is based on Boyle’s law: refrigerated fluid – nitrous oxide in
the older devices, argon or helium in newer devices – is delivered under
high pressure to the inner lumen of an electrode with the tip maintained
under vacuum. The rapid expansion of the gas as it reaches the tip induces
cooling of the electrode to between –55 and –60 �C for nitrous oxide and
down to –144 �C for argon. The lower temperature of the argon- or helium-
based technology allows shorter ablation times. The end result is a line of
frozen tissue at the ablated site.

The maturation of the so created lesions occurs in three phases. Phase 1:
the formed ice crystals compress and distort cell membranes and intracel-
lular organelles causing irreversible cell death within hours [26]. Phase 2:
the infiltration of the ablated tissue by inflammatory cells leads to the de-
velopment of edema and leads to apoptosis [3]. Phase 3: fibrosis develops
due to the secretion of fibrin by inflammatory cells and capillary ingrowth.
The end result is a fibrotic scar with preserved stromal scaffolding [19].
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Fig. 1. Handheld probe (a) and malleable tip (b)



One of the most important advantages of cryoenergy, compared with hy-
perthermic energy sources such as radiofrequency, is the reduced risk of
structural damage to adjacent structures [1, 11]. Collagen tissue and vascu-
lature are unaffected and therefore the structural integrity of treated tissues
is preserved [25]. A further significant advantage is the fact that endocar-
dial thrombus formation at the site of cryoablation is reduced [18, 24].

The argon-based ATS CryoMaze surgical ablation system (formerly Surgi
Frost system, CryoCath Technologies) has been used exclusively for all pa-
tients requiring endocardial AF ablation at our institution since 2004. It
consists of a malleable handheld probe with a freezing segment of variable
length of up to 10 cm (Fig. 1a, b). At the console (Fig. 2), the time of abla-
tion can be chosen and the temperature of the freezing segment is dis-
played via a thermocouple located at the tip of the probe. Temperatures of
down to –160 �C can be achieved with this technology.

The CryoMaze system offers a number of potential advantages: first, the
malleable freezing segment allows the probe to be bent into any shape nec-
essary to create the required lesions, even in a more confined space such
as during minimally invasive mitral valve surgery. Second, the creation of
continuous lesions is simplified by the rapid freezing of the exposed seg-
ment of the probe after only a few seconds of activation. Care must be
taken, however, to avoid tissue folding underneath of the probe, which can
prevent transmurality of the lesions. The adhesive effect of the probe also
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Fig. 2. Cryoablation control console



allows the tissues to be lifted away from structures at risk of damage, such
as the esophagus when creating lesions on the posterior wall of the left
atrium or the phrenic nerve when creating lesions at the free edge of the
atriotomy incision. Third, creation of a transmural lesion can be confirmed
by visualization of frozen tissue on the epicardial side of the atrial wall
while the probe is being applied endocardially.

The use of inert argon gas with extremely low temperatures allows the
creation of transmural lesions in 1 min per treated segment, instead of the
2 min or longer that is required with nitrous oxide-based probes. A com-
plete left atrial lesion set can therefore be performed in approximately 5–
7 min, which is comparable to radiofrequency ablation techniques.

One drawback of cryoablation using the CryoMaze system is the fact that
limited data are available to date on its efficacy during epicardial, beating
heart application. The ability to create transmural lesions might be limited
by the heat sink effect of intracardiac blood flow. A recent experimental study
evaluated a new cryoclamp incorporating the above handheld probe using the
same system (Fig. 3). The investigators found that the use of this cryoclamp
in a canine model resulted in lesions with complete conduction block, while
use of the linear hand held probe resulted in transmural lesions in only 85%
of tissue sections [20]. Further clinical evaluation is required.

Minimal invasive MV surgery and cryoablation:
current methods and results at the Leipzig Heart Center

z Surgical technique and perioperative management

Our computerized database system was examined to identify all patients
undergoing endocardial cryoablation for atrial fibrillation in combination
with minimally invasive mitral valve (MV) surgery between January 2002
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Fig. 3. Cryoablation clamp



and December 2008. According to the new Cox classification [6], patients
were classified into intermittent or continuous AF and analyzed separately.

Of the 1202 patients who underwent cryoablation at our institution dur-
ing this time period, 406 (34%) underwent concomitant minimally invasive
MV surgery and endocardial AF cryoablation and form the focus of this
study. MV repair was performed in 308 patients (76%) and MV replace-
ment in 98 (24%).

A minimally invasive approach via a right minithoracotomy is our pro-
cedure of choice for patients requiring isolated MV with or without tricus-
pid valve surgery. All patients received standard perioperative monitoring
and a standard cardiac anesthesia. The femoral vessels were cannulated
and cardiopulmonary bypass (CPB) was instituted with vacuum assistance
(–30 to –50 mmHg) in order to achieve a flow of 2.0 to 2.5 L/min/m2. Sys-
temic temperature was lowered to 34 �C at the start of CPB and then re-
warmed to 36 �C at the end of CPB. Myocardial protection was achieved
with cold antegrade crystalloid cardioplegia. Techniques that were used to
repair the MV have been described in detail elsewhere [13, 23].

The lesion set employed for the left atrial cryoablation is depicted in
Fig. 4 [12]. The first lesion that was created was from the inferior aspect of
the posterior mitral leaflet (P3) to the left lower pulmonary vein. This le-
sion was created first so that the annular tissue is no longer frozen when
the annuloplasty sutures are placed. The left pulmonary veins are encircled
next, connecting with the previous lesion. The right pulmonary veins are
then isolated with a lesion connecting to the atriotomy. A further lesion is
created across the roof of the left atrium connecting the lesions around the
upper left and right pulmonary veins. In general, the left atrial appendage
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Fig. 4. Left atrial lesion set. Reprinted with permission from [12]; © American Association for
Thoracic Surgery. (LAA left atrial appendage, LLPV left lower pulmonary vein, LUPV left upper
pulmonary vein, RLPV right lower pulmonary vein, PUPV right upper pulmonary vein)



was obliterated only in patients with previous cerebrovascular events or in
the presence of a thrombus. Right atrial ablation was performed only in
patients with structural right heart pathology (e.g., atrial secundum defect
or tricuspid valve lesions) or in patients with a past history of atrial flutter.
In these cases, a lesion was created at the isthmus of the right atrium into
the coronary sinus and to the tricuspid valve annulus.

Patients were monitored for recurrence of AF with continuous telemetry
for a minimum of 48 consecutive hours postoperatively in our intensive care
and/or intermediate care unit. A 12-lead ECG was also performed at least
twice prior to discharge, or whenever signs or symptoms of AF occurred.

All patients who were taking beta-blockers preoperatively were con-
tinued on these medications postoperatively. Postoperative AF was treated
aggressively with electrolyte replacement and optimization of amiodarone
and/or beta blockade therapy. In addition, electrical cardioversion was
attempted after correcting electrolyte abnormalities and establishing anti-
arrhythmic medications. If cardioversion was unsuccessful after a mini-
mum of two attempts, then patients were discharged on long-term warfarin
and amiodarone therapy.

Clinical follow-up at 6 months was performed by either clinical exami-
nation during outpatient visit or telephone contact with patients and/or
family members. Evaluation of postoperative rhythm was performed by
contacting patients’ family physicians or referring cardiologists. Rhythm
status was confirmed by ECG in all patients, with a 24-h or 1-week Holter
monitor being performed in patients who had symptoms suggestive of re-
current AF with a normal ECG.

Continuous variables are expressed as mean ± SD and categorical data
as proportions throughout. All statistical analyses were performed using
the JMP 7.0 statistical package (SAS Institute, Cary, NC, USA).

z Results – perioperative

A total of 406 patients underwent minimally invasive MV surgery in com-
bination with cryoablation. The preoperative characteristics are listed in
Table 1 and intraoperative data are displayed in Table 2.

The overall perioperative mortality was 2.4% (10 patients). In none of
the patients was the fatal outcome related to the ablation procedure. Major
neurological complications occurred in 2.7%. The rate of new PPM implan-
tation was 14.8% in the entire group. No major complications attributable
to cryoablation, such as esophageal injury, phrenic nerve palsy or circum-
flex artery injury, were observed in any patient.

Sinus rhythm was present in 91.1% of patients at the end of the opera-
tion. At discharge, 315 patients (77.6%) were in sinus rhythm. Overall 315
cardioversions were performed in 185 patients according to the above out-
lined management protocol. Other perioperative outcomes are shown in
Table 3.
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z Long-term results

Six-month or more follow-up information was available in 316 patients
(77.8%), with a mean duration of follow up of 241±167 days. Ninety pa-
tients had either not yet reached 6 months postprocedure or were lost dur-
ing follow-up. Of the patients with follow-up information, 292 (92.4%)
were alive. Sinus rhythm was present in 208 surviving patients (71.2%).
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Table 1. Preoperative characteristics of patients undergoing minimally invasive MV surgery and
concomitant cryoablation for atrial fibrillation between 2002 and 2008

Total Intermittent AF Continuous AF

z Number of patients 406 180 226

z Sex, female 198 (48.7%) 88 (48.9%) 110 (48.7%)

z Age (years) 63.9±10.6 63.7±10.8 64.1±10.3

z BMI 25.9±3.9 24.2±3.2 26.4±4.1

z NYHA class 2.4±0.7 2.4±1.4 2.5±1.3

z Hypertension 249 (61.3%) 108 (60%) 141 (62.4%)

z Diabetes 83 (20.3%) 22 (12.2%) 61 (27%)

z Hypercholesterolemia 118 (29.1%) 51 (28.3%) 67 (29.6%)

z History of embolism 22 (5.4%) 6 (3.3%) 16 (7.1%)

z Pulmonary hypertension 119 (29.3%) 42 (23.3%) 77 (34.1%)

z Duration of AF (years) 4.4±3.6 3.9±3.2 4.9±3.9

z LVEF (%) 59.4±11.3 60.6±11.4 58.6±11.0

z LA size (mm) 57.1±10.8 55.7±10.5 58.5±10.7

BMI body mass index, NYHA New York Heart Association, AF atrial fibrillation, LVEF left ventricu-
lar ejection fraction, LA left atrium

Table 2. Intraoperative characteristics

Total Intermittent AF Continuous AF

z MV repair 308 (75.8%) 144 (80%) 164 (72.6%)

z MV replacement 98 (24.2%) 36 (20%) 62 (27.4%)

z Duration of surgery (min) 176±47 174±43 178±50

z CPB duration (min) 135±41 134±38 135±42

z Aortic clamp time (min) 84±64 79±30 79±30

z SR end of surgery 370 (91.1%) 167 (92.7%) 203 (89.8%)

MV mitral valve, CPB cardiopulmonary bypass, SR sinus rhythm



Seventy-four patients (25.3%) were in AF. Atrial flutter or other rhythm
was present in the remaining 3.5% of patients. No major neurological event
occurred in the follow-up period. Mean NYHA class was 1.8±0.7 and mean
LVEF was 55±13% at last follow-up.

z Comment

Cryoablation has gained increasing popularity over the past few years.
Next to RF ablation techniques, cryoablation is the most frequently per-
formed ablation procedure. We have been using cryoablation at our institu-
tion almost exclusively for endocardial ablation since 2002, after observing
a number of esophageal injuries that occurred with unipolar RF ablation
[11].

The Cox MAZE procedure is still regarded as the benchmark against
which all newer techniques have to be compared. However, the results for
the Cox MAZE procedure are less impressive in patients undergoing conco-
mitant mitral valve surgery, with freedom from AF rates that are far lower
than the oft quoted 99% success rate for this procedure [9]. Izumoto and
Raanani, for example, reported success rates of 75–82% in patients under-
going concomitant Cox MAZE procedures and MV surgery [17, 21]. Radio-
frequency ablation achieves reported success rates of 70–80% in patients
requiring concomitant mitral valve surgery [4, 27].
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Table 3. Early postoperative outcomes

z ICU stay (days) 2.2±7.8 1.8±14.1 2.6±9.5

z Reoperation (bleeding) 35 (8.6%) 14 (7.8%) 21 (9.3%)

z Renal failure 13 (3.2%) 5 (2.8%) 8 (3.5%)

z ARDS 7 (1.7%) 3 (1.7%) 4 (1.8%)

z Postop amiodarone 149 (36.7) 49 (27.2%) 100 (44.2%)

z SR at discharge 315 (77.6%) 154 (85.6%) 161 (71.2%)

z Atrial flutter 12 (2.9%) 4 (2.2%) 8 (3.5%)

z III� heart block 10 (2.5%) 5 (2.7%) 5 (2.2%)

z Cardioversion 185 (45.6%) 71 (39.4%) 114 (50.4%)

z New PPM implantation 58 (14.3%) 28 (15.6%) 30 (13.3%)

z TIA 7 (1.7%) 6 (3.3%) 1 (0.4%)

z Stroke 11 (2.7%) 4 (2.2%) 7 (3.1%)

z 30-day mortality 10 (2.4%) 2 (1.1%) 8 (3.6)

ICU intensive care unit, ARDS adult respiratory distress syndrome, SR sinus rhythm, PPM perma-
nent pacemaker, TIA transient ischemic attack



In comparison to other studies focusing on cryoablation during surgery
for MV pathology, our results compare favorably. Ghavidel et al. reported a
SR rate of 65% at 6 months with a nitrous oxide-based device [15]. A ran-
domized trial comparing the effect of additional left atrial cryoablation to
mitral valve surgery alone found a SR rate of 73% (22 of 30 patients) at 6
months follow-up in patients treated with cryoablation [5]. These investiga-
tors used the same device as used in our study and also employed a similar
lesion set. One important difference, however, was that these investigators
applied cryoablation epicardially on the beating empty heart. Baek et al. re-
ported a SR rate of 84% at a mean follow-up of 26.6 months in a group of
170 patients with AF and rheumatic mitral valve disease undergoing Cryo-
Maze and MV surgery [2].

Our study contained a high percentage of patients with continuous AF
(55.7%). In addition, the relatively large mean left atrial size of 57 mm sug-
gested an increased risk of failure of restoration of SR. In addition, biatrial
lesion lines were performed in only a minority of patients. Despite these
limitations, the success rate of SR 6-months postoperatively in our study
was greater than 70%. Moreover, we did not observe a single case of
serious complications related to cryoablation such as esophageal injury,
phrenic nerve palsy or circumflex artery stenosis in over 400 patients. In-
deed, we have not observed a single case of these potentially life-threaten-
ing complications in over 1200 cryoablation procedures that have been per-
formed to date at our institution.

The rate of pacemaker implantation was fairly high in the current study
(14.3%). A significant proportion of these patients required pacemakers be-
cause of unmasked sick sinus syndrome after ablation or other bradycardia
syndromes. Complete heart block occurred in only 2.5% of the entire co-
hort. The reported incidence of pacemaker implantation after AF ablation
ranges widely from just over 1% to 23% [2, 5], but is higher in patients re-
quiring concomitant MV surgery.

In conclusion, the data from our study confirms the findings of other
centers that cryoablation is a very safe and effective method for the treat-
ment of AF in patients with MV disease and that the results with a mini-
mally invasive approach are at least comparable with that of the conven-
tional approach via a sternotomy. Since MV surgery alone in such patients
is known to be associated with very low conversion rates to SR [5], and
since endocardial cryoablation has an extremely good safety profile, we feel
that it is prudent to offer all AF patients additional cryoablation when un-
dergoing MV surgery.
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In the developed world between 1% and 1.5% of the population is suffering
from atrial fibrillation [1]. Due to higher life expectancy, the prevalence of
this disease will grow at least 3-fold in the next 50 years. Compared to
many other diseases, the health and economic burden imposed by AF and
AF-related morbidity is immense.

Atrial fibrillation is caused by various underlying diseases, ranging from
genetic to degenerative origin. The most common and epidemiologically
most prevalent conditions associated with AF are still hypertension and
heart failure as both have been shown to initiate an arrhythmogenic mili-
eu. The mechanism of atrial fibrillation is yet not identified; more than a

Minimally invasive endoscopic ablation
on the beating heart
in patients with lone atrial fibrillation
U. Rosendahl, J. Ennker

Fig. 1. Focal trigger initiate reentry, later, additional focal triggers act, and finally multiple
reentry is perpetuated



few theories exist, but most of them can be joined essentially into the sin-
gle focus hypothesis and the multiple sources hypothesis. Depending on
the diversity of AF whether it is paroxysmal, intermittent, or persistent AF,
these hypotheses have different levels of significance. Structural and elec-
trophysiological properties of the atrial myocardium are altered by sus-
tained AF, resulting in the atria becoming more susceptible to the initiation
and maintenance of the arrhythmia. The foremost clinical significance of
AF lies mainly in a 5-fold increased risk of stroke. Patients with AF who
had a prior cerebral ischemia have a 10–12% risk of stroke per year [1]. In
patients with lone AF the left atrial appendage is the site of thrombus in
about 90% of cases. In this respect, novel mechanical approaches for the
prevention of cardioembolic stroke have been invented: minimally invasive
surgical isolation of the left atrial appendage, percutaneous left atrial ap-
pendage occluders, and carotid filtering devices.

Treatment of atrial fibrillation

The pharmacological approach is still the first choice in the treatment of
most AF cases. But the interest towards nonpharmacological treatment of
atrial fibrillation has considerably increased during the last decade; inter-
ventional procedures have been developed. Nowadays complete left lesion
sets are feasible with good clinical results using percutaneous ablation
methods. The surgical approach towards the treatment of AF is proving
useful in a growing number of patients as well, being widely applied as a
concomitant procedure in patients, not only undergoing mitral valve sur-
gery anymore, but all kinds of cardiac procedures. The ability of resection
or closing up the left atrial appendage in these procedures is probably
more than advantageous regarding the most common hazard of AF, namely
stroke. The development of new epicardial devices has launched the way to
minimally invasive and thoracoscopic ablation approaches, which should
give surgery a stronger role in the treatment of patients with lone AF, re-
fractory to interventional ablation therapy or high thromboembolic risk.

Current surgical ablation practice

In 1991, when Cox developed the Maze procedure [2], His bundle ablation
and pacemaker implantation were the only alternative non-pharmacological
treatments of lone atrial fibrillation. However, owing to the extent of sur-
gery and despite the progressive refinement and a 95% success rate, the
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Maze operation never became popular. The 1-h cross-clamping time, 10%
permanent pacemaker implantation, and a mortality of up to 1–2% were
not acceptable for the treatment of atrial fibrillation [3].

The first indications of the prevailing function played by the left atrium
in causing atrial fibrillation, prompted the proposal of simplified ap-
proaches only targeting the left atrium (LA) in 1996. Sueda was the first to
describe a simple LA procedure to cure permanent AF in mitral valve pa-
tients with a 75% success rate [4]. Experience with cryo left atrial ablation
in the treatment of lone AF showed an extremely high success rate in 93%
of the patients [5]. The introduction of argon cryoenergy, radiofrequency
(RF), and microwave surgical catheters allowed ablation procedures to be
simplified further. The first reported experience of minimally invasive
radiofrequency open-heart ablation of lone AF resulted in a success rate of
up to 97%; however, esophageal perforation in 1% of the patients dimin-
ished the success [6]. Interest in lone AF surgery was renewed with the in-
vention of epicardial ablation, which was first reported in 2000 [7]. Epicar-
dial ablation allowed ablations to be performed without the use of cardio-
pulmonary bypass as off pump procedures on the beating heart. This was
the start for minimally invasive surgical approaches to treat lone atrial fi-
brillation.

This paper describes the complete endoscopic microwave ablation of AF
on the beating heart through a unilateral endoscopic approach. As the first
working group, Saltman et al. published in 2003 their experience with a
minimally endoscopic ablation through a bilateral thoracic approach, since
then this method has been adopted by a growing number of surgeons
[8, 9]. Later, La Meir et al. then moved towards an single right unilateral
endoscopic method [10].

Totally endoscopic ablation

Totally endoscopic ablation is a stepwise approach, which is described as
follows. First, three access ports are created on the right side of the chest:
one camera and two working ports. The pericardium is opened above and
parallel to the phrenic nerve in order to expose the pulmonary veins. Sec-
ond, the pericardial reflections are dissected to enter into the transverse
and oblique sinuses. Third, with the help of a bendable hook-like instru-
ment, adopted from endoscopic liver surgery, the ablation catheter is
guided through the sinuses and below the inferior vena cava towards the
right atrial side. The device is then drawn around the base of left atrium.
As soon as proper positioning of the device is established, a circumferen-
tial ablation line around the pulmonary veins is performed. The result is a
complete ablation of the origins of the pulmonary veins from the left at-
rium in the form of a so-called box lesion.
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Patient inclusion criteria:

z Paroxysmal/persistent atrial fibrillation
z Highly symptomatic
z Failed numerous attempts of drug treatment
z Underwent at least one attempt of interventional catheter ablation which

failed
z Has a small left atrium

Despite the above selection criteria, obviously most patients who do not
meet one of the exclusion criteria might undergo endoscopic ablation ther-
apy with different outcome regarding the cure of AF. As the method is not
widely established yet and is to some extent in competition with catheter-
based ablation methods, patient selection should be rigorous in order to
achieve excellent results.

Patient exclusion criteria for the endoscopic approach:

z Previous cardiac surgery
z Left atrial thrombus
z Severe pulmonary malfunction

Preoperative diagnostics:

z Coronary angiography in all patients >40
z Transesophageal echocardiography (for exclusion of LA thrombus and

valvular heart disease)
z Lung function test (single tube ventilation)
z Chest X-ray
z Routine blood tests
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z Surgical procedure

The patient is lying in a supine position. After deflating the right lung, a
5-mm port is inserted in the 4th intercostal space at the level of the ante-
rior axillary line. Then, CO2 is insufflated (Fig. 3).

Through this port a nonangled endoscope is inserted and the pericar-
dium is inspected.

According to visualization, two further ports are inserted into the chest,
first, in the 3rd intercostal space at the level of the anterior axillary line
and, second, in the 5th intercostal space around the midclavicular line. The
positioning of the ports tends to fluctuate, specifically with respect to
height. As the ports are used for the instruments, they should be placed in
order to allow an oblique handling of the pericardium rather than a rect-
angular approach. While placing these ports, it has to be kept in mind that
one has to be able to pass the transverse sinus with the instruments. The
phrenic nerve is located and the pericardium is opened 2 cm above and
along the nerve. The pericardium is incised and the aorta and inferior vena
cava are located (Fig. 4).
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Fig. 3. Access via two acces-
sory ports and one camera
port

Fig. 4. After insufflation with
CO2, view of the pericardium
prior to the incision



The pericardial reflections behind the superior and inferior vena cavae
are dissected in order to obtain access to the transverse and oblique si-
nuses. Using blunt dissection after lifting the SVC upwards, the transverse
sinus is entered. The endoscope is guided through the transverse sinus to-
wards the left auricle, which can then be visualized. After the transverse si-
nus has been dissected, the oblique sinus needs to be opened up. Using
blunt dissection, the thin layer of pericardium is divided and the oblique
sinus is easily entered.

z Ablation

In order to guide the ablation tool (which is fully flexible and cannot be
steered) through the sinus, a guidance instrument is required. Several in-
struments are nowadays commercially available. A simple and cost effective
instrument which has proved to be helpful is a bendable hook-like instru-
ment, adopted from endoscopic liver surgery. This hook can be steered and
bent from 0� to 360�. A major disadvantage is the size of the instrument. It
cannot be passed through a port. Thus the instrumental port located to-
ward the right of the camera port has to be removed in order to have an
entryway for the ablation tool. The ablation catheter is then attached to the
hook and passed through this incision into the right chest cavity. Under di-
rect vision with the camera, it is then maneuvered into the transverse sinus
by passing it under the superior vena cava (Fig. 5).
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The endoscope is passed into the transverse sinus and is kept in a posi-
tion which allows visualization of the left atrial appendage. Under camera
control, the hook with the ablation tool is then guided through the trans-
verse sinus until it reaches the left auricle. Once it has reached the auricle,
the hook is directed posterior of the auricle towards the diaphragmatic as-
pect of the pericardium (Fig. 6).

Once it is ensured that the ablation catheter is securely positioned below
the left auricle and not on top of it, the hook is bent 360� and gently
pushed forward until the tool appears under the inferior vena cava in the
oblique sinus. Retrieval of the catheter is the most demanding part of the
procedure, particularly if the heart or the left atrium is rather large. The
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Fig. 6. Transverse sinus with
view of left atrial appendage
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ablation catheter is then removed from the guiding tool and completely
pulled through the sinus until both ends reach each other. The correct po-
sition of the ablation catheter is confirmed with the endoscope. The tool is
connected to the generator and stepwise ablation is carried out. In order
enhance transmurality, the full ablation is carried out twice for each seg-
ment (Fig. 7).

After successful ablation, the catheter is removed and the ablation line,
where possible, is checked with the endoscope. After insertion of tempo-
rary atrial and ventricular pacing wires, the pericardium is closed with
two stitches. A chest tube is inserted, the wounds are closed appropriately.
If the patient is in atrial fibrillation at this point of the operation, cardio-
version is performed before the patient is extubated and awake.

Postoperative management

According to our protocol all patients are started on amiodarone 300 mg/d
and warfarin immediately afterwards. Amiodarone is continued for 6 to 12
months, depending on the individual postoperative course. Warfarin is con-
tinued for 12 months, if stable sinus rhythm is apparent, then it is discontin-
ued. Chest tubes are usually removed the next morning. If the immediate
postoperative course was uneventful, patients are discharged after 48 hours.

z Follow-up

The early reoccurrence of atrial fibrillation after surgical ablation is com-
mon. The literature and our own experience show an early reoccurrence
rate within the first 6 months of about 50% (Fig. 8).

Patients therefore need to be followed up in regular intervals. In order
to make the procedure worthwhile for the patient, a follow-up schedule
with regular check-ups after 3-, 6-, 9-, and 12-months postoperation is
mandatory. Thereafter, yearly follow-up has proven to be sufficient.
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Future role of surgical ablation therapy for lone atrial fibrillation

Minimally invasive surgical ablation plays an important role in up to 20%
of patients suffering from atrial fibrillation who do not respond to conven-
tional medical treatment, are not candidates for percutaneous ablation, or
have undergone percutaneous ablation unsuccessfully. Furthermore, if con-
comitant appendage obliteration could regularly be performed during the
procedure, surgery for lone AF could have a rationale in the context of sec-
ondary prevention of stroke, where surgery could actually ameliorate prog-
nosis. Data of controlled randomized studies are presently not available;
hence the future of this surgical intervention depends on the experience of
the surgeons and the cardiologist who refer the patients.
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of the bioprosthetic
aortic valves



Introduction

Performance comparisons among commercially available bioprosthetic
valves are needlessly complicated by unreliable and complex parameters
and exaggerated information from manufacturers. In addition to the issues
surrounding the comparisons among valves, surgeons who are selecting
the best fit for the patient on the operating table are hampered not only by
the faulty parameters mentioned above but by selection tables based on
these faulty parameters and by the often unachievable boundary between a
proper match and an improper mismatch of the valve to the patient.

The surgeon can sidestep complexity and bias by acceptance of an es-
sential tenet: The best patient outcome is achieved by fitting the patient
with the largest flow area possible. The surgeon can observe flow area
comparisons obtained by direct observation rather than abstract data
derived from equipment-based algorithms. Specifically, direct observation
enables valve comparisons on the basis of geometric orifice area (GOA) and
space efficiency. To illustrate this simplified approach, comparisons among
seven commercially available stented bioprosthetic valves will be made on
the basis of these two characteristics.

The common approach to bioprosthetic valve evaluation

During aortic valve replacement surgery, cardiac surgeons are challenged
to provide adequate perfusion to a body starved by a stenotic valve. The
limitations of bioprosthetic valve prostheses make the restoration of ade-
quate blood flow difficult for patients with normal body masses but even
more difficult for obese patients who have outgrown the capacities of their
hearts. No prosthetic heart valve can operate with the efficiency of the pa-
tient’s original equipment. This means that, while prosthetic valves improve
blood flow and stabilize the disease state, prosthetic valves nevertheless im-

Evaluation of bioprosthetic valve
performance as a function of geometric
orifice area and space efficiency –
a reliable alternative to effective orifice area
J. Sauter



pose work on the heart. This work does not contribute to the heart’s basic
purpose, to pump blood for the perfusion of the tissue mass of the patient.
Such imposed extra work is referred to as “work loss” or “energy loss”.

z Effective orifice area

In order to diminish this energy loss, the surgeon is faced with the per-
plexing task of selecting the prosthetic valve that most closely approxi-
mates the flow of the original healthy valve. To make this selection, the
surgeon commonly turns to the concept of effective orifice area (EOA).

The EOA is the area of the invisible and narrowed control volume that
“in effect” remains in the wake of forward flow energy losses (Fig. 1).
Although EOA is expressed as a two-dimensional area (cm2), EOA is con-
sidered a measure of performance. EOAs are directly related to and depen-
dent on the opening area of the valve. The example illustrated in Fig. 1 de-
picts a mechanical valve. In the case of mechanical valves, the relationship
between the EOA and the flow area is more complex because occluders
(usually two leaflets) of varying sizes and opening angles obstruct the flow
through the central orifice in ways that are difficult to interpret. The case
for bioprosthetic valves is much simpler; bioprosthetic valves possess cen-
tral and unobstructed openings such that the sizes of the openings alone
determine the relative performances of the valves.

Doppler EOAs are calculated on the basis of the velocity-time integral
(VTI) (Fig. 2) using the continuity theorem. The continuity equation sim-
ply states that the area at the inflow tract times the velocity time integral
at that point equals the effective orifice area times the velocity time inte-
gral at the upstream narrowing of the valve. Since the EOA is the only un-
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known, its value can be solved algebraically. Expressed mathematically, the
continuity equation is:

EOA ×VTI2 =Aoutflow tract × VTI1

Solving for EOA:

EOA=(Aoutflow tract × VTI1)/VTI2

Despite the mathematical logic and high-tech equipment involved in the
calculation of EOAs, time has demonstrated EOA to be an unreliable mea-
sure. For any given manufacturer’s valve and any given size, effective ori-
fice areas vary widely (Table 1).

Causes of the unreliability of in vivo EOA measurements have been sum-
marized by Gillinov and colleagues [7]: “Variability can be introduced in
the measurement of the LVOT diameter or the velocity at the outflow tract.
In vivo EOA values for bileaflet valves might be underestimated when eval-
uated by means of echocardiography because of localized high-velocity
jets. Poor echocardiographic windows and suboptimal Doppler recordings
with improper alignment of the Doppler scan with the direction of flow
might also affect the accuracy of the method” (p. 314) [7]. In the same pa-
per, Gillinov also points out the role of patient characteristics: “In vivo
EOA might change from moment to moment with patient activity, cardiac
output and blood pressure, and dynamics of the LVOT. . .” (p. 314).

Faced with the variety of available EOA results and the pressure of com-
petition, valve manufacturers tend to select the most flattering EOA data
available. In fact, since there is no way of knowing which study is the most
valid, the study showing the highest EOAs could be considered as reason-
able a choice as any.
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VTI2

Fig. 2. Systolic ejection for an aortic valve is measured by Doppler as the change in velocity (y-axis)
over time (x-axis). The echo technician outlines the edge of the velocity time curve with digital
markers and the computer computes the area within the curve as the velocity-time integral



z Patient-prosthesis mismatch and effective orifice area index

When selecting the best bioprosthetic aortic valve for a patient on the op-
erating table, many cardiac surgeons rely on the concept of patient-pros-
thesis mismatch (PPM), first introduced by Rahimtoola in 1978 [1] and
later quantified by the concept of indexed effective orifice area (often re-
ferred to as “effective orifice area index” or “EOAI”) by Dumesnil and col-
leagues in 1990 [2]. PPM refers to a case where the valve is inadequate to
perfuse the patient sufficiently. Research by Dumesnil and his frequent col-
laborator Pibarot demonstrates a higher rate of clinical complications and
mortality for patients who are mismatched with their valves [3–6].

EOAI is appealing because the concept quantifies a limit for PPM as the
minimum acceptable ratio between the effective orifice area (EOA) of a giv-
en valve to the volume of tissue to be perfused. The calculation of EOA has
been described above. Measurement of the volume of tissue to be perfused
for any given patient is provided in terms of the body surface area (BSA).
The body surface area (BSA) expresses a patient’s tissue volume or body
mass in two-dimensional terms (m2) according to the function:

BSA(m2)=0.007184 × weight (kg)0.425 × height (cm)0.725
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Table 1. Sixteen published EOA results for the Edwards size 21 valve range from 1.10 to 1.90 cm2,
demonstrating the poor reliability of EOA measurement

Edwards size 21 only

A range of published EOAS

Milano – Annals 2001 1.10
Dellgren – JTCS 2002 1.10
Pelletiert – J Card Surg 1988 1.13
Perier – J Card Surg 1991 1.17
Borger – Annals 2007 1.30
Aupart – Eur J CT Surg 1994 1.30
Aupart – Eur J CT Surg 1996 1.30
Rao – JTCS 1999 1.30
Khan – Annals 2000 1.30
Eichinger – JTCS 2005 1.39
Vitale – Annals 2003 1.48
McDonald – Annals 1997 1.49
Tasca – Annals 2003 1.45
Dalmau – ICTS 2006 1.69
Dalmau – ICTS 2007 1.75
Dalmau – ICTS 2006 1.90



The EOAI ratio is expressed simply as,

EOAI=EOA/BSA

Based on clinical results, Pibarot and Dumesnil [4] have established the
minimum EOAI as

EOAImin =0.85

Note that EOAI has no unit designation; this is an attribute of an index.
Using a simple algebraic calculation, it is possible to determine the mini-
mum acceptable EOA as

EOAmin =0.85 BSA

Valve manufacturers have simplified the process by creating cross-reference
charts specifically for their valves (Fig. 3).

Once again, the appeal of basing the valve selection for a patient on a
mathematics-based chart is irresistible. However, like any parameter, the
reliability of EOAI is only as good as the variables used to calculate it.
Thus, the lack of reliability of EOA is passed on to calculated EOAIs. The
options for EOAI charts are as numerous as the available EOAs. To remain
competitive, manufacturers create the most flattering EOAI charts from the
most flattering EOAs, diminishing EOAI charts to little more than market-
ing brochures.
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Acceptable: EOAI ≥ 0.85 cm2/m2

Marginal: 0.85 cm2/m2 > EOAI ≥ 0.75 cm2/m2

Unacceptable: EOAI < 0.75 cm2/m2

Valve Size 19 mm 21 mm 23 mm 25 mm 27 mm

EOA (cm2) 1.16 1.37 1.66 1.63 1.81
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

1.16
1.06
0.97
0.89
0.83
0.77
0.73
0.68
0.65
0.61
0.58
0.55
0.53
0.51
0.48
0.46

1.37
1.24
1.14
1.05
0.98
0.91
0.85
0.80
0.76
0.72
0.68
0.65
0.62
0.59
0.57
0.55

1.66
1.51
1.38
1.28
1.19
1.11
1.04
0.98
0.92
0.87
0.83
0.79
0.75
0.72
0.69
0.66

1.63
1.48
1.36
1.25
1.16
1.09
1.02
0.96
0.91
0.86
0.82
0.78
0.74
0.71
0.68
0.65

1.81
1.65
1.51
1.39
1.29
1.21
1.13
1.06
1.01
0.95
0.91
0.86
0.82
0.79
0.75
0.72
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Fig. 3. A fabricated example of an EOAI chart. The appropriate fit of a valve can be determined
by cross-referencing the patient’s BSA to the valve size



Even if EOAI charts were reliable, the very concept of patient-prosthesis
mismatch has been challenged by a number of researchers [7–14]. Black-
stone et al. [14], in a study of more than 13000 patients and almost 70000
patient-years, showed that deviation by as much as 3.0 standard deviations
below the normal expected native valve size for a given patient had no ef-
fect on moderate to long-term mortality. However, deviations over 2.5 stan-
dard deviations did result in a 2% increase in short-term mortality. On this
basis, Blackstone and colleagues established 2.5 standard deviations as the
cutoff for patient-prosthesis mismatch. This standard places only about
0.6% of patients in the mismatch category making PPM extremely unlikely.
The authors suggested that reference to geometric orifice valve areas may
be a more valid and reliable method for intraoperative decision making.

Cardiac surgeons who rely on indexed effective orifice area to determine
PPM find that, for a large percentage of patients, they are unable to meet
the 0.85 EOAI standard established by Pibarot and Dumesnil. For example,
among a series of 1823 St. Jude valve patients, Emery and colleagues
showed that 65% of the patients experienced moderate to severe mismatch
[15].

Confronted with the unreliability and complex issues surrounding the
EOAI charts provided by manufacturers and the challenges to the concept
of patient-prosthesis mismatch, the cardiac surgeon is left with a simple
solution: strive to fit the patient with the valve that provides the largest
GOA possible.

Geometric orifice area – a valid alternative

The geometric orifice area (GOA) can be considered a performance mea-
sure in the sense that gradients and EOAs are directly based on and corre-
lated to the flow area of a valve. Furthermore, unlike EOA, the GOA is a
highly reliable measure because it is determined by direct observation and
measurement. The GOA for any given bioprosthetic valve is here defined as
the area of the valve at its greatest opening. This is a valid approximation
because the GOA of a bioprosthetic heart valve changes little during sys-
tole.

But how can a cardiac surgeon know the GOAs of various bioprosthetic
heart valves? Bioprosthetic valve manufacturers often provide orifice areas
for their valves in their Instructions for Use (IFU) and in brochures. How-
ever, these areas are misrepresented because they are based on the area of
the inner diameter of the stent. This is invalid; tissue valves do not open
like circular tubes that encompass the inner stent (Fig. 4). In fact, the
opening configuration of a bioprosthetic valve is always smaller than the
inner perimeter of the stent and too complex for calculation by a simple
trigonometric function. Fortunately, digital planimetry makes possible the
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calculation of the areas of the most irregular bioprosthetic valve openings.
The following analysis illustrates the comparison of bioprosthetic valves
using characteristics discernable by direct observation.

Comparison of seven commercially available bioprosthetic valves
on the basis of geometric orifice area and space efficiency

z Materials and methods

Materials

The observations that follow are not made to compare specific manufac-
turers but rather the effects of specific designs on the orifice areas and
space efficiencies of bioprosthetic valves. To emphasize the design basis for
these comparisons, valves are code named with design-related terms. The
stented pericardial valves included in this investigation are shown in Fig. 5.
Peri-out Supra is a supraannular pericardial valve whose leaflets consist of
a single ribbon of pericardium secured around the outside of the three
stent posts. Peri-in is composed of three separate leaflets attached inside
the stent posts. The Peri-in Supra is the supraannular version of the Peri-
in valve and differs from the Peri-in only by the repositioning and reduc-
tion of the sewing ring. A more detailed comparison of the assembly pro-
cesses for the Peri-out and the Peri-in pericardial valves is shown in Fig. 6.

The stented porcine valves included in this study are shown in Fig. 7.
The Porc-intact is a stented porcine valve fabricated from a single intact
pig valve. It is not known how the porc-intact pig valve is attached to the
stent. This valve retains the muscle shelf at the right coronary cusp of the
natural pig valve. The Porc-intact Supra is the supraannular version of this
valve. The Porc-tricomp is a stented tricomposite porcine valve assembled
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Fig. 4. Maximum opening of a 21 mm pericardial
valve at 5 lpm. The actual opening is smaller
than the inner stent area whose perimeter is re-
presented by the white circle
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Peri-out Supra Peri-in

Single ribbon of
pericardium wrapped

around the outside
of the stent

Three separate leaflets
constrained inside the stent

Peri-in Supra

Fig. 5. Shown are three stented pericardial heart valves included in the study. The Peri-out
valves are differentiated from the Peri-in valves by the configuration and assembly of the peri-
cardial leaflets

Peri-out Construction Sequence

Peri-in Construction Sequence

Fig. 6. Peri-out construction sequence: The covered stent is completed and is loosely wrapped
with a pre-cut ribbon of pericardial tissue. The stent-tissue combination is placed over a plastic
frame. The wet leaflets adhere to the frame to create three identical cusps. A special cross-
stitch attaches the pericardium to the outside of the covered stent posts and the assembly is
attached to the sewing ring. Peri-in construction sequence: A cutting die cuts three exact leaf-
lets. The leaflet tabs are joined and are placed over a polyester tab and the fabric-tab-leaflet
combination is attached to a frame. The wire stent is then inserted over the leaflets and inside
the frame, and the stent is secured to the assembly. Finally, the sewing cuff is attached. The
lower five photos reproduced with permission from Edwards Lifesciences, Irvine, CA



from leaflets obtained from different animals (Fig. 8). The muscle shelf is
excluded. The Porc-tricomp Supra is the supraannular version of this valve.

One each of sizes 19, 21, and 23 were obtained for each of seven valve
models manufactured by four different companies. The Porc-tricomp which
is not available in size 19 was the sole exception and only two sizes were
studied for this valve. Thus, there were a total of 20 valves. Peri-out Supra
valves packaged for sale were randomly selected by warehouse staff while
the remaining valves were purchased new and in their boxes.
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Porc-intact Porc-intact Supra Porc-tricomp SupraPorc-tricomp

Intact porcine valve
With mucle shelf

Tri-composite
Porcine valve

Fig. 7. Four porcine valves were included in the study. Porc-intact valves are fabricated from a
single intact pig valve that includes the right coronary muscle shelf. Porc-tricomp is assembled
from three leaflets selected from different animals and matched to fit. The muscle shelf is ex-
cluded

Fig. 8. The Porc-tricomp valve is assembled from
three leaflets selected from different animals



Methods

All the valves were video recorded on the same day using the same setup
and flow parameters. Each valve was fitted to a plastic holder and placed
in the aortic position of a ViVitro pulse duplicator (ViVitro Systems Inc.,
Victoria, British Columbia, Canada). An Olympus Encore Mac PCI 2000s
digital high-speed video camera (Olympus America Inc., Melville, New
York, USA) was affixed to the viewport centered on and orthogonal to the
valve holder. Each valve was run at 72 beats per minute at cardiac outputs
of 5 lpm and 7 lpm. The camera recorded two cycles for each valve at 500
frames per second and these images were uploaded to the Encore MAC
PCI’s – High Speed Digital Imaging System (Olympus America Inc., Mel-
ville, New York, USA).

Once the dynamic recordings for the valves were complete, the author
analyzed each video frame by frame until he identified the largest opening.
For pericardial valves the largest opening occurred at mid-systole and dif-
fered only slightly from the opening near the beginning and end of systole.
For porcine valves, the largest opening occurred at the instant of opening.
Thereafter the opening varied minutely and unpredictably throughout sys-
tole due to high-frequency fluttering of the leaflets. Once identified, the
frame showing the largest opening was captured as a still image. The im-
age was imported into a computer-aided design program (SolidWorks, Das-
sault Systèmes SolidWorks Corp., Vélizy, France) and digital markers were
placed around the perimeter of the opening. The software converted the di-
gital markers into a perimeter and calculated the area inside the perimeter
(Fig. 9). The GOAs were recorded and filed with the analyzed image.

In addition to the GOA measurements, observations of the dynamic be-
havior of each valve were made by repeated examination of its video in
both normal and slow motion.
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1.34 cm2

Fig. 9. Planimetric area measurement for a 23 mm porcine valve at 7 lpm



Results

z Geometric orifice areas

The geometric orifice areas of the pericardial valves at 5 lpm are shown in
Fig. 10. Among these single samples the Peri-out Supra had the largest
GOA of the 19 mm valves, the Peri-in Supra had the largest GOA of the
21 mm valves, and the Peri-in had the largest GOA of the 23 mm valves.
The single samples of each valve preclude any statistically based compara-
tive conclusions. Furthermore, the largest GOAs were dispersed among the
three pericardial valve types. At this point, we can only conclude that there
is no significant difference in GOAs among the valves on a size-by-size
basis.

On a visual basis, some differences are apparent. The openings of the
Peri-out valves are more symmetrical than the openings of the Peri-in
valves. At 5 lpm, there was not a single Peri-in or Peri-in Supra valve all of
whose leaflets opened to more or less match the inner perimeter of the
stent. This limitation appears to have diminished the potential orifice area
of the Peri-in valves. Although, as mentioned above, one cannot make sta-
tistical comparisons among the valves due to the single samples, the size-
by-size variability between the Peri-in and Peri-in Supra valves appears to
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Peri-out Supra

19 mm

21 mm

23 mm

Peri-in SupraPeri-in

1.60 cm2 1.51 cm2 1.32 cm2

1.85 cm2 1.74 cm2 1.96 cm2

2.23 cm2 2.35 cm2 1.88 cm2

Fig. 10. A summary of the GOAs obtained for stented pericardial valves



correlate with the fit of the leaflets to the inner perimeter of the stent. The
most notable case is the 23 mm Peri-in Supra all three of whose leaflets
were unable to reach the inner perimeter of the stent, creating an almost
triangular opening. As a result, the GOA of the 23 mm Peri-in Supra is ac-
tually smaller than that of the 21 mm Peri-in Supra.

The geometric orifice areas for the stented porcine valves at 5 lpm are
shown in Fig. 11. Although opening configurations are generally irregular
with porcine valves, two of them, 21 mm Porc-tricomp and 21 mm Porc-
tricomp Supra, approximate a shield-like symmetry. As was the case with
the pericardial valves, the single samples of each valve do not permit a sta-
tistical comparison of porcine GOAs on a size-by-size basis. Complicating
a size-by-size comparison further, sizing for the Porc-tricomp Supra is
unique. In general, a supraannular bioprosthetic valve is given the same
size designation and the intraannular valve from which it was derived. For
example, the 19 mm Porc-intact Supra is simply a modified version of the
19 mm standard Porc-intact. In the case of the Porc-tricomp the supra ver-
sion is modified from the original and then designated with the next smal-
ler size. Thus, the 21 mm Porc-tricomp became the 19 mm Porc-tricomp
Supra. We should expect then to see the GOA of the 21 mm Porc-tricomp
match the GOA of the 19 mm Porc-tricomp and so on in a staggered pat-
tern. Indeed the GOAs were offset as expected with the exception of the
23 mm Porc-tricomp Supra, whose opening was about the same size as the
21 mm Porc-tricomp Supra. The GOAs of the Porc-intact and the Porc-in-
tact Supra valves matched remarkably well on a size-by-size basis.
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Peri-out Supra19 mm

21 mm

23 mm

Peri-in SupraPeri-in
Not manufactured

in this size

Porc-intact Porc-tricomp
Porc-tricomp

Supra
Porc-intact

Supra

Fig. 11. A summary of the GOAs obtained for stented porcine



Examination of Figs. 10 and 11 clearly shows the GOA advantage of peri-
cardial over porcine valves. In Fig. 12, supraannular pericardial and supra-
annular porcine valves are compared. Size-by-size comparisons among this
subset of pericardial valves and porcine valves showed the GOAs of the
supraannular pericardial valves to be larger than the GOAs of the supra-
annular porcine valves by a minimum of 27% to a maximum of 73%.
Although not shown, the GOAs of the standard Peri-in pericardial valves
obviously dominate the GOAs of the standard porcine valves as well
(Figs. 10 and 11).

The effect of cardiac output

Although cardiac outputs vary among individual patients, the discussion
thus far has focused on GOAs at a cardiac output of 5 lpm. For research
purposes it is common practice to consider 5 lpm as the average resting
cardiac output. While this generalization is useful for simple comparisons,
a more thorough picture emerges when we analyze the GOAs and opening
configurations at both 5 lpm and 7 lpm. Table 2 shows the change in area
at 7 lpm with respect to the 5 lpm GOAs. Almost all the valves demon-
strated a growth in GOA at the higher cardiac output ranging from 0.5%
to 22.5%. The two exceptions were the 23 mm Porc- intact and the 19 mm
Porc-intact showing GOA decreases of 4.5% and 2.9%, respectively. The
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19 mm

21 mm

23 mm

Peri-out Supra
Porc-intact

Supra
Porc-tricomp

SupraPeri-in Supra

Fig. 12. A comparison among the supraannular models of pericardial and porcine valves at
5 lpm showed a size-by-size advantage for pericardial valves ranging from a minimum of 27%
to a maximum of 73%



most remarkable GOA growth was seen in the Peri-in category of valves.
The 19 mm Peri-in Supra gained 11.0%, the 21 mm Peri-in gained 16.8%,
and 23mm Peri-in Supra gained 22.5%. Relative to the Peri-in valves, the
Peri-out valves maintained a more constant GOA, changing by a maximum
of 6.3%.

Fig. 13 is a graphic depiction of the greatest GOA increase observed for
each of the seven valve models regardless of size. For the pericardial valves,
the increased cardiac output forced the valve openings into a more circular
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Table 2. Comparisons of GOAs at 5 lpm and 7 lpm. With two exceptions the GOAs were larger
at the higher cardiac output. The most extreme growth in GOA was seen for several of the
Peri-in category of valves

Peri-out
supra

Peri-in Peri-in
supra

Porc-
intact

Porc-
intact
supra

Porc
tricomp

Porc-
tricomp
supra

z 19 mm

GOA 5 lpm (cm2) 1.60 1.51 1.32 1.08 0.94 Not avail- 1.07
GOA 7 lpm (cm2) 1.69 1.61 1.47 1.13 0.89 able in 1.08
% Growth 6.1 6.8 11.0 4.5 –4.9 this size 1.1

z 21 mm

GOA 5 lpm (cm2) 1.85 1.74 1.96 1.18 1.14 1.31 1.02
GOA 7 lpm (cm2) 1.97 2.03 2.02 1.21 1.21 1.39 1.02
% Growth 6.3 16.8 3.1 3.2 5.5 6.4 0.5

z 23 mm

GOA 5 lpm (cm2) 2.23 2.35 1.88 1.43 1.48 1.29 1.27
GOA 7 lpm (cm2) 2.29 2.58 2.30 1.36 1.56 1.34 1.34
% Growth 2.8 9.7 22.5 –4.5 5.4 3.8 5.3

5 lpm

21 Peri-out
Supra 21 Peri-in

23 Peri-in
Supra 19 Porc-intact

21 Porc-intact
Supra

21 Porc-
tricomp

23 Porc-
tricomp 

Supra

7 lpm

5 lpm (cm2)
5 lpm (cm2)
Growth (%)

1,85
1,97
6,3

1,74
2,03
16,8

1,88
2,30
22,5

1,08
1,13
4,5

1,14
1.21
5,5

1,31
1,39
6,4

1,27
1,34
5,3

Fig. 13. A graphic depiction of the greatest GOA changes from 5 lpm to 7 lpm for each valve
type regardless of size



configuration. The most dramatic changes from 5 lpm to 7 lpm were ob-
served for the 21 mm Peri-in and the 23 mm Peri-in Supra whose openings
were somewhat constricted at 5 lpm but opened to an approximately circu-
lar configuration at 7 lpm. These dramatic changes in configuration coin-
cided with the most dramatic GOA changes of 16.8% and 22.5%, respec-
tively, illustrating the effect of incomplete leaflet opening at lower cardiac
outputs. For porcine valves, the growth at the higher cardiac output caused
little observable change in their opening configurations.

z Space efficiency

When choosing the valve that provides the biggest flow area for his or her
patient, a surgeon’s knowledge of GOAs is insufficient. Valve selection by
GOA alone is somewhat like choosing a wheel-tire combination for your
car based on the wheel diameter alone (Fig. 14).

Space efficiency determines the capacity of a bioprosthetic valve to fit a
greater GOA into the limited space of the aortic root. In general, space effi-
ciency is defined as the ratio of the flow area (GOA) of a valve to an occu-
pied space (Fig. 15).

Two categories of space efficiency will be discussed. Stent space efficiency
is the ratio of the GOA to the space occupied by the stent or, where SE refers
to space efficiency, A refers to area and OD refers to outer diameter:

SESTENT(%)=(GOA/ASTENT)×100
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Fig. 14. Knowing the diameter and area of one component alone is not sufficient; one must
consider the space efficiency of the entire assembly. Clearly, although the metal wheels of the
Lamborghini on the left and the truck on the right are identical in diameter and area (indi-
cated by the red circles), the huge tire of the truck makes it impossible to fit the truck tire-
wheel assembly into the wheel well of the Lamborghini



where

ASTENT =
�

(ODSTENT
2/4)

Overall space efficiency is the ratio of the GOA to the overall space occu-
pied by the valve. Where SR refers to the sewing ring, the overall space
efficiency is calculated by

SEOVERALL(%)=(GOA/ASR)×100

where

ASR=
�

(ODSR
2/4)

Stent space efficiency is important because the essence of a bioprosthetic
valve’s design is contained within the stent. The design that maximizes the
GOA contained within the stent would be expected to maximize the perfor-
mance potential of the valve within the limited space of the aortic root. In
Fig. 16, stent configurations of three different 19 mm valves have been nor-
malized to equalize the outer diameters of the stents, shown by the iden-
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Occupied SpaceOccupied Space
= 3.0 cm2

Space
Efficiency

= 50 %
GOA = 1.5 cm2

Fig. 15. Definition of space efficiency: occupied space (OS)=3.0 cm2 and GOA=1.5 cm2. Space
efficiency (%)= [GOA/OS]×100 = [1.5 cm2/3.0 cm2]×100=50%

Peri-out Supra Peri-in Porc-intact

58 % 40 % 34 %

Fig. 16. A normalized comparison of the space efficiencies of three 19-mm valves allows a
visual comparison of the ratio of the GOA to the stent areas of the valves. To make this com-
parison the valves are normalized such that the ODs of the stents, indicated by the white circle,
are identical. The red circle approximates the GOA of the valve. Among these three valves, the
Peri-out Supra makes the most efficient use of the available stent area for flow



tical white circles. This normalization enables visual comparisons of the
stent space efficiency while avoiding the inconsistent sizing schemes of var-
ious manufacturers.

In this simplification, GOAs are represented by the areas inside the red
circles. At face value, it is clear that the Peri-out Supra makes the most ef-
ficient use of the available stent area because the inner red circle occupies
most of the stent space indicated by the white circle. By calculating the ra-
tio of the area inside the red circle to the area inside the white circle, one
can make approximate percentage comparisons among the stent space effi-
ciencies for the three valves. In this analysis, the Peri-out Supra uses 58%
of the stent area for GOA, the Peri-in uses 40%, and the Porc-intact uses
34%.

As mentioned, these normalized graphics do not depict the valves as
they actually are. For example, it has been shown that the GOA of the
19 mm Peri-out Supra is similar to that of the 19 mm Peri-in. Fig. 17 shows
the three valves at their actual sizes, providing yet another angle on space
efficiency. As demonstrated earlier, even at actual size, the porcine valve’s
GOA is smaller than its pericardial counterparts. However the porcine
valve occupies almost as much total area as the Peri-in. On the other hand,
while the Peri-out Supra and the Peri-in have similar GOAs, the Peri-out
occupies 35% less space than the Peri-in. The Peri-out Supra uses more of
its occupied space for flow and is, therefore, the most space-efficient of the
three valves.

Figs. 16 and 17 have provided visual examples of space efficiency with re-
spect to both the area of the stent and the overall area of the valve. Table 3
provides a comprehensive table of overall space efficiencies using the equa-
tion for SEOVERALL as expressed above. The overall areas were calculated
using the equation for ASR as expressed above and sewing ring diameters
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Peri-out Supra Peri-in Porc-intact

GOA = 1.60 cm2 GOA = 1.51cm2 GOA = 1.08 cm2

Dia. 21 mm Dia. 25 mmDia. 26 mm

Fig. 17. As expected from our previous analysis of these 19 mm valves, the porcine valve’s
GOA is smaller than the GOAs of the pericardial valves. However, the porcine valve occupies al-
most as much space as the Peri-in. Although the Peri-in valve possesses a GOA that is very
similar to the GOA of the Peri-out Supra, the Peri-out Supra valve occupies 35% less space



(ODSR) obtained from each manufacturer’s specifications. As expected the
pericardial valves exhibit greater overall space efficiencies than the porcine
valves. Because of its dominating stent space efficiency, the Peri-out Supra
shows a more efficient use of its total occupied space than the Peri-in and
Peri-in Supra models.

z An additional observation – leaflet flutter

Leaflet flutter is a source of forward flow energy loss. A presentation of the
dynamic videos would provide the most meaningful description of relative
leaflet stabilities but we are limited to still shots. Fig. 18 depicts the dy-
namic leaflet stabilities of a 23 mm porcine valve, a 23 mm Peri-in, and a
23 mm Peri-out Supra as a sequence of hi-speed video frames. Leaflet flut-
ter is observed for both the 23 mm porcine valve and the 23 mm Peri-in
valve. The Peri-out Supra’s leaflets remained stable throughout systole,
changing slightly in diameter during opening and closing.

Only one porcine valve was chosen to represent this class because the
leaflet instability was consistent across all porcine valve types and sizes.
One cannot discern the difference between the leaflet flutter of the porcine
valve and that of the Peri-in valve by observing these still sequences. The
leaflet flutter for porcine valves was of a very high-frequency, while the
leaflet flutter of the Peri-in valve was of only moderate frequency.
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Table 3. A comparison of the overall space efficiencies (the ratio of the GOA to the area
occupied by the valve) of the valves examined in this investigation. The Peri-out Supra is the
most space efficient of the seven valve types

Peri-out
supra

Peri-in Peri-in
supra

Porc-
intact

Porc-
intact
supra

Porc
tricomp

Porc-
tricomp
supra

z 19 mm 45.6% 28.4% 29.2% 22.1% 20.8% n/a 21.8%

z 21 mm 41.0% 26.3% 36.9% 20.5% 21.5% 16.5% 26.6%

z 23 mm 42.0% 31.2% 30.5% 20.2% 24.0% 19.3% 22.5%

Fig. 18. It is difficult to show leaflet flutter without presenting the hi-speed videos. However,
by scanning the six sequential frames for the three valves shown the observer can gain an
appreciation of the relative leaflet stability. The porcine valve exhibited hi-frequency flutter, the
Peri-in valve exhibited moderate frequency flutter, and the Peri-out valve exhibited no flutter

�
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Peri-in

Peri-out Supra

Porcine

1 2 3

4 5 6

1 2 3

4 5

1 2 3

4 5

6
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Discussion

When it comes to choosing the best stented bioprosthetic valve for a pa-
tient, the surgeon can obtain more information by looking at the valves
than by looking at unreliable and perhaps exaggerated performance data in
the form of EOAs and EOAIs. To get the valve with the best performance,
there are two characteristics to consider: GOA and space efficiency. While
each of these variables is important, the best outcome most directly
depends on replacing a stenotic valve with the greatest GOA possible. The
GOA, a directly measurable feature of a bioprosthetic valve, is the most
valid and reliable measure of a valve’s expected performance. However, this
investigation has shown that a large GOA is insufficient if the size of the
device limits its potential fit to the patient’s aortic root. The investigation
also demonstrated that opening quality and consistency determine the de-
pendability of performance for a valve as well as expose leaflet irregulari-
ties that contribute to forward flow energy loss.

An analysis of GOAs for three pericardial models manufactured by two
different companies and four porcine valves manufactured by two other
companies leads to several observations. Porcine valves provide substan-
tially smaller GOAs and substantially diminished space efficiencies com-
pared to pericardial valves. This fact, combined with a high-frequency flut-
ter exhibited by all of the porcine valves in this study, leads to an expecta-
tion of high forward flow energy losses for porcine valves in comparison
to pericardial valves.

The selection process then focuses on pericardial valves. Pericardial
valves fabricated from a single ribbon of pericardium wrapped around the
outside of the stent are more space efficient than pericardial valves fabri-
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Peri-in
size 19

Peri-out Supra
size 19

Peri-in
size 19

Peri-out Supra
size 23

Fig. 19. Size 19 Peri-in and Peri-out Supras have
similar GOAs but the Peri-out valve occupies less
space. The 23 mm Peri-out Supra occupies the
same space as the 19 mm Peri-in



cated from three separate leaflets that are constrained inside the stent. The
improved space efficiency of the wrap-around design can be expected to
enable the placement of a larger GOA into any given aortic root.

Fig. 19 illustrates the practical value of this improved space efficiency
for a patient with a 19 mm annulus. On one hand, if the patient has a nar-
row aortic root the 19 mm Peri-out Supra is more likely to fit than the
19 mm Peri-in. On the other hand, if the 19 mm root is larger and the sur-
geon is able to implant a Peri-in 19, the surgeon should also be able to im-
plant a Peri-out Supra 23, which occupies the same space. For the set of
valves analyzed in this study, the Peri-out Supra enables a 48% GOA ad-
vantage over the Peri-in valve. With respect to the other Peri-in model, the
Peri-in Supra is more space efficient than its Peri-in counterpart due to a
supraannular design and reduced sewing ring. Thus, for the same patient
with a 19 mm annulus, the surgeon can place a 21 mm Peri-in Supra. As
mentioned before, the 23 mm Peri-out Supra also fits the 19 mm annulus.
For this set of valves, the GOA of the Peri-out Supra gains 14% over the
GOA of the Peri-in Supra (Fig. 20).

The Peri-in and Peri-in Supra models can be characterized by irregular
opening, inconsistent GOAs within and across sizes and cardiac outputs,
and leaflet flutter. These problems seem attributable to the irregular fit of
the leaflets to the stent. At 5 lpm, it was observed that for each Peri-in and
Peri-in Supra valve two or more leaflets were unable to reach the perimeter
of the stent ID. This phenomenon results in lost orifice area and may cause
the instability that creates leaflet flutter. While it is easy enough to attribute
these inconsistencies to the design of the Peri-in valve, the problems are
more likely related to the manufacturing process.

Recall that the Peri-in valves are composed of three separate leaflets. The
assembler first attaches the leaflets to one another and ultimately to the
stent assembly. The challenge it seems is to fit the correctly sized leaflet to
a given stent. In most cases, it appears that the leaflets are too small. As
mentioned above, in many cases the inadequate length of the edge of the
leaflet creates a chord across the stent posts rather than a curved circum-
ferential opening (Fig. 21).

The mismatches of the leaflets to the stents of the Peri-in category of
valves reduce the GOA of the valve, especially at a cardiac output of 5 lpm

Evaluation of bioprosthetic valve performance z 333

Peri-in Supra
size 21

Peri-out Supra
size 23

Fig. 20. More space efficient than the Peri-in, the
21 mm Peri-in Supra occupies the same space as
the 23 mm Peri-out. Still, the GOA of the Peri-out
Supra is larger than the GOA of the Peri-in Supra



and presumably lower. But the negative effect on forward flow may also trans-
late into higher regurgitant losses. Simply stated, if the leaflets are unable to
reach the perimeter of the ID of the stent, they may also restrict the coapta-
tion at closure. Work by Gerosa and colleagues [16] may support this deduc-
tion. Gerosa reported the results of in vitro testing of five different biopros-
thetic valves, four of which are included in this study. Fig. 22 shows Gerosa’s
results for total regurgitant volume at four cardiac outputs and Fig. 23 shows
Gerosa’s results for total leakage volume at four cardiac outputs. Total regur-
gitant volume is the sum of the closing volume and the leakage volume. The
closing volume is the fluid that escapes back through the valve while it is clos-
ing at the end of systole. The leakage volume is the volume of fluid that es-
capes through the valve after it is closed. The highest total regurgitant volume
per cardiac cycle is seen for the Peri-in Supra at around 12 ml followed by the
Porc-intact at around 8 ml. The total regurgitant volumes for the Porc-tri-
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Pericardial leaflets
cut to specifications

Too short for the
stent posts

Too short to reach the
perimeter of the stent

Fig. 21. The pre-cut dimensions of the Peri-in and Peri-in Supra leaflets may not be adequate
for the final stent assembly. As a result all of the valves observed in this study had two or
more leaflets that were too short to reach the perimeter of the stent ID. The first and second
photos reproduced with permission from Edwards Lifesciences, Irvine, CA
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Fig. 22. Total regurgitant volume for four of the valves from the present investigation. Total
regurgitant volume is the sum of the closing volume, which is the fluid that escapes back
through the valve while it is closing at the end of systole, and leakage volume, which is the
volume of fluid that escapes through the valve after it is closed



comp Supra and the Peri-out Supra are negligible at about 2 ml. By compar-
ing Fig. 22 with Fig. 23 one can determine the percentage of total regurgita-
tion contributed by leakage using the function:

Leakage %=[Leakage volume (ml)/Total Regurg volume (ml)] ×100

Approximating the total regurgitant volumes and the total leakage volumes
for a cardiac output of 5 lpm from Gerosa’s graph, the function estimates
that, for the Porc-intact valve, leakage accounts for about 85% of the total
regurgitant volume and for the Peri-in Supra, leakage accounts for about
90% of the total regurgitant volume.

The reason for the high leakage volume for the Porc-intact valve in com-
parison to the negligible leakage for the Porc-tricomp valve is not known
but may be an advantage of the tricomposite valve design of the Porc-tri-
comp. The high leakage volume of the Peri-in Supra valve may reinforce
the author’s suspicions about incomplete coaptation due to mismatched
leaflets.

Study limitations

This investigation was limited by the single sample for each valve size and
type. It is recommended that this analysis be repeated with samples that
are large enough to make a statistical comparison among the GOAs of dif-
ferent bioprosthetic valves as well as an analysis of the variance in GOAs
within valve types. Such a study would make possible a table of GOAs and
space efficiencies for all models and sizes to facilitate the surgeon’s pros-
thesis choice.
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Fig. 23. Total leakage volume for four of the valves from the present investigation. Total leak-
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Conclusions

Performance comparisons among valves are made difficult and unreliable
by the application of EOA and EOAI. Knowing that a valve’s opening area
is the primary determining factor for these parameters, the surgeon can
ignore EOAI charts provided by manufacturers and focus on GOAs. The
valve that places the largest GOA into the patient’s aortic root can be ex-
pected to reduce forward flow energy losses and provide better clinical out-
comes.

Porcine valves fall short in this analysis, providing small GOAs in bulky
valves and exemplifying very high-frequency leaflet flutter. As a class, peri-
cardial valves provide substantially larger GOAs on a size-for-size basis and
better leaflet stability making pericardial valves the better choice of the
two biomaterials.

GOAs among the three pericardial models are about the same on a size-
for-size basis. However, the space efficiency of the valve constructed from a
single ribbon of pericardium secured outside the stent is superior to the
space efficiency of the valve composed of three separate pericardial leaflets
fastened inside the stent. Space efficiency is not the only difference be-
tween the two pericardial valves. The Peri-in valve is also characterized by
orifice areas that vary within and across sizes and cardiac outputs, incom-
plete opening, the possibility of incomplete closing with its associated re-
gurgitation, and leaflet flutter. All of these Peri-in characteristics may be
expected to contribute to higher energy losses. It is reasonable to argue
that these are not issues of design, but of the manufacturing process.

The outside-the-stent pericardial design provides the greatest GOA in
the most space-efficient fashion with leaflets that open uniformly and re-
main stable throughout systole. This pericardial design is the most likely
to provide the greatest available GOA with negligible losses due to leaflet
instability.
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z Long-term results
of biological valves



Introduction

Stentless aortic xenografts were introduced into clinical practice in order
to improve clinical outcomes following aortic valve replacement for their
better hemodynamic performance and durability. Edwards Lifesciences Pri-
ma Plus stentless xenograft (EPP) (Edwards Lifesciences, Irvine, CA, USA)
is a bioprosthesis made of a porcine aortic root reinforced with Dacron
fabric.

The aim of this single center, retrospective study was to describe early
and late clinical and hemodynamic outcomes after aortic valve replacement
with EPP. This paper, written for the “Berlin Heart Valve Symposium
2008”, is an update of a previously published article [1].

Materials and methods

z Clinical data – patients

Between January 1993 and June 2008, 450 consecutive patients underwent
aortic valve replacement with the EPP at our institution. Selection criteria
for implantation of the EPP were the following: age older than 65 years;
contraindication to oral anticoagulant therapy; request for a biological
valve by the patient; small aortic annulus and surgeon’s preferences.
Furthermore, an EPP was intentionally implanted in patients with patholo-
gies of the aortic root and of the ascending aorta, whenever the aortic
valve could not be preserved. There were no absolute contraindications to
EPP implantation; relative contraindications mainly due to potential techni-
cal problems that could arise were: very low take-off of the coronary ar-
teries, extremely calcified coronary ostia, and abnormal origin of the coro-
nary ostia.

Senile calcific degeneration represented the most common indication to
surgery. Associated lesions requiring combined procedures were present in
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87% of patients. The most common associated procedure was ascending
aorta replacement, performed in 226 patients (58%). The main preoperative
clinical features are summarized in Table 1.

z Surgical technique and medical management

The EPP was implanted with the “inclusion technique” using 3 polypropy-
lene 4/0 running sutures for the inflow rim [2, 3]. In case of an associated
replacement of the ascending aorta, valve inflow rim and coronary ostia
sutures were performed first and the proximal vascular anastomosis was
performed, after an appropriate trimming of the xenograft, including both
the patient’s ascending aorta and porcine aortic wall (Fig. 1).

Oral anticoagulation therapy was generally started on the first postoper-
ative day and stopped after two months. Thereafter, antiplatelet agents
(acetylsalicylic acid 100 mg daily or ticlopidine 250 mg daily) were admi-
nistered to all patients.

z Follow-up

Direct patient clinical and echocardiographic assessments were planned at
6 and 12 months after surgery and subsequently every 12 months. Patients
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Table 1. Preoperative patients’ characteristics

No Mean Range

z Patients 450
z Age (years) 69±9 37–90
z Gender (male) 270 (60%)
z NYHA class

– I
– II
– III
– IV

None
144 (32%)
230 (51%)
76 (17%)

z Aortic stenosis 175 (39%)
z Aortic regurgitation 162 (36%)
z Mixed aortic lesion 58 (13%)
z Type A dissection 63 (14%)
z Aortic root aneurysm 27 (6%)
z Ascending aorta dilatation 198 (44%)
z CAD 133 (29.5%)
z Urgent/Emergency 75 (17%)

NYHA New York Heart Association, CAD coronary artery disease



unable to attend our outpatient clinic were followed-up by phone inter-
views or by contacting the referring cardiologists. Follow-up was 100%
complete. Mean follow-up was 60±22 months (range: 6 months–14 years),
total cumulative follow-up was 1154 patient/years. Echocardiography was
performed with an iE 33 cardiac ultrasound scanner (Royal Philips Electro-
nics, Amsterdam, The Netherlands) according to the American Society of
Echocardiography guidelines. Mean transvalvular pressure gradients were
derived using the modified Bernoulli equation.

Morbidity and fatal valve-related events were categorized as resulting
from structural valve deterioration (SVD), nonstructural valve dysfunction
(NSVD), thromboembolism, prosthetic valve endocarditis, hemorrhagic
complication, reoperation, valve-related mortality or cardiac-related mortal-
ity according to the STS and AATS guidelines for reporting morbidity and
mortality after cardiac valvular operations [4].

z Statistical analysis

Continuous data are expressed as mean ±1 SD. Categoric data are ex-
pressed as percentages. Survival analyses with the Kaplan-Meier method
were used to estimate survival and freedom from valve-related adverse
events. Incidence of late adverse events is shown using “linearized” rates
(events per 100 patient/years). Statistical analysis was performed with the
SPSS statistical package (SPSS Inc., Chicago, IL, USA).
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Fig. 1. Aortic valve replacement with the EPP. The prosthesis is implanted with the “miniroot”
technique into the native aortic root and the coronary ostia sutures are completed before the
proximal vascular anastomosis



Results

z Operative data

Operations were performed by four different surgeons at our institution.
Mean cardiopulmonary bypass and cross-clamp times for isolated AVR
were 92±15 and 66±10 min, respectively. Operative data are summarized
in Table 2.

z Survival

Operative mortality was 5.3% (24 pts). There were 50 late deaths (4.3% pt/
years). Causes of early deaths are listed in Table 3. Actuarial overall sur-
vival at 5 and 10 years was 82±3% and 34±9%, respectively. Actuarial sur-
vival of the elective population was 83±4% and 55±13% at 5 and 10 years,
respectively (Fig. 2).

Valve-related mortality occurred in 13 patients (1.1% pt/years). Actuarial
freedom from valve-related mortality at 5 and 10 years was 94±3% and
76±11%, respectively (Fig. 3).
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Table 2. Operative variables

Mean±SD

z Stentless valve diameter (mm) ∅ 21: 22 (4.8%)
∅ 23: 155 (34.5%)
∅ 25: 125 (27.8%)
∅ 27: 112 (24.9%)
∅ 29: 36 (8.0%)

z Aortic cross-clamp time (min)

– Isolated AVR
– Combined procedures

66±10
124±83

z Cardiopulmonary bypass time (min)

– Isolated AVR
– Combined procedures

92±15
212±94

z Associated procedures

– CABG
– Ascending aorta replacement
– Other

391 (87%)
133 (34%)
226 (58%)
32 (8%)

SD standard deviation, CABG coronary artery bypass grafting, AVR aortic valve replacement



z Late adverse events (Table 3)

Structural valve deterioration

Structural valve deterioration (SVD) was diagnosed in 4 patients (0.3% pt/
years); two died before reoperation, their diagnosis was made at autopsy
where one leaflet tear and one leaflet prolapse were found; the others had
clinical and echocardiographic assessment showing primary valve failure
with significant regurgitation and increase in functional NYHA class and
consequently underwent reoperation. Actuarial freedom from SVD was
100% at 5 years and 79±12% at 10 years after the operation (Fig. 4). Calci-
fic degeneration of the implanted xenograft was never observed.
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Table 3. Causes of early death and late adverse events

No of patients

z Early deaths

– LCO 8
– MOF 6
– Sepsis 3
– Pulmonary insufficiency 5
– Stroke 2

z Late adverse events

– SVD 4 (0.3% pt/years)
– NSD 15 (1.3% pt/years)
– Endocarditis 7 (0.6% pt/years)
– Reoperations 4 (0.3% pt/years)
– Thromboembolic events 11 (1.0% pt/years)

SVD structural valve deterioration, NSD nonstructural dysfunction, LCO low cardiac output,
MOF multi-organ failure
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Fig. 2. Actuarial patient survival



z Embolic events. Thromboembolic events occurred in 11 patients (1% pt/
year), including 7 neuroembolic events and 4 peripheral embolic events.

z Endocarditis. Bacterial endocarditis occurred in 7 patients (0.6% pt/year).
There were 4 deaths from bacterial endocarditis before reoperation, 2 pa-
tients were reoperated, and 1 patient with severe aortic regurgitation re-
fused reoperation. Actuarial freedom from bacterial endocarditis at 5 and
10 years was 96±2% and 94±3% respectively.

z Valve reoperation. Four patients (0.3% pt/years) underwent reoperation.
Causes of reoperation were SVD (leaflet prolapse) and endocarditis in 2
patients each. The 2 patients with SVD underwent AVR with a stented
xenograft implanted in the porcine root after leaflets removal (“valve in
valve”), while those with endocarditis underwent a complete extirpation of
the infected prostheses with a subsequent implantation of another EPP.

z Late New York Heart Association functional classification. In all survivors a
significant clinical improvement was observed; 95% of them are currently
in NYHA functional class I.
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z Hemodynamic data. Mean transvalvular gradients before discharge, as
well as 6 and 12 months postoperatively are shown in Table 4 for valve
sizes 23, 25, and 27.

Discussion

Stentless aortic xenografts have been used in clinical practice for over a de-
cade. The first authors who reported the use of a stentless aortic xenograft
were Binet and colleagues [5] in 1965. It has been shown that freehand
aortic homografts have better outcomes than stent-mounted homografts
[6]; this led to a new interest in stentless porcine xenografts [7, 8].
Furthermore, David and co-workers [9] found stentless valves to have a
better hemodynamic performance when compared to stented valves. This
improved outcome could be explained by the reduced mechanical stress on
the valve leaflets due to the absence of a stent and with a uniform distribu-
tion of fluidodynamic forces on the aortic root.

Another important reason of interest is that stentless xenografts could
be suitable in the surgical treatment of many complex pathologies like
small aortic annulus, ascending aorta aneurysm, aortic root disease, endo-
carditis with annular abscess and left ventricular dysfunction [10]. In par-
ticular, many authors consider aortic root and ascending aorta dilatation a
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Table 4. Mean transprosthetic gradients

∅ 23 ∅ 25 ∅ 27

z Hospital discharge (mmHg) 16±4 14±5 13±4

z 6 months (mmHg) 14±4 12±3 11±3

z 1 year (mmHg) 11±3 10±6 8±4
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contraindication to stentless valve implantation [11]. The EPP has been
available for clinical use since 1991 [12]. In our opinion, the EPP implanted
using the “inclusion technique” is a good option in patients suffering from
aortic valve pathology associated with dilatation of the aortic root and of
the ascending aorta. In fact, in the first case the “inclusion technique” is
sufficient to treat both valve and root disease and, in the second case, an
associated replacement of the ascending aorta is easily feasible in order to
perform a complete surgical treatment. Even for isolated AVR, we have
mainly implanted the EPP with the “inclusion technique” for many rea-
sons. First, some authors raised concern about the hemodynamic perfor-
mance of this prosthesis when implanted in the subcoronary position,
since high transaortic gradients were measured early after surgery. This
could be at least in part explained by the different anatomy of the porcine
root that has a higher right coronary ostium. If the inferior rim of the
right coronary ostium is not properly trimmed the Dacron fabric that rein-
forces the valve at that level could bend inward, thus, causing an obstacle
to the left ventricle outflow tract. This mechanism could be exacerbated by
the use of an excessively large prosthesis [13, 14]. Different technical alter-
natives have been suggested in order to avoid this potentially harmful com-
plication: clockwise rotation of the prosthesis so that the polyester cloth
corresponds to the noncoronary sinus and the “full root” implantation.
The second reason is that the “inclusion technique” significantly reduces
the risk of bleeding since the inflow rim as well as the coronary ostia anas-
tomoses are included in the patient’s native aortic root. This is particularly
true in patients presenting with acute type A aortic dissection. Further-
more, with the “inclusion technique” the coronary arteries are not mobi-
lized but anastomosed in a side to side fashion, this reduces the risk of
coronary malpositioning and/or kinking and consequently protects from
ischemic complications that are described when using the full root tech-
nique. In our experience, we have never had ischemic complications or
pseudo-aneurysm of the aortic root [15, 16].

The peculiar design of the EPP makes it particularly useful also in the
surgical treatment of bacterial endocarditis with annular abscesses and dis-
continuity of the aortoventricular junction.

Actuarial overall survival at 10 years is 34%; this could appear low but
one has to consider carefully patients’ characteristics; mean age was
around 70 years and more than 80% of patients underwent combined pro-
cedures. Freedom from primary valve failure is 100% and 79% after 5 and
10 years, respectively; looking at the Kaplan-Mayer curve, freedom from
SVD falls from 100% to 79% after 7 years, which could be explained by
the small number of patients at risk and does not seem to show a critical
time point of the prosthesis.

Hemodynamic data show low gradients both early and 12 months post-
operatively; gradients tend to progressively decrease over time, which could
reflect a kind of adaptation process of the porcine root in the patient’s na-
tive aorta.
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The limitations of this study are those commonly related to all retro-
spective studies and the fact that there are a small number of patients at
risk at 10–14 years; furthermore, echocardiographic data about the effec-
tive orifice area and the left ventricular mass regression are not available.
In conclusion, our experience shows that the EPP implanted with the “in-
clusion technique” provides good clinical and hemodynamic results. Thus,
we currently consider the EPP as the bioprosthesis of choice when com-
bined AVR and replacement of the ascending aorta is required, especially
in elderly patients and if the aortic valve cannot be preserved. Further-
more, we found that the “inclusion technique” was safe, reproducible, and
effective.
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Introduction: stentless biological valves

Biological heart valve prostheses offer the opportunity of avoiding the risk
of thromboembolic and hemorrhagic complications due to anticoagulation
therapy. Current indications recommend a bioprosthesis for aortic valve re-
placement in patients of any age, who will not take warfarin or who have
major medical contraindications to anticoagulation therapy (Class I), in
patients older than 65 years without risk factors for thromboembolism
(Class IIa) and in patients under 65 years for lifestyle considerations after
detailed discussion of the risks of anticoagulation versus the likelihood of
a second valve replacement [1].

Stentless bioprostheses were designed to avoid the obstructive stent and
sewing cuff present in a conventional stented biological valve, because the
sewing ring and the stent of conventional bioprostheses reduce the blood
flow across the artificial valve. This may increase the risk of a valve pros-
thesis-patient mismatch accompanied by higher transprosthetic gradients
and a reduced effective orifice area, which in turn may result in less re-
gression of left ventricular hypertrophy and decreased survival [20]. The
design of stentless bioprostheses is assigned to achieve a more physiologi-
cal flow pattern and superior hemodynamics in comparison to stented
valves.

Randomized trials revealed controversial results concerning the super-
iority of stentless in comparison to stented valves during the last few years
[3, 11, 12, 33, 41]. Most of them showed a hemodynamic advantage for
stentless valves but several could not reach a significant level. A meta-anal-
ysis of ten recent randomized trials comparing stentless and stented bio-
prostheses including over 500 patients demonstrated a significant advan-
tage of stentless valves concerning transvalvular gradients, effective orifice
valve areas and regression of left ventricular mass 6 months after aortic
valve replacement [26]. Also, a survival advantage for stentless bioprosth-
eses in comparison to stented ones was reported in a randomized study of
223 patients [27].

The Medtronic Freestyle® aortic root bioprosthesis is composed of a
porcine aortic root fixated in glutaraldehyde solution under net zero-differ-
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ential pressure at the leaflets and treated with the anticalcification AOA®
(�-amino oleic acid) agent to maintain the natural leaflet structure and
reduce structural valve failure caused by calcification.

The Freestyle® bioprosthesis: surgical technique

Normothermia, intermittent ante- and retrograde cold blood cardioplegia,
and a left atrial vent was introduced routinely. Between April 1996 and Oc-
tober 2008, 2033 patients underwent aortic valve replacement with stentless
Freestyle® bioprostheses, 343 of them in full root technique. The ascending
aorta was concomitant replaced in 203 patients.

z Subcoronary technique

In the case of a planned subcoronary implantation technique, the aortic in-
cision was made over at least half to two thirds of the aortic circumference
to accommodate good access to the aortic valve. It is recommended to per-
form the aortic incision 1 cm to 2 cm above the three commissures. This is
important because the commissures of the Freestyle prosthesis often go
above those of the human aorta. The aortic valve, the position of the left
and right coronary ostia as well as the constitution of the aortic wall in the
sinus of Valsalva should be carefully examined in order to prevent intra-
operative obstacles (see Technical issues of subcoronary implantation tech-
nique and the impact of the surgeons on hemodynamic outcome section
below). After excision of the native aortic valve, the size of the aortic an-
nulus was measured using standard Medtronic Freestyle® sizers. Generally,
the size of the bioprosthesis should be chosen according to the largest sizer
that could be passed through the aortic root. Freestyle® bioprostheses
should be neither under- nor oversized.

The porcine root was trimmed down to less than 5 mm above the level
of the cloth covering, and generally all porcine sinuses were excised.

As the porcine coronary ostia are usually situated at a smaller angle to
each other than the human coronary ostia, the Freestyle® bioprosthesis
was routinely rotated in a clockwise manner, directing the higher part of
the Dacron towards the noncoronary sinus in order to prevent coronary
obstruction after implantation. In the case of a marked asymmetry of the
human commissures (in comparison to the Freestyle commissures), further
rotation of the valve may be necessary and/or the choice of where the new
commissures should be placed to avoid interference of the commissures of
the Freestyle valve with the coronary ostia.

The bioprosthesis was brought into the annulus and then sutured to the
aortic annulus using one or three continuous sutures with 5/0 Prolene. Par-
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ticular care should be taken to keep the suture line in a level plane through
the lowest points of the dense fibrous tissue of the hinge of the native
valve. The suture line is below the annulus, which is below the interleaflet
triangle, except in the region of the membranous septum, where the suture
line follows the annulus directly to protect the conduction system. The sec-
ond suture line for the outflow tract was started at the top of the left coro-
nary commissure using a 5/0 Prolene suture. The bioprosthesis commis-
sures were cautiously sutured to the aortic wall as high as possible in order
to prevent excessive overlapping or folding of the prosthesis valve leaflets.
The suture line was then run along the left sinus of Valsalva beneath the
left coronary ostium to the acoronary commissure where it was tied at the
outside of the aortic wall with the other end of the suture run along the
right and acoronary sinus.

After completion of implantation the aortic incision was closed in a
standard fashion using a double armed 5/0 Prolene suture.

z Total root technique

In the case of a planned full root technique, oversizing was often per-
formed: the size of the prosthesis was chosen one or two valve sizes greater
than the size of the aortic annulus, measured using standard Medtronic
Freestyle® sizers. Similar to the subcoronary technique, the Freestyle® bio-
prosthesis was mostly rotated in a clockwise manner directing the higher
part of the Dacron towards the noncoronary sinus. Part of the wall of the
noncoronary sinus and the left coronary ostia of the Freestyle® prosthesis
were excised as buttons. The coronary ostium of the Freestyle® valve direc-
ted to the acoronary side was than oversewn. For root replacement, the
stentless bioprosthesis was connected to the left ventricular outflow tract
using a running 4-0 polypropylene suture. Similar to the subcoronary tech-
nique, the sutures are placed below the level of the commissures to create
a circle of stitches in a single plane. In the case of fragile tissue, we used a
pericardial strip for reinforcement. The coronary ostia were reattached di-
rectly to the prosthesis using a running 5-0 polypropylene suture in all pa-
tients, reinforced by a pericardial strip in the case of fragile tissue. The
Freestyle® prosthesis is then sutured to the patient’s aorta (or in the case
of a combined replacement of the aorta ascendens to a Hemashield pros-
thesis) with 4-0 or 5-0 continuous Prolene, occasionally reinforced by a
pericardial strip.
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The Freestyle® bioprosthesis: hemodynamic outcome

A number of issues concerning hemodynamics after stentless valve implan-
tation are important to study: after implantation of stentless valves, charac-
teristically, a perivalvular hematoma develops between the prosthesis and
the natural aortic wall. Resolving the hematoma during the 3 to 6 months
postoperatively may contribute towards a marked decrease in transvalvular
gradients over time [5, 24]. What is the extent of the decrease in the gradi-
ent postoperatively?

Second, if stentless bioprostheses are hemodynamically superior in com-
parison to stented bioprostheses, could a lower incidence of prosthesis-pa-
tient mismatch after aortic valve replacement be expected?

Third, what is the effect of the full root technique in comparison to the
subcoronary technique concerning hemodynamic outcome and risks of the
procedure?

Fourth, what is the impact of the surgeon’s experience and skill on
hemodynamic outcome after implantation and what are the consequences?
It was already mentioned that the performance of stentless valves may de-
pend to a larger extent on surgical experience [2, 6].

z Decrease in gradients postoperatively

Mean and peak transprosthetic gradients were measured at our institute
between 5 and 7 days after aortic valve replacement. Late echocardio-
graphic data were obtained from the patients’ family cardiologists. In 362
patients, mean transprosthetic gradient obtained before discharge and from
the family cardiologist were compared (Fig. 1a, b). During follow-up, the
peak transprosthetic gradients decreased in 80% of the patients for the
subcoronary implantation technique since the gradients were measured at
discharge. The gradients decreased on average even more in patients pre-
senting high gradients at discharge (Fig. 1a). In patients presenting with
peak transprosthetic gradients higher than 35 mmHg at discharge, classi-
fied as moderate aortic stenosis according to the ACC/AHA 2006 Guide-
lines [1], the peak gradients decreased on average about 20 mmHg (Fig.
1a). In comparison, the amount of decrease was on average only 4 mmHg
during follow-up for patients with peak gradients below 36 mmHg at dis-
charge (Fig. 1b).

z Valve prosthesis-patient mismatch

Valve prosthesis-patient mismatch may occur “when the effective prosthetic
valve area, after insertion into the patient, is less than that of a normal
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valve” [35]. In a study population of 533 patients, the effective orifice area
was measured by echocardiography 5 to 7 days after aortic valve replace-
ment. Severe mismatch (indexed effective orifice area ≤0.6 cm2/m2, Hazard
Ratio: 1.9 (1.08–3.21)) was a significant predictor of survival time after ad-
justment for age, LVEF, atrial fibrillation, NYHA class, serum creatinine
and hemoglobin level. The 5- and 7-year survival rates were 71±4% and
54±8% for patients with severe mismatch, 76±3% and 63±6% for patients
with moderate mismatch, 83±4% and 80±8% for patients with mild mis-
match, respectively. As expected, the incidence of prosthesis-patient mis-
match observed after insertion of stentless valves (27% in subcoronary tech-
nique) was lower than after the use of stented biological valves (47%) [20].

z Technical issues of subcoronary technique and the impact
of the surgeons on hemodynamic outcome

In previous studies, suboptimal hemodynamics after stentless valve implan-
tation were reported in a considerable number of patients (20% of the pop-
ulation): these patients showed higher mean transprosthetic gradients than
expected (>20 mmHg) at discharge with persistence over 1 year and less
complete LV mass regression. They were more often female and had both
lower BSA and smaller valve sizes [4]. In our institution, transprosthetic
gradients measured at discharge were even higher than reported elsewhere,
which may be partly explained by the more frequent use of the subcoro-
nary technique in patients with small aortic roots than in other series.
However, it may also be explained by the fact that the valves were fre-
quently implanted by a cumulative number of 25 surgeons and trainees
during the last 10 years. We studied the performance over time: Fig. 2
shows the mean transvalvular pressure gradients at discharge by year of
implantation for each valve size. The decrease in transprosthetic gradients
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during the first few years until 1999 reflects the learning curve of three
surgeons implanting 191 stentless bioprostheses between 1996 and 1998. In
the year 2000, the number of surgeons implanting stentless valves increased
to ten, whereas only five surgeons implanted stentless valves continuously
during all years. The increase in the transprosthetic gradients from year
2000 may be caused by less experience of the surgeons starting to implant
the stentless bioprosthesis, whereas the gradients in smaller valve sizes
were affected more. These variations seem to reflect the learning effects of
the surgeons [19].

Thus, we assessed each individual surgeon’s impact on the transvalvular
gradient in a multivariate model. We demonstrated that the surgeon’s skills
and differences in their individual histories of training seem to be more
important than experience over time and the number of cases [2].

The goal is to fit the Freestyle® prosthesis properly into the aortic root,
so that it adapts smoothly to the aortic wall (“snug fit”), avoiding buckling
of the prosthesis into the outflow tract, which affects the hemodynamic
outcome. Higher transvalvular gradients through Freestyle bioprosthesis
may develop already by slight distortions of the valve, horizontal or verti-
cal folding of valve tissue into the outflow tract, impaired movements of
the noncoronary cusp, oversizing, or due to a large paravalvular hematoma.
Because these phenomena may neutralize the presumed benefit of stentless
valves concerning hemodynamic outcome and impair functional recovery,
we stress the importance of proper training of surgeons in stentless valve
implantation.

Pioneers in stentless valve implantation have already given advice to pre-
vent buckling of the prosthesis or ostial obstruction and have emphasized:
the importance of optimal aortotomy [14, 39], the risk of oversizing [8],
the problems of sinus calcifications for the second suture line [25, 40], the
problems of low ostia especially the right, with the need for rotation of the
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valve to place the higher cloth towards the acoronary sinus [14, 39, 40], the
optimal level plane of the proximal suture line defined by the nadirs of the
cusps [40], and need of an radial orientation of the stitches close to the os-
tia [14]. We have listed below those technical aspects we consider most im-
portant to optimize stentless valve implantation (Table 1) and illustrate
some important issues of implantation technique using two different exam-
ples (see Figs. 3–10). Techniques of Freestyle® implantation reported often
in the literature differ somewhat from the techniques used normally in our
institute: interrupted instead of continuous sutures for the proximal suture
line [40], the start of the second suture line below the ostia instead of
starting at the commissures [14, 39, 40], rotation of the Freestyle® valve
with position of the prosthesis right coronary sinus towards the human
acoronary only in selected patients instead of routine rotation [14, 25, 40].
Nevertheless, we consider these techniques to have minor importance re-
garding hemodynamic outcome.
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Table 1. Common problems increasing the risk of higher mean pressure gradients

Problem Consequence Safeguard

z Too low aortotomy Tendency to bend the
commissures into the
outflow tract leading
to outflow obstruction

A small transverse aortotomy is
made initially 1 to 2 cm above the
right coronary ostium. Then the
aortic commissures should be
identified before extending the
aortotomy

z Deviation from the
virtual plane defined
by the nadirs when
constructing the
proximal suture line

Buckling of the Freestyle
valve above the commissures
into the outflow tract.
Impaired opening of the
leaflets

In the area of the commissures
the needle is passed through the
ventricular muscle and the sub-
aortic curtain to form a circle of
stitches in a single plane

z Coronary ostia situ-
ated close to the
annulus

Implantation requires an
element of folding, dictated
by the height of the cloth
part of the valve

Rotation of the valve directing
the higher part of the Dacron
towards the noncoronary sinus, or
avoidance of subcoronary technique

z Coronary ostia
(mostly right)
situated close to
the commissures

Risk of bending the valve
trying to avoid obstructing
the coronary flow

Further rotation of the Freestyle
valve deviating its commissures from
the original patient’s commissures

z Disproportion
between inter-
commissural length
of the Freestyle
prosthesis and the
patients annulus (e.g.,
larger noncoronary
sinus of the patient)

Shortening and folding
the patient’s annulus
leading to bulging the
Dacron into the outflow
tract

Further rotation of the Freestyle
valve deviating its commissures
from the original patient’s
commissures



In our experience, it is helpful, at least for the surgeon who is not spe-
cialized in stentless valve surgery, to follow the implantation rules step-
wise. For example it is mandatory to check four conditions before starting
with the first suture line:
z optimal placement of aortotomy with sufficient distance to the human

commissures,
z observation of the aortic sinus for severe calcification,
z assessment of distance of coronary ostia to the annulus, and
z comparison of the angles of the Freestyle’s commissures with the human

commissures and subsequent choice of where to place the Freestyle com-
missures: in an anatomic or extra-anatomic position.
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Fig. 3. Favorable anatomy of the aortic root for implantation of Freestyle bioprosthesis. Both
coronary ostia are situated in the middle of the sinus with sufficient distance to the commis-
sures as well as to the annulus. The intercommissural distances are of equal size. Note: the aor-
totomy was made with sufficient distance to the commissures (>2 cm) (Patient 1)

Fig. 4. Special anatomy of the aortic root with left coronary ostia situated close to the com-
missure between the left and acoronary sinuses. The acoronary inter-commissural distance is
significantly longer than the right and left coronary. In this case it is recommendable to place
the new left/acoronary commissure about 1 cm toward the acoronary sinus (Patient 2)



We suggest gaining experience with larger valve sizes because the trans-
valvular gradients are correlated to some extent with the indexed effective
orifice area [34]. Second, we recommend active participation in the operat-
ing room (expert cognitive modeling), prolonged assistance and correction
by an expert and interactive discussions.
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Fig. 5. The freestyle bioprosthesis was orientated with the higher Dacron part towards the
acoronary sinus. Due to the special anatomy of this aortic root (see Fig. 4), the commissures of
the prosthesis (see markers on the Freestyle Dacron) are placed towards the acoronary sinus;
thereby obstruction of the left coronary ostia is avoided and symmetry of length between the
commissural distances between the (relatively longer) human acoronary sinus and prosthesis is
achieved. Note: all sinuses of the Freestyle bioprosthesis are completely removed (Patient 2)

Fig. 6. After the first suture line has been finished, the relationship between the prosthesis
and the coronary ostia is fixed. A bending of the commissures to avoid interference with coro-
nary ostia would usually result in buckling of the prosthesis into the outflow tract (Patient 1)



z Subcoronary versus total root implantation technique *

The Freestyle® aortic root bioprosthesis can be implanted by several surgi-
cal techniques similar to the use of different implant techniques with hu-
man tissue valves: complete or modified subcoronary, root inclusion, and
full root. Using human tissue valves, aortic root replacement was asso-
ciated with a lower incidence of early reoperation, greater effective orifice
area and with less prominent aortic regurgitation on Doppler echocardio-
graphy in comparison to the subcoronary technique [24, 30]. However,
contradictory results exist neglecting the superiority of root replacement
technique with regard to aortic regurgitation [9, 42]. A comparison of dif-
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Fig. 7. We start with the second suture line at one commissure. The assistant has to pull on
the patient’s commissures to achieve congruence between the prosthesis and the aortic wall
(Patient 1)

Fig. 8. It is important to place radial stitches around the coronary ostia to avoid obstruction or
distortion of the coronary (Patient 1)

* The study was supported by Medtronic Inc., Düsseldorf (Germany)



ferent implantation techniques for porcine stentless bioprostheses reported
higher operative mortality, better hemodynamics, functional class and free-
dom from regurgitation with the full root in comparison to subcoronary
implantation technique [6]. We reported our experience with the full root
technique recently: between 1996 and 2005, 1014 patients underwent AVR
with stentless Freestyle® bioprostheses, 169 of them using the full root
technique. The full root technique was more often performed in female pa-
tients, in patients of smaller body height, and in patients requiring conco-
mitant replacement of the ascending aorta. We compared early and late
outcomes for the subcoronary versus full root implantation technique using
a propensity score-based matching analysis. Thus, 148 matched pairs were
created with a mean age of 73 years, 64% being women. We found that the
mean transprosthetic gradients were on average 7 mmHg less for the full
root technique than for the subcoronary technique, but early and late out-
comes were equal: overall survival was 71±33% and 78±29% after 5 years
and 33 ±20% and 34±24% after 9 years, respectively, for the subcoronary
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Fig. 9. Check of the valve opening after implantation. Here the prosthesis smoothly fits with
the aortic wall (Patient 2)

Fig. 10. Check of the leaflet closure, leaflet heights and symmetry (Patient 2)



and full root group (p=0.46) and was similar to men and women of the
German general population with the mean age of the study population
(Fig. 11) [18]. However, despite proper training and the development of
routines, many surgeons are reluctant to perform the total root technique
routinely due to the known difficulties of this technique and the fear of
bleeding and coronary complication, especially in the elderly [6]. We use
the total root technique mainly in patients with small aortic roots, in cases
of annuloaortic ectasia and replacement of ascending aorta, and in cases
where a prosthesis-patient mismatch would be expected.

Another drawback of the full root implantation technique is the de-
manding surgery in case of re-replacement of the aortic valve due to pros-
thetic valve endocarditis or structural valve deterioration. Excellent mid-
term freedom from reoperation because of structural valve deterioration
was reported to be 95% at 10 years [7, 28]. Long-term studies showed simi-
lar results with stented bioprostheses, whereas the reoperation rate in-
creased more profoundly after 10 to 15 years especially for patients young-
er than 60 years [22, 23]. As the maximum follow-up in the most recent
studies about stentless valves is 10 years, no recommendation concerning
total root replacement with stentless bioprosthesis can be given at the mo-
ment for younger patients ([18], Society of Thoracic Surgeons (2008)).

The Freestyle® bioprosthesis:
operative risk in isolated and combined procedures

As simultaneous myocardial revascularization is a more complex surgical
technique than isolated aortic valve replacement, longer operation times
and as a result an increased operative risk may be expected. In a study

Medtronic stentless Freestyle® porcine aortic valve replacement z 377

Fig. 11. Comparison of survival curves after implantation of Freestyle bioprosthesis to the Ger-
man population. Reprinted with permission from Ennker J, et al. (2008) Ann Thorac Surg 85:
445–453; © The Society of Thoracic Surgeons
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population of 1014 patients undergoing Freestyle valve replacement with a
mean age of 73±21 years and a mean EuroSCORE of 8.1±2.4, we observed
a significantly prolonged cardiopulmonary bypass time for simultaneous
myocardial revascularization (130 ±47 min) in comparison to isolated valve
replacement (106±39 min, p<0.001). However, no increased operative risk
(p=0.16) was observed for patients undergoing Freestyle® valve replace-
ment and simultaneous myocardial revascularization after adjustment by
the following risk factors diabetes mellitus, congestive heart failure, conco-
mitant mitral valve replacement, smaller body height and body mass index
less than 24.

Compared with isolated valve replacement and despite more extensive
surgery and prolonged bypass time, simultaneous myocardial revascular-
ization can be performed without an increased operative risk in patients
with stentless valve implantation [16].

The Freestyle® bioprosthesis:
valve related morbidity and mortality *

We have studied valve-related morbidity and mortality in 1014 consecutive
patients who received a Freestyle bioprosthesis. Mean age was 73 years,
50% were female. According to the EuroScore, 81.9% of the patients were
in the high-risk group, 16.8% in the medium-risk group and 1.4% in the
low-risk group. The actuarial survival rate was 71±3% and 46±9% at 5
and 9 years, respectively, and was between the survival rates of men and
women of the general German population of age 73 years.

The actuarial freedom from aortic valve reoperation and structural valve
deterioration were 97.0 ±1.2% and 92.4 ±7.4% at 5 years and 99.9±0.2%,
97.0 ±4.9% at 9 years, respectively. Twenty-eight patients required reopera-
tions. The causes for reoperations are given in Table 2. Structural valve dete-
rioration occurred in two patients. In one patient the deteriorated valve was
re-replaced after 100 months because of cusp rupture. Another patient was
reoperated after 3 months due to pericarditis after a postmyocardial infarc-
tion syndrome. The valve was replaced because of a mean gradient of
30 mmHg. Intraoperatively, only a stiffening of the cusps was observed.
The histological examination described a low-grade inflammation with some
leukocytes in the cusps, some mucoid swelling and edema, connective tissue
with some fibrosis, and no calcification. Of the 28 patients undergoing reo-
peration, in 21 (75%) patients, the Freestyle® valve was explanted and 11
(39%) patients died within 30 days. The linearized rates of late adverse events
(later 30 days) were 0.57% per patient-year and 0.07% per patient-year for
reoperation and structural valve deterioration, respectively.
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The 5- and 9-year actuarial freedom from endocarditis was 98.3 ±0.9%
and 96.6 ±5.9%, respectively. The linearized rate was 0.43% per patient-
year. There were 12 endocarditis episodes. The mean interval of occurrence
was 2.1±2.3 years. Seven patients required reoperation (Table 2).

Actuarial freedom from neurological events at 5 and 9 years was
88.3 ±2.3% and 69.5±15.7%, respectively. Neurological events were ob-
served in 72 patients. The linearized rate was 2.69% per patient-year.

Actuarial freedom from major bleeding events at 5 and 9 years was
95.8 ±1.0% and 94.8 ±1.4%, respectively. Major bleeding occurred in 19 pa-
tients with a linearized rate of 0.69% per patient-year. 21% of the patients
required anticoagulation therapy due to generalized atherosclerotic disease
or chronic atrial fibrillation presenting pre- or postoperatively.

Linearized rates of valve-related morbidity were almost equal to a pre-
vious report about the Freestyle® bioprostheses (Table 3). Also, similar re-
sults were obtained in comparison to other stentless valves, whereas we ob-
served higher rates for thromboembolic events (Table 3). In comparison to
stented bioprostheses, linearized rates of adverse events were also almost
similar with apparently little increased rates of structural valve deteriora-
tion and reoperation for stented valves.

A wide variation in the thromboembolic rate from 0.52 to 2.66 events
per patient-year (Table 3) was observed between the different biological
prostheses. Because the complication rates depend significantly on patient-
related factors [36], comparing the outcome from different studies may be
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Table 2. Causes of reoperation. Reprinted with permission from Ennker J, et al. (2009) J Card
Surg 24:41–48; © Wiley-Blackwell

Reoperation (N=28) N Implant duration
(months)

Type of replaced valve

z Subcoronary technique
Structural valve deterioration 2 3, 100 NA, Freestyle

Nonstructural dysfunction
– paravalvular leak
– entrapment by pannus
– hemodynamic
– intraoperative replaced
– incompetent valve because

of dilation of sinotubular junc-
tion

18
7
2
6
2
1

0, 0.1, 0.1, 1.4, 4, 6, 10
within 1st month
5 within 1st

month, 24

69

SJM Regent, 2 Medtronic Hall
3 Freestyle FR, 3 SJM Regent
SJM HP, Carbomedics

no

Valve thrombosis 1 3 Carbomedics

Operated valvular endocarditis 5 1, 2, 5, 46, 80 Mosaic, Supra, Freestyle, no,
Hancock

z Full root technique
Operated valvular endocarditis 2 6, 12 Tissuemed AR, Freestyle FR

AR aortic root, FR full root, NA not available, no no valve replaced, SJM St. Jude Medical



quite difficult due to the different baseline characteristics. For instance, the
prevalence of risk factors for stroke (e.g., advanced age, diabetes mellitus,
hypertension, atrial fibrillation, left ventricular hypertrophy, cardiovascular
disease) may differ in the various studies.

The incidence of first clinical strokes reported from the Framingham
study was 0.87%/patient-year in persons older than the 65 years [10]. In
the presented study cohort, additional risk factors were more prevalent in
comparison to the Framingham cohort: Hypertension (66% vs. 56%), dia-
betes mellitus (25% vs. 7%), cardiovascular disease (38% vs. 19%) and
atrial fibrillation (19% vs. 5%), which may account for the higher rates of
strokes observed in our study [18]. In conclusion, our results compare
favorably with those of other biological valve studies. The Freestyle® bio-
prosthesis showed encouraging durability up to 9 years with low rates of
valve-related morbidity and can be safely implanted without an increased
operative risk even during the learning phase.

The Freestyle® bioprosthesis: special indications

z Concomitant replacement of the ascending aorta

Between 2000 and 2007, the aortic valve and the ascending aorta were re-
placed in 304 patients. A total of 64 patients received separate replacement
of the aortic valve and the ascending aorta (52 biological); 144 patients
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Table 3. Linearized rates of late adverse events in % per patient-year. Reprinted with permis-
sion from Ennker J, et al. (2009) J Card Surg 24:41–48; © Wiley-Blackwell

Valve N Age Follow-up PVE Re-OP SVD MBE NE

z Freestyle [present] 1014 73 9 years 0.43 0.57 0.07 0.69 2.69
z Freestyle [7] 725 72 10 years 0.43 0.7 0.27 NA 2.66
z Freestyle [29] 608 68 10 years NA 0.25 0.11 NA NA
z Cryolife-O’Brien [30] 402 73 8 years 0.35 0.35 0.04 NA 1.56
z Cryolife-O’Brien [31] 185 73 a 10 years 0.22 0.91 1.04 NA NA
z Toronto SPV [13] 200 64 10 years 0.43 1.12 0.32 NA 0.52
z CE-porcine [23] 1823 68 20 years 0.36 1.12 0.91 NA 2.33
z Mosaic [37] 255 67 10 years 0.5 1.4 0.3 0.31 0.8
z Hancock II [38] 809 68 15 years 0.44 0.73 0.4 0.5 1.29
z Mitroflow,

pericardial [43]
1513 73 21 years 0.28 1.4 0.9 0.065 0.79

a Median age, otherwise mean age
MBE major bleeding events, NA not available, NE neurological events, PVE prosthetic valve en-
docarditis, Re-OP reoperation



received a mechanical composite graft and 96 patients received a stentless
bioprostheses using the full root technique and replacement of the ascend-
ing aorta (biological composite graft). From this patient population 56
matched-pairs, receiving either a mechanical (M) or a biological composite
graft (B), were created based on a saturated propensity score. The matched
study population was predominantly male (n=90; 79%) and the mean age
was 65±8 years (range: 43-83 years). No significant differences within 6
months after valve replacement were observed between the two groups
with respect to mortality (M: N=1 (1.8%) vs. B: N=2 (3.6%)), bleeding
(M: N=3 (5.8%) vs. B: N=3 (5.8%)), and neurological events (M: N=1
(1.8%) vs. B: N=3 (5.8%)). One patient with a biological composite graft
required re-replacement due to prosthetic valve endocarditis 72 days after
initial surgery.

The low 6-month mortality and good clinical outcome in comparison to
mechanical composite graft replacement suggests that concomitant replace-
ment of the total aortic root and the ascending aorta with stentless Free-
style® valves is a perfectly acceptable operation for elderly patients with
aortic valve disease, normal or mildly dilated aortic sinuses, and a dilated
ascending aorta to avoid anticoagulation therapy.

z Octogenarians

The steadily increasing life expectancy of the population in the Western
World, together with the progress in noninvasive diagnostic methods and
operating techniques are leading to an increase in aortic valve surgery in
elderly people. Between 1996 and 2002, 503 patients older than 60 years
underwent aortic valve replacement with a stentless Freestyle bioprosthesis,
with 76 of them being older than 80 years. In general, risk-adjusted ana-
lyses did not reveal an increased risk of operative mortality (p=0.4), post-
operative atrial fibrillation (p=0.2), prolonged ventilation (p=0.5), pro-
longed stay in intensive care unit (p=0.3), or mid-term valve-related mor-
bidity as prosthetic valve endocarditis (p=0.2), reoperation (p=0.4), bleed-
ing events (p=0.1) and stroke (p=0.8), for octogenarians. Continuously in-
creasing age was an independent risk factor for postoperative neurological
complications (OR=1.8 per 10 years, p=0.04). Quality of life was equal to
the general population of the same age. Median survival time of octogenar-
ians was 5.2±0.5 years. Except for postoperative neurological complica-
tions, octogenarians receiving stentless bioprostheses had no increased risk
of adverse perioperative and mid-term outcome in comparison to younger
patients. As quality of life and life expectancy after AVR with stentless
valves were equal to the general population, AVR with stentless bioprosth-
eses should not be withheld from octogenarians [17].
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z Young patients

Current guidelines recommend a bioprosthesis for aortic valve replacement
in patients under 65 years for lifestyle considerations after detailed discus-
sion of the risks of anticoagulation versus the likelihood of a second valve
replacement [1]. A recent review pointed out that for a 50-year-old man
the mortality risk is not different after mechanical or after biological valve
replacement, whereas the valve-related morbidity is more than 6 times
higher after mechanical valve replacement. But after bioprosthetic replace-
ment a 50-year-old man should anticipate at least one reoperation. The
authors argue that if the patient wants no anticoagulation, minimal
changes to lifestyle, and accepts the risk of at least one reoperation, then a
biological valve is recommended. In contrast, if the patient wants to mini-
mize the risk of reoperation and accepts significant lifestyle changes due to
anticoagulation therapy, then a mechanical valve is recommended [15].

A multicenter study population of 127 patients under 60 years under-
went aortic valve replacement with the Medtronic Freestyle® stentless bio-
prosthesis between 1993 and 2001. Median age was 48 years (range 10–59).
The 30-day mortality was 1.6% (2/127). Mean follow-up was 7.4±3.1 years.
There were 11 late deaths (9.9%). Overall survival at 5 and 10 years was
95.2% and 89.3%, respectively. Freedom from reoperation for structural
valve deterioration was 99.0% at 5 years and 76.4% at 10 years.
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Introduction

Porcine stentless valves have proven excellent long-term results in aortic
valve replacement [8] with improved left ventricular reverse remodeling as
compared to stented biological valves [21]. The Sorin Pericarbon Free-
domTM stentless valve (Sorin Group, Saluggia, Italy) is a truly stentless
valve formed from two sheets of bovine pericardium (Fig. 1) which has
been available since 1994 [20]. To overcome the adverse effects of glutaral-
dehyde as used in most bioprostheses on freedom from structural valve de-
terioration and reoperation, the pericardium is treated by homocystic acid
which has proven to reduce mineralization in vitro and in vivo [19]. The
valve is designed for subcoronary implantation [3, 22] using interrupted or
continuous suture techniques at the inflow side without differences in early
postoperative hemodynamics [2]. As a further improvement of the already
excellent hemodynamics of the valve even as compared to other pericardial
stentless valves [11], in 2004 a modification of the Sorin Pericarbon Free-

Sorin pericardial valves

Operative technique and early results
of biological valves
S. Beholz, S. Meyer, N. von Wasielewski, W.F. Konertz

Fig. 1. Sorin Pericarbon FreedomTM stentless valve



domTM stentless valve was introduced. The FreedomTM Solo stentless valve
(Fig. 2) (Sorin Group, Saluggia, Italy) uses the same pericardial material
but is designed for supraannular implantation [1, 17] using one single run-
ning suture line in the sinuses of valsalva.

The paper describes the operative experience and the early clinical and
hemodynamic results of both valves.

Material and methods

All patients receiving bovine pericardial stentless valves in our institution
were included in the study. From November 2001 to January 2009 the Sorin
Pericarbon FreedomTM stentless valve (group Freedom) and from June
2004 to January 2009 the FreedomTM Solo stentless valve (group Solo) were
implanted.

The patients were operated on in general anesthesia, median sternotomy,
and using normothermic cardiopulmonary bypass. Concomitant proce-
dures were performed prior to the valve replacement except proximal anas-
tomoses of saphenous vein grafts, which were performed immediately prior
to declamping the aorta. Intermittent warm antegrade cardioplegia [5] was
applied to the aortic root and after transverse aortotomy directly to the
coronary ostia. After transverse aortotomy (Fig. 3), thorough resection of
the leaflets and, in case of calcification, of all calcified structures (Fig. 4)
was performed.
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Fig. 2. FreedomTM Solo stentless valve



z Operative technique Freedom

Sizing was performed according to the diameter of the annulus (Fig. 5) and
the sinotubular junction (STJ): if the size of the STJ did not exceed 20% of
the diameter of the annulus, the latter was chosen as the valve size. In case
of a larger discrepancy between the STJ and annulus, the valve was chosen
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Fig. 3. Transverse aortotomy

Fig. 4. Thorough resection
of calcification

Fig. 5. Sizing of annulus
and sinotubular junction



one size larger than the annulus and proper aortoraphy was performed
with the closure of the aortotomy. The intraoperatively found pathology
did not affect the preoperative choice of implantation technique for the in-
flow suture line: either 18 to 30 single 2-0 braided polyester sutures with-
out reinforcement were used (Fig. 6); before tying the sutures, the valve
was inverted into the LVOT according to the instructions for use (Fig. 7).
Alternatively one single running 3-0 polypropylene suture was used for
fixation in the LVOT (Fig. 8). After eversion of the valve, the outflow site of
the valve was fixed to the aortic root using a running 4-0 polypropylene
suture in a subcoronary fashion (Fig. 9).

z Operative technique Solo

During decalcification, special care was taken not to affect the annulus
(Fig. 4). In case of defects, these were closed using 4-0 polypropylene su-
tures prior to sizing. Then sizing, using intraoperative testing by obtura-
tors (Fig. 5), was performed according to the diameter of the STJ in case of
the absence of ectasia of the aortic root. If the size of STJ exceeded 20% of
the diameter of the annulus, patients were excluded from the implantation.
No reinforcement of the sinotubular junction or enlargement of annulus
was performed in any patient.
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Fig. 6. Interrupted inflow suture line
of Freedom valve



The FreedomTM Solo valve was implanted using a single continuous su-
ture line in supraannular technique similar to the technique described for
the CryoLife-O’Brien valve [15] as recommended by the manufacturer: be-
ginning from the deepest point of each sinus of Valsalva (Fig. 10), the peri-
cardial skirt of the outer layer was sewn to the sinus of Valsalva using three
4-0 polypropylene sutures 3–4 mm apart from the annulus (Fig. 11). At the
top of the commissures, the sutures were tied outside the aorta without the
need for any reinforcement (Fig. 12).

z S. Beholz et al.410

Fig. 7. Inverting the Freedom valve
into the LVOT

Fig. 8. Continuous suture line
at inflow of the Freedom valve



In both valves after closure of the aortotomy and release of the cross
clamp, intraoperative transesophageal echocardiography was performed to
monitor deairing of the heart as well as to investigate the proper function
of the valve. Special attention was brought to a symmetric opening of the
three leaflets and the absence of any paravalvular leakage or transvalvular
regurgitation more than trivial. Patients were then weaned from bypass
and transmitted to the ICU. No routine anticoagulation was performed
after removal of the chest tubes. Warfarin was given only in those patients
after left atrial ablation for 3 months. In every patient, 100 mg acetylsali-
cylic acid was prescribed.
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Fig. 9. Subcoronary suture line of the
Freedom valve

Fig. 10. Supraannular implantation of
Solo valve: starting from the deepest
point of each sinus of Valsalva



Results

In total 709 patients were included in the study: 430 patients received a
Freedom valve and 279 a Solo valve, respectively (Table 1). Due to the re-
striction in case of enlargement of the ascending aorta including STJ, fewer
patients receiving a Solo valve suffered from isolated regurgitation. Com-
parable rates of associated procedures were performed in both valves; in
case of endocarditis the Freedom valve was first choice due to its property
to cover any defects after debridement (Table 2).
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Fig. 11. Supraannular implantation technique
of the Solo valve

Fig. 12. Completing implantation
of the Solo valve



Mean valve size was comparable in both groups (Table 3). Due to the
lack of a second suture line, overall cross-clamp time and cross-clamp time
for isolated cases were significantly shorter in case of implanting a Solo
valve. There was no difference in expected and observed mortality in either
group.

Postoperative hemodynamics were excellent in both groups (Fig. 13);
however, mean gradients were significantly lower in all valve size groups.
There was no relevant regurgitation or any paravalvular leakages at dis-
charge (Table 3).
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Table 1. Included patients

Freedom (n=430) Solo (n=279) p

z Age (yrs) 72.6 ± 9.0 75.1 ± 8.0 n.s.
z Male/female (%) 46/54 53/47 n.s
z Weight (kg) 74.9 ± 13.7 76.1 ± 16.5 n.s.
z Height (cm) 167.0 ± 8.4 167.0 ± 9.1 n.s.
z Stenosis/regurgitation/mixed (%) 64/10/26 72/4/24 p<0.05
z LV-EF (%) 55.0 ± 14.0 54.6 ± 12.3 n.s.
z Peak gradient (mmHg) 72.6 ± 29.7 72.9 ± 28.7 n.s.
z Mean gradient (mmHg) 45.7 ± 20.1 45.4 ± 18.0 n.s.
z Regurgitation (�) 1.01 ± 1.07 0.73 ± 0.68 n.s.

Table 2. Operative spectrum

Freedom (n=430) Solo (n=279) p

z Isolated procedures (%) 52 55 n.s.

z Combined procedures (%) 48 45 n.s.
– CABGx1-5 (%) 66.8 75.9 n.s.
– mitral procedures (%) 19.3 12.5 n.s.
– ablations 17.1 13.4 n.s.
– myectomies 3.9 4.5 n.s.
– others 7.2 7.1 n.s.

z Endocarditis (%) 9.6 2.4 <0.01

z Reoperations (%) 10.6 9.2 n.s.



Discussion

Aortic valve replacement has shown excellent results over the last 40 years.
Substantial improvements in terms of prosthesis design, preservation of
biological materials and postoperative treatment have lead to an increased
use of tissue valves in the elderly. Stentless valves compared to stented
valves have shown superior results with respect to postoperative effective
orifice area and gradients at rest [4, 7, 10, 12–14, 16, 18, 21, 23], at exercise
[10, 16], improvement in left ventricular mass reduction [4, 12–14, 16, 18,
21, 23], and recovery of left ventricular function [4, 18, 21]. In addition,
improved overall survival could be demonstrated in various retrospective
studies [4, 6].

Stented pericardial valves by different manufacturers have been available
for decades for aortic as well as for other valve replacement procedures.
Folliguet et al. reported excellent long-term results of up to 10 years with
respect to structural deterioration in echocardiography of the glutaralde-
hyde-based fixation process of the bovine pericardium [9]. The detoxifica-
tion process used in the Sorin Pericarbon FreedomTM stentless valve, which
uses homocystic acid for covering remaining aldehyde residues in the tis-
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Table 3. Operative data and expected and observed mortality

Freedom (n=430) Solo (n=279) p

z Mean valve size (mm) 25.7 ± 2.2 26.4 ± 2.1 n.s.
z Cross-clamp time overall (min) 81.2 ± 32.1 50.1 ± 18.2 <0.01
z Cross-clamp time isolated (min) 65.5 ± 25.2 37.9 ± 5.8 <0.01
z log. EuroSCORE 11.5 ± 7.1 15.1 ± 13.7 n.s.
z 30-day mortality (%) 5,3 6,4 n.s.
z Postop mean gradient (mmHg) 11.2 ± 5.9 8.4 ± 4.5 <0.05
z Postop regurgitation (�) 0.07 ± 0.27 0.10 ± 0.31 n.s.
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sue, has proven mechanical stability [19] and improved biocompatibility as
well as decreased calcification in animal models.

As demonstrated in this study, the implantation of both the Sorin Peri-
carbon FreedomTM stentless valve and the FreedomTM Solo stentless valve
is safe and reliable. Perioperative mortality was low compared to the ex-
pected mortality as estimated by the logistic EuroSCORE. Hemodynamics
were excellent at discharge.

In conclusion, pericardial stentless valves proved their suitability for aor-
tic valve replacement in combined and isolated aortic valve replacement.
However, long-term follow-up is necessary to show the stability of these
promising prostheses over time.
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Stentless bioprostheses

z Stented and stentless
aortic bioprostheses:
competitive or complimentary?
W.R.E. Jamieson

Aortic valve replacement (AVR) is the established treatment for patients
with symptomatic aortic stenosis. Left ventricular hypertrophy, a known
manifestation of aortic stenosis, is associated with increased risk of sudden
death, congestive heart failure, and stroke. The superior outcome after AVR
is achieved with regression of left ventricular hypertrophy, known as left
ventricular mass and indexed to body surface area.

The goal of aortic valve replacement is to provide an effective orifice
area of the implanted prosthesis equivalent to the left ventricular outflow
tract to minimize prosthesis-patient mismatch and provide adequacy of left
ventricular mass regression. The stented bioprostheses were considered to
have an obstructive nature from the sewing ring and stent or prosthesis-
patient mismatch. Stentless bioprostheses were developed without stent and
sewing ring with the goal of maximizing the effective orifice area and facil-
itating left ventricular mass regression. The purpose of this chapter is to
consider whether stentless or stented aortic bioprostheses are competitive
or complimentary.

To assess the concept of “competitiveness” the results of randomized
controlled trials (RCTs) were evaluated [1–15]. Table 1 documents the
hemodynamics of studies between stented and stentless bioprostheses that
lack differentiation [1–10, 12]. Ten studies have documented lack of differ-
entiation of hemodynamic performance, particularly of left ventricular
mass regression (LVMR) expressed as left ventricular mass index (LVMI)
at 12 months. These RCTs demonstrated differences in hemodynamics
(mean gradients, effective orifice areas, and left ventricular mass regres-
sion) favoring stentless bioprostheses in the early months (up to 6 months)
following AVR but equivalence of LVMI at the 12-month interval.



A meta-analysis of RCTs conducted by Kunadian and colleagues [12],
considering the majority of this literature determined that, at 6 months,
there was differentiation in favor of stentless bioprostheses for LVMI, mean
gradients, and EOAI, but at 12 months, there was no differentiation deter-
mined by LVMI.
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Table 1. Chronology of randomized clinical trials (RCTs) showing lack of differentiation

Authors Prosthesis Findings

Stentless Stented

Santini et al.
(1998) [1]

Toronto SPV/SJM
Biocor

HII LVMR no difference at 12 months

Williams et al.
(1999) [2]

Toronto SPV CE-SAV No difference in LVMI at 6 months
Peak velocity and mean gradients
better with SPV at 32 months

Cohen et al.
(2002) [3]

Toronto SPV CE-P No difference in EOAs, gradients
or LVMR at 12 months

Doss et al.
(2003) [4]

Edwards PP CE-P LVMR no difference at 12 months

Sensky et al.
(2003) [5]

MF MM LVMR no difference at 6 months

Totaro et al.
(2005) [6]

Edwards PP CE-P/CE-PM Mean gradients and EOAs
no difference. LVMR not assessed

Ali et al.
(2006) [7]

Edwards PP CE-P No difference in gradients or LVMR
at 12 months

ASSERT (2005)
[8] (de Arenaza
et al.)

MF MM MF-EOA and EOAI and peak flow
velocity better. LVMR similar at
6 months

Chambers et al.
(2006) [9]

Toronto SPV CE-P No difference in gradients or LVMR
at 12 months

Dunning et al.
(2007) [10]

Sorin Freedom Sorin More No difference in LVMI at 12 months

Kunadian et al.
(2007) [12]
(meta-analysis)

Sorin Freedom,
Mitroflow,
Edwards PP,
Toronto SPV,
SJM Biocor

CE-P, MM,
MI, HII,
Sorin More

Differentiation 6 months LVMI,
mean gradients and EOAI.
No difference LVMI at 12 months

Toronto SPV St. Jude Medical Toronto SPV, SJM Biocor St. Jude Medical Biocor, HII Hancock II,
LVMR Left Ventricular Mass Regression, CE-SAV Carpentier-Edwards Supra Annular Valve,
LVMI Left Ventricular Mass Index, CE-P Carpentier-Edwards PERIMOUNT, EOA Effective Orifice Area,
Edwards PP Edwards Prima Plus, MM Medtronic Mosaic, CE-PM Carpentier-Edwards PERIMOUNT
Magna, MF Medtronic Freestyle, EOAI Effective Orifice Area Index, MI Medtronic Intact



Table 2 shows the results of the RCTs that determined there was pres-
ence of differentiation between stentless and stented aortic bioprostheses
[13–15]. There were only three studies in this group and the findings were
LVMR over the initial 12 months, resulting in complete regression of the
left ventricular mass for stentless bioprostheses at 12 months, which was
superior over stented bioprostheses.

The RCTs compared the hemodynamic performance of stentless bio-
prostheses to stented bioprostheses of the second generation. The third-
generation diameter-enhanced bioprostheses introduced to optimize hemo-
dynamics were not evaluated in the RCTs except for Totaro and investiga-
tors [6] who combined the Carpentier-Edwards PERIMOUNT and the Car-
pentier-Edwards PERIMOUNT Magna in comparison to the Edwards Prima
Plus.

The results of the RCTs documenting comparable hemodynamic perfor-
mance at one year have eliminated the competitiveness of these aortic bio-
prostheses. There are yet no comparative studies of durability that, if favor-
able for stentless bioprostheses, could support the prostheses being compe-
titive. The increased implant difficulty and extended ischemic times and
cardiopulmonary bypass times may never support these prostheses being
competitive. The low proportion of stentless bioprostheses compared to
stented bioprostheses since the introduction will likely continue to signal
the lack of competitive nature of these prostheses.

The International Society of Minimally Invasive Cardiothoracic Surgery
(ISMICS) has developed a consensus statement from an expert panel on
stentless and stented bioprostheses for aortic valve replacement [16, 17].
The purpose was to determine whether stentless prostheses improve clini-
cal and resource outcomes. The panel, following evaluation of 17 random-
ized and 14 nonrandomized trials comprising 1317 and 2485 patients,
respectively, outlined the evidence-based recommendations for the use of
stentless and stented bioprostheses for adult aortic valve replacement. The
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Table 2. Chronology of randomized clinical trials (RCTs) showing differentiation

Authors Prosthesis Findings

Stentless Stented

Maselli et al.
(1999) [13]

MF/Toronto SPV Medtronic
Intact

LVMR more complete and faster
with MF/Toronto SPV

Szafranek et al.
(2006) [14]

MF MM LVMI favours MF at 12 months.
EOAI undifferentiated

Miraldi et al.
(2006) [15]

Sorin Freedom CE-P LVMR faster and better with Sorin
Freedom at 12 months

MF Medtronic Freestyle, Toronto SPV St. Jude Medical Toronto SPV, LVMR Left Ventricular Mass
Regression, MM Medtronic Mosaic, LVMI Left Ventricular Mass Index, CE-P Carpentier-Edwards
PERIMOUNT



consensus document revealed that both stentless and stented bioprostheses
provide an excellent valve substitute for aortic valve disease [17]. The
consensus panel revealed that the hemodynamic performance of stentless
bioprostheses is better than stented bioprostheses over the first 6 to 12
months following aortic valve replacement. However, at the one-year inter-
val, transvalvular gradients and left ventricular mass regression are com-
parable [17]. There is inadequate knowledge, at this stage, to determine
whether durability with stentless bioprostheses is different than stented
bioprostheses. The majority of randomized and non-randomized controlled
trials between stented and stentless bioprostheses were performed with sec-
ond-generation prostheses and, in the majority, not with the current, diam-
eter-enhanced stented bioprostheses. The consensus panel recommended
that the patient groups in the RCTs and non-RCTs be continually evaluated
to obtain 15-year comparative data [17]. This evidence from the ISMICS
consensus panel provides further consideration that the two types of bio-
prostheses are not competitive.

There have been no RCTs comparing subcoronary stentless with root
replacement. The consensus document made two recommendations in this
regard [17]. In the absence of aortic root disease and with an annulus
≥21 mm, either stented or stentless bioprostheses are acceptable alterna-
tives for the majority of patients when a current (second or third) genera-
tion bioprosthesis is indicated. In the presence of an aortic annulus
<21 mm, the use of a free-standing bioprosthetic root can be considered as
an alternative to diameter-enhanced stented bioprosthesis or a root en-
largement procedure.

These circumstances make stented and stentless bioprostheses compli-
mentary. When there is a definite role for the stentless bioprostheses to
serve as an aortic root conduit in patients with aortic root disease who
qualify for replacement surgery and are in an acceptable age bracket for
bioprostheses, then the two types of prostheses can again be considered to
be complimentary.

This report provides supporting evidence that stented and stentless aor-
tic bioprostheses are not competitive but are complimentary in the man-
agement of aortic valve disease and, in certain circumstances, for aortic
root disease.

References

1. Santini F, Bertolini P, Montlbano G, Vecchi B, Pessotto R, Prioli A, Mazzucco A
(1998) Hancock versus stentless bioprostheses for aortic valve replacement in pa-
tients older than 75 year. Ann Thorac Surg 66:S99–S103

2. Williams RJ, Muir DF, Pathi V, MacArthur K, Berg GA (1999) Randomized con-
trolled trial of stented and stentless aortic bioprostheses: hemodynamic perfor-
mance at 3 years. Semin Thorac Cardiovasc Surg 4(Suppl 1):93–97

z W.R. E. Jamieson344



3. Cohen G, Christakis GT, Joyner CD, Morgan CD, Tamariz M, Hanayama N, Mal-
lidi H, Szalai JP, Katic M, Rao V, Fremes SE, Goldman BS (2002) Are stentless
valves hemodynamically superior to stented valves? A prospective randomized
trial. Ann Thorac Surg 73:767–778

4. Doss M, Martens S, Wood JP, Aybek T, Kleine P, Wimmer Greinecker G, Moritz A
(2003) Performance of stentless versus stented aortic valve bioprostheses in the
elderly patients: a prospective randomized trial. Eur J Cardiothorac Surg 23:299–304

5. Sensky PR, Loubani M, Keal RP, Samani NJ, Sosnowski AW, Galinanes M (2003)
Does the type of prosthesis influence early left ventricular mass regression afgter
aortic valve replacement? Assessment with magnetic resonance imaging. Am
Heart J 146:746

6. Totaro P, Degno N, Zaidi A, Youhana P, Argano V (2005) Carpentier-Edwards
PERIMOUNT Magna bioprosthesis: A stented valve with stentless performance?
J Thorac Cardiovasc Surg 130:1668–1674

7. Ali A, Halstead JC, Cafferty F, Sharples L, Rose F, Coulden R, Lee E, Dunning J,
Argano V, Tsui S (2006) Are stentless valves superior to modern stented valves?
A prospective randomized trial. Circulation 114[suppl I]:I-535–I-540

8. Perez de Arenaza D, Lees B, Flather M, Nugara F, Husebye T, Jasinski M, Cisowski
M, Khan M, Henein M, Gaer J, Guvendik L, Bochenek A, Wos S, Lie M, Van Noo-
ten G, Pennell D, Pepper J, on behalf of the ASSERT (Aortic Stentless versus
Stented valve Assessed by Echocardiography Randomized Trial) (2005) Circulation
112:2696–2702

9. Chambers JB, Rimington HM, Hodson F, Rajani R, Blauth CI (2006) The sub-
coronary Toronto stentless versus supra-annular Perimount stented replacement
aortic valve: early clinical and hemodynamic results of a randomized comparison
in 160 patients. J Thorac Cardiovasc Surg 131:878–882

10. Dunning J, Graham RJ, Thambyrajah J, Stewart JM, Kendall SW, Hunter S (2007)
Stentless vs stented aortic valve bioprostheses: a prospective randomized con-
trolled trial. Eur Heart J 28:2369–2374

11. Lehman S, Walther T, Kempfert J, Leontjev S, Rastan A, Falk V, Mohr FW (2007)
Stentless versus conventional xenograft aortic valve replacement: midterm results
of a prospectively randomized trial. Ann Thorac Surg 84:467–472

12. Kunadian B, Vijayalakshmi K, Thornley AR, de Belder MA, Hunter S, Kendall S,
Graham R, Stewart M, Thambyrajah J, Dunning J (2007) Meta-analysis of valve
hemodynamics and left ventricular mass regression for stentless versus stented
aortic valves. Ann Thorac Surg 84:73–79

13. Maselli D, Pizio R, Bruno LP, Di Bella I, De Gasperis C (1999) Left ventricular
mass reduction after aortic valve replacement: Homografts, stentless and stented
valves. Ann Thorac Surg 67:966–971

14. Szafranek A, Jasinski M, Kolowca M, Gemel M, Wos S (2006) Plasma ANP and
rennin-angiotensin-aldosterone system as new parameters describing the hemo-
dynamics of the circulatory system after implantation of stented or stentelss aortic
valves. J Heart Valve Dis 15:702–709

15. Miraldi F, Spagnesi L, Tallarico D, Di Matteo G, Brancaccio G (2007) Sorin stent-
less pericardial valve versus Carpentier-Edwards Perimount pericardial bioprosth-
esis: is it worthwhile to struggle? Int J Cardiol 118(2):253–255

16. Cheng D, Pepper J, Martin J, Stanbridge RDL, Ferdinand FD, Jamieson WRE, Berg
G, Sani G (2009) Stentless versus stented bioprosthetic aortic valves: a systematic
review and meta-analysis of controlled trials. Innovations 4:61–73

17. Pepper J, Cheng D, Stanbridge RDL, Ferdinand FD, Jamieson WRE, Stelzer P, Berg
G, Sani G, Martin J (2009) Stentless versus stented bioprosthetic aortic valves:
a consensus statement of the International Society of Minimally Invasive Cardio-
thoracic Surgery (ISMICS). Innovations 4:49–60

Stented and stentless aortic bioprostheses: competitive or complimentary? z 345



Introduction

Artificial tissue valves are less durable than artificial mechanical valves but
they require less anticoagulation than mechanical valves and, thus, are as-
sociated with fewer bleeding complications. The past 40 years have wit-
nessed persistent efforts to manufacture either a mechanical valve that does
not require warfarin therapy or a tissue valve with greater long-term dur-
ability. The ATS 3 f Aortic Bioprosthesis was developed specifically to ad-
dress the durability problem with previously designed artificial tissue
valves.

There are a variety of reasons why artificial tissue valves fail prema-
turely, including inherent deficiencies in the tissue chosen for the valve,
failure to abolish its antigenicity during the fixation process, and detrimen-
tal alterations in its structural matrix due to the fixation process. While
recognizing the potential importance of these factors, we believe that the
major cause for the suboptimal durability of artificial tissue valves is im-
proper valve design. In the past, artificial tissue valves were largely based
on the erroneous concept that if an artificial valve looks like the native aor-
tic valve it will probably function like the native aortic valve. This notion
that “function follows form” is a faulty engineering concept and one that
invariably results in the maldistribution of stress on the valve leaflets and
in excessive turbulence of blood flow across the valves, both of which
doom the valves to failure. The design of the ATS 3 f valve is based on the
proven engineering concept that “form follows function”, i.e., it was de-
signed not to look like the native aortic valve but rather to function like
the native aortic valve. The fact that once implanted, it is difficult for even
experienced echocardiographers to tell the difference between the ATS 3 f
Bioprosthesis and a normal native aortic valve (Fig. 1) simply confirms that
we have accurately determined how heart valves function and that the form
of the ATS 3 f valve simply conforms to that function.

We believe that native heart valves function as if they were simple tubes
whose sides collapse passively in response to external pressure [1]. The
specific form that an individual native valve takes upon closure is deter-
mined by the anatomic constraints placed on the movements of that native

The ATS 3 f Aortic Bioprosthesis
J.L. Cox



tubular valve. Indeed, if any one of the four native valves is completely ex-
cised and replaced by a simple tube and constrained in the same manner
as the excised native valve, the replacement tube will assume the form of
the native valve upon closure . . . form follows function. Furthermore, both
the distribution of stress on the “leaflets” of the replacement tubular valve
when “closed” and the flow characteristics across the tubular valve when
“open” are virtually superimposable on those of the native valve. The ATS
3 f Aortic Bioprosthesis is a tubular valve that intentionally mimics the
function of the native aortic valve. Because its design is based on the con-
cept that “form follows function”, it should be more durable than pre-
viously less well-designed artificial tissue valves.
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Fig. 1. Anatomic similarity of the ATS 3 f Aortic Bioprosthesis (a) to the normal human aortic
valve (b). (Courtesy of Dr. X.Y. Jin)



Development and preclinical evaluation
of the ATS 3 f Aortic Bioprosthesis

The concept that native heart valves function as simple tubes whose sides
collapse in response to external pressures evolved over many years of ex-
perimentation. Pilot experiments evaluating our hypothesis extended from
1987–1999 during which time we used small intentine submucosa (SIS) as
the replacement valve tissue because it came naturally in tubular form and
was close enough in diameter to those of the mitral, tricuspid and aortic
valves that it could be used rather easily to replace all three of these native
valves. When the “preliminary” studies over a dozen years proved promis-
ing, 3 f Therapeutics, Inc. was founded and the development of a commer-
cially viable product was initiated.

z The choice of equine pericardium

Early studies demonstrated that SIS was simply not strong enough to
withstand the rigors of the in vitro durability evaluations required by the
USFDA. Multiple types of tissue, including bovine pericardium, were sub-
sequently subjected to extensive tensile strength tests. Equine pericardium
proved to be the strongest of all materials in the areas of the valve where
the stress was known to be greatest, i.e., in the “belly” of the valve leaflets
and it was at least as strong as bovine pericardium in all other areas of the
newly constructed valve. Moreover, equine pericardium is thinner and
more pliant than bovine pericardium and unlike bovine pericardium, there
is little variation in the natural thickness of equine pericardium. The com-
bination of equal or superior tensile strength in all planes and uniform
thickness in a thinner, more pliant material in comparison to bovine peri-
cardium and all other tissues evaluated, led to the selection of equine peri-
cardium as the tissue of choice. However, any number of other tissues
could have been chosen because the important characteristic of this valve
is its design, not its tissue type.

z Transvalvular flow dynamics

As the design of the commercial product necessarily evolved from a simple
tube of tissue to its ultimate form, we were careful to maintain its tubular
structure (Fig. 2). Prototype valves were then given to Dr. Mory Gharib,
Professor and Chairman of the Department of Biomedical Engineering at
the California Institute of Technology who voluntarily performed all trans-
valvular flow studies that were completely independent of 3 f Therapeutics,
Inc. Dr. Garib, a world-renowned expert in flow dynamics, summarized his
findings by noting that the flow pattern across this new valve were “. . . vir-
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tually superimposable on that of a normal human aortic valve . . .” and that
there was “. . . virtually no turbulence across the valve, again mimicking the
normal human aortic valve . . .” [1].

z Stress distribution on the valve leaflets

Finite-element analysis (FEA) had been performed in 1991 on simple tubes
using a CAD-CAM system borrowed from the McDonnel-Douglas Aircraft
Company in St. Louis, MO that was modified to measure the stress distri-
bution in the heart and its valves rather than the distribution of stress on
the F-15 Eagle and F-18 Hornet fighter planes that McDonnel-Douglas
manufactured. After the commercial 3 f valve was designed and con-
structed, it was subjected to a new series of FEA studies beginning in 1999
with more advanced dynamic capabilities. All of these studies revealed a
remarkable and absolutely critical finding . . . the site of lowest stress on
the 3 f valve occurred at the commissural posts (Fig. 3). This is precisely
the distribution of stress in a normal human aortic valve and differs dis-
tinctly from the stress distribution of every other artificial tissue valve ever
constructed in that the latter all have the highest stress at their commissur-
al posts! This is generally thought to be why the common failure mode of
artificial tissue valves is leaflet tear at or near their commissural post at-
tachments. Similarly, it is a major reason why we expect the ATS 3 f valve
to last longer than previously designed artificial tissue valves.

z In vitro hemodynamic performance

All in vitro hemodynamic and durability tests of the 3 f valve were per-
formed using the St. Jude Medical Toronto SPV valve as a control. That
valve was chosen as our control because at the time, it was considered to
be the state-of-the-art tissue valve with the best hemodynamics of any tis-
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Fig. 2. Final design of the ATS 3 f Aortic Bioprosthesis demonstrating that the tubular structure is
maintained. Reproduced with permission from [1]; © American Association for Thoracic Surgery



sue valve yet designed. Prior to initiating those studies, we sought the ad-
vice of the USFDA with a testing problem unique to the 3 f valve. Unlike
other stentless valves, including the SPV valve, the 3 f valve actually has no
stent. Therefore, whatever material was used to mount the valve for study
purposes had the potential to alter the function of the valve. We had
designed a latex aorta with sinuses of Valsalva (aortic sinuses) and the
USFDA directed us to use it to mount the 3 f valve during our hemo-
dynamic studies. However, the USFDA stipulated that we use two groups of
latex aortas, one engineered to have a compliance of 16% (mimicking a
normal aorta) and another engineered to a compliance of 4% (mimicking
a “stiff” aorta). All valve sizes from 19 mm to 29 mm were then subjected
to both groups of latex aortas at varying cardiac outputs. The results
clearly demonstrated the superior flow characteristics of the 3 f valve in
comparison to the SPV valve at all flow rates in both normal and “stiff”
latex aortas (Fig. 4). Subsequent experimental studies in calves by Mueller
and von Segesser confirmed the hemodynamic superiority of the ATS 3 f
valve over other stentless prostheses in the immediate postimplant period
[2].
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Highest Stress

Highest Stress

Stress Distribution on ATS 3f Aortic Valve

Lowest Stress

Fig. 3. Results of Finite Element Analysis of the distribution of stress on the leaflets of the ATS
3 f Aortic Bioprosthesis during ventricular diastole. Note the highest stress in the “belly” of the
leaflets and the LOWEST stress at the commissural posts. This stress distribution pattern is com-
mon to the ATS 3 f Aortic Bioprosthesis and the normal human aortic valve. Other artificial tis-
sue aortic valves have the highest level of stress at their commissural posts, their most common
site of failure



z In vitro durability tests

Accelerated wear tests were performed using six standard accelerated wear
testers each of which housed 10 individual valves, nine 3 f valves and one
SPV valve. The testers were set to open and close the valves at physiologic
transvalvular pressures 700 times per minute. At this rate, 200 million
cycles was “equivalent” to 5 years clinically, far more than the USFDA re-
quired of any tissue valve for approval. Again, the 3 f valve outperformed
the SPV valve at all sizes in both normal and “stiff” aortas (Fig. 5). Subse-
quent studies that have been allowed to extend nearly three times as long
continue to show that the ATS 3 f valve outperforms other valves, including
the Edwards Perimount valve, in terms of its durability (Fig. 6).
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Fig. 4. In vitro comparison of the gradients across the ATS 3 f Aortic Bioprosthesis and the Tor-
onto SPV valve. The two top panels compare size 29 mm valves and the two lower panels
compare size 19 mm valves. The two left panels compare valves implanted inside latex aortas
with a compliance of 16% and the two right panels compare valves implanted inside latex aor-
tas with a compliance of 4%. The ATS 3 f valve outperforms the Toronto SPV valve at both
sizes, at both degrees of aortic “stiffness” and across all cardiac outputs measured. Reproduced
by permission from [1]; © American Association for Thoracic Surgery
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Fig. 5. In vitro comparison of the durability of the ATS 3 f Aortic Bioprosthesis and the Toronto
SPV valve as determined by their relative degrees of destruction in accelerated wear testers.
Each of six testers held 9 ATS 3 f valves and 1 Toronto SPV valve. The valves were opened and
closed 700 times per minute for the designated number of cycles. This figure shows the typical
results for 19 mm valves but similar results were attained at all valve sizes up to 29 mm.
200 million cycles is equivalent to the average number of heartbeats in 5 years but to more
than 5 years of actual clinical durability. Reproduced by permission from [1]; © American Asso-
ciation for Thoracic Surgery
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Fig. 6. In vitro comparison of the durability of the ATS 3 f Aortic Bioprosthesis and the Edwards
Perimount valve as determined by their relative degrees of destruction in accelerated wear testers.
The valves were opened and closed 700 times per minute for the designated number of cycles



Clinical performance and results

The first 3 f valve was implanted clinically by Drs. Hugo Vanermann and
Philippe Castleman in Aalst, Belgium on October 3, 2001. The initial clini-
cal trial included 405 patients. The European CE Mark was issued for the
3 f valve in September 2004 and the company was subsequently purchased
by ATS Medical, Inc. in 2007. The valve, subsequently known as the ATS 3 f
Aortic Bioprosthesis, received final USFDA approval on October 31, 2008.

z Clinical hemodynamic performance

Approximately 2500 ATS 3 f valves have now been implanted world-wide
and there has been only one reported instance of what had to be classified
technically as a “structural valve failure”. Early clinical implants during the
European Clinical Trial which ended in March 2004 demonstrated that
when properly sized, the valves had extremely small gradients and excellent
hemodynamics. However, because the valve is devoid of any type of stent,
it can be folded, collapsed or “crimped” so that almost any size valve can
be physically inserted into almost any size aortic root. This led to problems
early in the trial in which some surgeons implanted valves that were too
large for the aortic root, often by two full sizes, resulting in unacceptable
transvalvular gradients. Once the oversizing problem was recognized, the
low transvalvular gradients across the ATS 3 f valve proved to be one of its
strongest attributes [3–7].

z Clinical flow dynamics and aortic root preservation

One day in 2004, we received a surprising and unsolicited note from Dr.
X.Y. Jin, an echocardiographer at the Radcliffe Infirmary, Oxford University
stating that as a part of his on-going evaluation of all commercial stentless
tissue valves, he had performed an extensive study of the 3 f valves that
had been implanted by his surgical colleague, Mr. Ravi Pillai as a part of
our European Clinical Trial. His note stated that “The 3 f valve represents a
major milestone towards achieving native aortic valve structure and func-
tion” [8]. In addition to looking almost exactly like a normal human aortic
valve on Echo (form follows function), Jin’s studies showed remarkably
similar flow characteristics in the aortic root, especially during ventricular
systole when the valve leaflets are open. As blood passes out the distal end
of the valve, a portion of it “wraps around” over the ends of the leaflets
and swirls downward into the aortic sinuses to initiate the actual closure
of the leaflets during end-systole. The flow patterns in the normal aortic
valve and in the ATS 3 f valve are virtually indistinguishable at this critical
point in the cardiac cycle (Fig. 7). This flow characteristic results in both
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the normal human aortic valve and the ATS 3 f valve closing from the belly
of the leaflets upward towards the commissural posts, a major factor that
further reduces the stress on the commissural posts and adjacent leaflet
edges (see Fig. 3).

Dr. Jin also has unpublished data that cannot be disclosed in any detail
here but which demonstrate that unlike all other artificial valves of any
type, mechanical or tissue, the ATS 3 f valve allows the normal anatomy
and hemodynamic function of the aortic root to be preserved following
implantation [9]. This is true partly because of the implantation technique
that is unique to the ATS 3 f valve in which the continuity of the left ventri-
cular outflow tract (LVOT) and the sinotubular junction (STJ) are main-
tained but without any intervening sutures between the two that traverse
the aortic sinuses and destroy their ability to reduce, regulate, and properly
distribute stress on the aortic valve leaflets throughout the cardiac cycle.

Summary

The ATS 3 f Aortic Bioprosthesis is the vanguard of a new generation of ar-
tificial tissue valves that diverge markedly from previous generations in its
design characteristics. Every in vitro study and every controlled clinical
evaluation performed to date indicates that this valve design is superior to
previous tissue valve design and, therefore, should result in enhanced
long-term durability. The two major goals of the original radical design
change were the following: (1) superior flow characteristics with a mini-
mum of transvalvular flow turbulence, and (2) improved distribution of
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a b

Fig. 7. Color Doppler-flow studies of the trans-valvular flow dynamics of the normal human
aortic valve (left panel) and the ATS 3 f Aortic Bioprosthesis (right panel). Note that as the
blood is ejected from the left ventricle through the open aortic valve during systole, it is al-
ready beginning to flow over the edges of the open leaflets to enter the aortic sinuses. This
characteristic, which is unique to the ATS 3 f valve among artificial prostheses, not only en-
hances coronary artery flow during ventricular systole but also augments the optimal distribu-
tion of stress on the aortic valve leaflets during diastole [8, 9]. (Courtesy of Dr. X.Y. Jin)



stress on the valve leaflets. It was believed that these two goals would result
in improved durability of artificial tissue valves. To those two goals has
been added the observation that normal aortic root anatomy and function
are essential to the long-term durability of any artificial tissue valve. The
ATS 3 f valve accomplishes all three of these goals and is unique in doing
so, thus, offering the greatest promise of a truly long-term artificial tissue
heart valve.
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The hemodynamics of stentless valves are generally recognized as being
superior to that of stented devices. Low gradients and large effective orifice
areas reflect minimal residual obstruction improving systolic performance,
while regression of left ventricular mass diminishes ventricular stiffness
improving ventricular filling and diastolic performance.

Physiological advantages conferred by stentless devices must, however,
be measured against long-term durability and low complication rates. This
report relates the 17-year results of the Cryo-Life O’Brien stentless porcine
aortic valve in 1231 consecutive and unselected patients in a single center
and by a single surgeon.

The study valve

Cryo-Life International manufactured the Cryo-Life O’Brien stentless por-
cine aortic bioprosthesis between 1991 and 2004 (Cryo-Life International
Inc, 1655 Roberts Blvd, NW Kennesaw, GA 30144, USA). This stentless
valve is of a composite design, constructed with noncoronary leaflets ob-
tained from three porcine valves. It is devoid of Dacron reinforcement.
Starting in 2004, the valve was manufactured in Brazil by Labcor and then
checked and sterilized in Atlanta.

z Patients

Demographics are depicted in Table 1. There were no pre-established ex-
clusion criteria. During the study period, only 27 stent-mounted biological
valves were used essentially in patients requiring root replacement for an-
nuloaortic ectasia. Patients were predominantly female with a ratio of 4 to
1. The mean age has changed throughout the study, 62±14 during the
early years, 78±6 during more recent years, reflecting a general trend of
operating on elderly patients.

The Cryo-Life O’Brien stentless valve:
1991–2008
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Postoperative anticoagulation was systematic, vitamin K inhibitors re-
placed by low-dose aspirin or according to the referring cardiologists pre-
ference.

Follow-up information was obtained over an 8-month interval through
questionnaires addressed to cardiologists, general practitioners, and pa-
tients and also telephone contacts. Survivors were followed for an average
of 8.6 years, and the total follow-up was 5982 patient-years. Recent echo-
graphic information was obtained in 95% of patients living in France
where follow-up was 98% complete. Of 35 young patients living abroad,
essentially North Africa, 21 were lost to follow-up.

Standard actuarial and linearized statistical techniques were used to de-
scribe survival and the incidence of valve-related events. Continuous vari-
ables are presented as mean±standard deviation; actuarial probability and
linearized rates are given as mean±95% confidence limits of the mean.
The STS/AATS/EACTS guidelines were used for reporting morbidity and
mortality after cardiac valve operations.

z Operative technique

The stentless porcine aortic valve was secured to the patient’s aortic root
with a single line of three interrupted running sutures. The suture is
started at the nadir of each scalloped segment of the aortic annulus and
run up to one commissure then to the next, as previously described [1].
With the valve being positioned above the annulus and not inside or below
the annulus as with the other stentless valves, the selected valve, to be non-
obstructive, must have an inflow diameter that is ideally identical to the di-
ameter of the aortic annulus. This diameter is measured with a cylindrical
Hegar probe. Thus, for a measured aortic annulus of 25 mm, one should
select a stentless valve that offers an inflow diameter of 25 mm. However,
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Table 1. Patient’s demographics

z No. of patients 1231
z Age (years) 76±4.2 range 14–90
z Sex M/F 296/935 (25/75%)
z Sinus rhythm 837 (68%)
z NYHA I–II/III–IV 233/998 (19/81%)
z Calcified aortic stenosis 1194 (97%)

z Associated lesions
– Coronary 258 (21%)
– Mitral valve 147 (12%)
– Failed bioprosthesis 98 (8%)



considering that the manufacturing size of the stentless valve as indicated
on the prosthesis packaging does not give the inflow diameter we use, but
only the exterior diameter of the valve that adds the thickness of the por-
cine aortic wall to the inflow orifice, we systematically select a valve 2 mm
larger than the measured diameter. For example, a 27 mm valve will accept
the 25 mm Hegar probe through its inflow orifice. Oversizing a valve is
only considered if the Valsalva sinuses are bulging.

z Results with the original valve manufactured at the Cryo-Life facility

A total of 1009 patients were followed for 13 years (mean 6.8 years, 4825
patient-years).

z Patient survival

The 30-day operative mortality for isolated procedures was 2.7%; the mean
age of these patients was 72±4.2 years (Fig. 1). In patients with associated
lesions, mean age 77±5.3 years, operative mortality was 14%. The 3-month
operative mortality comprises 76 patients (7.7%). Only one of these deaths
can be directly related to the valve (traumatic dissection of the left coro-
nary ostia). The other deaths were related to the patient’s preoperative sta-
tus: emergency, severe left ventricular dysfunction, reoperations, prosthetic
valve endocarditis and/or respiratory or renal failure.

z Late mortality

There were 464 late deaths (Table 2). The causes of these deaths were valve
related in 22 (0.42%/year), cardiac related in 57 (0.56%/year), and non-
cardiac related in 385 (7.8%/year). The actuarial survival rate, including
operative mortality was 76%±6% at 10 years and 46%±3% at 13 years
(Fig. 1).

Nonfatal cardiac events such as myocardial infarction occurred in 18
patients, while 12 had previously undergone coronary bypass procedures.
Of the 469 patients alive and with their original stentless porcine aortic
valve, 75% are in New York Heart Association functional class I or II.
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Table 2. Late mortality (9.6%/year) in 464 of cases

Valve related 22 0.42%/year

Cardiac related 57 0.56%/year

Noncardiac 385 7.8%/year



z Valve-related complications (Table 3)

z Nonstructural dysfunction. Six patients showed evidence of nonstructural
valve dysfunction (0.33% per patient-year). Three patients had severe aor-
tic regurgitation related to early technical errors, such as slack sutures,
prolene rupture, and leaflet perforation leading to reoperations during the
first 2 years, mean 12±6 months. Three other cases of progressive aortic
insufficiency developed in patients whose initial moderate early regurgita-
tion increased over years leading to reintervention at a mean of 6±2 years.
All had successful reoperations with a new stentless valve.
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Table 3. Linearized rate of valve-related events (No. events/patient-years×100)

z Patients 1009
z Patient-years 4825
z Mean follow-up 6.6 years
z Mean age 76±4.2 years

Linearized rate of events (No. events/patient-years×100)
z Embolism 28 0.5%/year
z Bleeding 32 0.6%/year
z Endocarditis 15 0.3%/year
z Nonstructural deterioration 6 0.12%/year

z Structural deterioration
≥65years 3 0.05%/year
<65years 29 0.5%/year

z Thrombosis 2 0.04%/year
z Reoperations 53 1.1%/year
z Total deaths 464 9.6%/year
z Death valve related 22 0.4%/year



z Valve thrombosis occurred in a young patient, 36 years old, 3 months
postoperatively with a mean transvalvular gradient of 80 mmHg. At re-
operation, the valves were thick with layers of thrombus. Another case of
valve thrombosis occurred in a 62-year-old patient during the first post-
operative year with evidence of thick leaflets, high gradients, and valvular
regurgitation that returned to normal after a few months of oral anticoagu-
lation and has remained normal over the following 12 years (0.13% pa-
tient-year). The two patients had no evidence of endocarditis.

z Hemorrhagic and embolic complications. All patients received anticoagu-
lants for the first 2 to 3 months. Continuation of anticoagulation was indi-
cated by atrial fibrillation in 252 patients or according to the cardiologist’s
decision leading to a higher than usual anticoagulant-related bleeding: 32
cases that translate into a linearized rate of 0.32% per patient-year. Corre-
latively, the incidence of embolic events is relatively low, 28 cases (0.27%
per patient-year).

z Operated valvular endocarditis. There were three cases of postoperative
early stentless aortic valve endocarditis due to Staphylococcus aureus, two
of which healed with antibiotics, leaving only mild regurgitation in spite of
a sterilized periannular abscess. Two other cases of endocarditis affected
only the stented mitral porcine prosthesis with a periannular mitral ab-
scess. The stentless aortic valve was not involved in the septic process at
reoperation. Late endocarditis was documented in 12 cases, one died be-
fore surgery.

z Structural valve deterioration. The freedom from structural deterioration
at 13 years is 98% in patients 65, mean age 76±8 and 53% in 57 patients
<65, mean age 35±21 (Fig. 2).

Thirty-two patients showed evidence of structural valve deterioration
during the follow-up period and were successfully reoperated. Twenty-nine

z U. Hvass, T. Joudinaud360

120

100

80

60

40

20

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fr
ee

do
m

 fr
om

 p
rim

ar
y 

tis
su

e 
fa

ilu
re

 [%
]

Time post-operative [years]

All patients
> 65 years
<65 years

Fig. 2. Actuarial freedom from structural valve deterioration



of the patients were under 65 with a mean age at initial surgery of
27.5 ±12.2 years and a mean delay of 7±1.41 years. Twenty-one patients re-
ceived a mechanical valve, six a stent-mounted bioprosthesis and two a
stentless pericardium valve (Sorin Solo). Three patients &gt;65 years of age
underwent reoperations between 3 and 9 years after the initial operation.
They received a new stentless valve.

z Reoperations. There were 52 aortic valve reoperations in this series
(0.68% per patient-year). Six reoperations were indicated for nonstructural
deterioration, 12 for aortic valve endocarditis, 1 for valve thrombosis, and
32 for structural deterioration. Two stentless valves were changed during
reoperations for mitral prosthesis endocarditis although there was no ap-
parent involvement of the aortic valve. Three reoperations were necessary
for mitral valve repairs; there were no coronary bypass operations during
the follow-up period.

z Hemodynamic data

The distribution of valve sizes is shown in Fig. 3. Transvalvular gradients
at discharge and beyond the first year are depicted in Fig. 4. About 30% of
the patients over 70 years of age receive a small size device, size 21 and 23
corresponding, respectively, to a measured aortic annulus of 19 and
21 mm. The gradients are consistently low, with an indexed effective orifice
area at discharge over 0.80 cm2/m2 and above 0.90 cm2/m2 after the first
year, reflecting only very mild residual obstruction.

An exercise hemodynamic evaluation was performed between 6 and 12
months in ten patients using echocardiography and Doppler during exer-
tion by cycling in a semisupine position. With a moderate workload of
60 W, the results show that stentless valves exhibit a normal pattern of
adaptation, augmenting cardiac output through increased stroke volume,
while residual gradients remain low.
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Results with the second-generation valve manufactured
at the Labcor facility in Brazil and sterilized at Cryo-Life

A total of 222 patients received implants and were followed from 2004–
2008 (cumulating 1157 patient-years).

Over the last 4 years, valve manufacture has changed. The second-gen-
eration valve was mounted and glutaraldehyde fixed at zero pressure by
Labcor in Brazil then sterilized in Atlanta. A total of 222 valves were im-
planted. After a period of 18 to 24 months, there was an abnormally high
incidence of endocarditis (8.1%), which resulted in 17 reoperations. All
these patients had echographic evidence of periannular abscesses with aor-
tic insufficiency.

At reoperation, cavities were found around the valve, destroying the aor-
tic annulus. The valve was dehiscent, explaining aortic regurgitation. The
valve leaflets were normal, without vegetations (except two cases) or per-
forations. Only two patients had previously been operated on for endocar-
ditis. Explanting the valve from the patient’s wall was abnormally easy, as
though there had been little healing process between the stentless porcine
aortic wall and the patient’s aortic wall.

Comment

Initially used in the early 1960s by O’Brien [1], stentless aortic valves came
back into practice in the late 1980s pioneered by David with the Toronto
SVP stentless valve. Since then, a variety of stentless valves have been intro-
duced, proposing different handling characteristics. Huysmans and Westa-
by, among others, established the results of the Freestyle Medtronic stent-
less valve, while O’Brien [2] and Hvass [3] reported results of the Cryo-Life
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O’Brien stentless valve. All these stentless devices went through a learning
curve that temporarily affected early results, introducing nonstructural de-
teriorations apparent in all publications.

A ‘stentless identity’ was soon recognized, consistently being associated
with an improved resting hemodynamic profile with low gradients and
large effective indexed orifice areas indicating only mild residual obstruc-
tion after aortic valve replacement even in the small aortic roots [4], a
characteristic rarely contested and further demonstrated by a more efficient
regression of left ventricular hypertrophy [5]. These physiological advan-
tages constantly raised a controversial debate centered on whether the
stentless device was more than only a surgical tool on which we were fo-
cusing our attention and whether the patient would really benefit from it.

The debated question relating functional and survival benefits, intui-
tively anticipated by improved left ventricular performance, was addressed
in several studies and trials in which a pattern that ‘stentless’ patients ex-
perienced fewer cardiac events appeared and that survival advantages per-
ceptible in younger patients tapered off in the elderly groups which are the
recognized recipients of biological valves.

Long-term durability of the stentless devices was expected on arguments
of dampened mechanical stresses, the flexible and expanding aortic root
being the most physiological support for any aortic valve. The long-term
results of the Toronto SVP valve show stability of the stentless valve when
not affected by subsequent sinotubular dilatation that disturbs the initial
geometry of the valve and leads to central regurgitation. The results of the
Freestyle valve have been reported by single centers using a variety of tech-
niques and have also reached the 8-year mark with stable results in a mul-
ticenter subgroup of 104 root replacements. ‘Stentless identity’, however, is
not sufficient to be able to transfer conclusions from one device to another.
The design of the Toronto SVP, the Freestyle and the Cryo-Life O’Brien are
specific, leading to implantation rules and possibilities that are not all
shared from one device to the other. In particular, the recommended im-
plantation position of the Cryo-Life O’Brien stentless, in opposition to all
other stentless designs, is above the annulus, a feature that easily allows
the surgeon to oversize when the Valsalva sinuses are large. Patients whose
indication for surgery was aortic insufficiency or a calcified bicuspid aortic
valve represent a not infrequent subset of patients who more often have
a larger than normal Valsalva sinus and sinotubular junction that tend
to further enlarge during the follow-up period. The stentless Cryo-Life
O’Brien is oversized mainly within this group of patents, and therefore it is
not affected to the same extent by an eventual further widening of the
sinotubular junction. It is essentially in patients with aortic insufficiency
and bicuspid valves that other stentless valves experience late valve insuffi-
ciency and dilation of the sinotubular junction leading to noncoaptation of
otherwise usually normal leaflets.

The 10-year results of the Cryo-Life O’Brien stentless valve as previously
reported [6] equate the 10-year results of the Carpentier-Edwards pericar-
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dial valve [7], which stands as a reference for many. This pericardial valve
is stable with degenerative changes being infrequent in patients 65+ years
old. The results also equate the 10-year mark of the important series pub-
lished by Jamieson [8] reporting porcine Carpentier-Edwards SAV and
Hancock-II bioprostheses.

A question that seems central to the future of stentless devices is the
surgeon’s ability to use them in all situations. Different lines of investiga-
tion have been tested in which one can recognize three tendencies. The
most widespread is probably represented by elective indications confirmed
or rejected by the surgeon in the operating room on the basis of perceived
feasibility giving full latitude to implant or renounce. This flexible
approach allows the surgeon to become progressively familiar with the de-
vice and with experience eliminate previously resented contraindications.
Another tendency is to have at hand a variety of stentless opportunities
that suggests that the large spectrum of available devices allows optimizing
the fit between a specific valve design, the patient’s pathology, and the pre-
cise root anatomy. This seems to be a misleading message to young sur-
geons conveying the impression that commitment towards stentless devices
is a highly selective process and very complicated to master. The third po-
sition is a systematic approach as we have proposed with our large series
of Cryo-Life O’Brien stentless valves from the very beginning. During the
17-year period, only patients with annuloaortic ectasia did not receive a
Cryo-Life O’Brien stentless valve. Four patients with coronary anomalies
(coronary ostia on each side of a commissure or anomalous circumflex
running through the aortic wall) and a case of porcelain aorta, for which
we renounced to perform any procedure, represent the only technical im-
possibilities discovered in the operating room. Implantation time, with ex-
perience, is even shorter than conventional devices, and however complex
associated procedures may be they never raise even the thought of prefer-
ring a stented device.

Conclusion

At 13 years, the initial generation of Cryo-Life O’Brien stentless porcine
aortic valve gives excellent results in terms of durability that equates the
results of the stent-mounted devices. The stentless valve furthermore dis-
plays specific physiological advantages (gradients, orifice areas and mass
regression that translate into an appropriately adapted left ventricular exer-
tion profile) that may be related to symptomatic and eventual survival im-
provements.

However, the second generation of the valve, regardless of the reasons,
was associated in our series with an 8% reoperation rate 16±9 months
after initial implantation.

z U. Hvass, T. Joudinaud364
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Introduction

The ideal aortic valve implant will provide maximum restoration of aortic
valve dynamics, a low transvalvular gradient, minimal long-term structural
valvular degeneration, a low infection rate and will be relatively easy to im-
plant. Stentless bioprosthetic valves have been shown to provide excellent
hemodynamics in comparison to first and second generation stented bio-
prostheses, with corresponding early greater regression in left ventricular
mass [14]. We assessed the medium term outcome of implantation of the
Vascutek Elan aortic stentless bioprosthesis (Vascutek, Newmains Avenue,
Inchinnan, Renfrewshire PA4 9RR, Scotland, UK) in a single center (Fig. 1).

The Vascutek Elan stentless porcine
prosthesis – the Glasgow experience
G.A. Berg, P. Sonecki, R.B. S. Berg, K. J.D. MacArthur

Fig. 1. Vascutek Elan stentless bioprosthesis



Materials and methods

This study was approved by the local hospital research ethics committee.
All patients underwent an aortic valve replacement in the Western Infirm-
ary, Glasgow between September 1999 and January 2008. Patients had fol-
low-up echocardiographic examination as clinically indicated. Clinical fol-
low-up of all survivors was carried out in October 2007. Data was prospec-
tively entered into a clinical database Late deaths were correlated with the
Information Services Division of the Scottish NHS. All surviving patients
underwent clinical follow-up. Echocardiographic data was analyzed where
available.

z Study population

From August 1999 to February 2008, 363 Elan stentless valves were inserted
into 361 consecutive patients in a single institution. The patient mean age
(± standard deviation was 71.7 ±8.4 (range 27 to 88 years). Age groupings
are shown in Fig. 2. Preoperative clinical characteristics are presented in
Table 1 and operative procedures in Table 2.

z Echocardiography

Echocardiographic studies were analyzed at 2±0.6 and 6±1.4 years after
valve replacement. Data collected included fractional shortening and left
ventricular mass, left ventricular systolic and diastolic dimensions. Data on
aortic valve and root morphology and the mechanism of valve failure,
where relevant, were also collected. Structural and nonstructural valve de-
terioration was defined according to guidelines published by Edmunds [7].
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z Surgical technique

The indications for surgery are shown in Table 3. All prostheses were in-
serted using a similar subcoronary technique. The aorta was opened using
a horizontal aortotomy. After excision of the aortic valve and decalcifica-
tion, the annulus and sinotubular junction were measured separately. A
stentless valve was not deemed suitable for insertion if there was a discrep-
ancy between the measurements of more than 2 mm. The larger of the
measurement was used as the appropriate prosthesis size. Prostheses were
inserted to using a two layer technique, with interrupted 2/0 Tycron for the
first layer and continuous 4/0 Prolene for the second.
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Table 1. Patient characteristics

Recipient number 361
Mean age 71.7±8.4 yrs Range 27–88
Male 168 (46.5%)
Coronary artery disease (%) 145 (40.2%)
Mitral valve disease (%) 25 (6.9%)
NYHA I 32 (8.9%)
NYHA II 134 (37.1%)
NYHA III 165 (45.7%)
NYHA IV 30 (8.3%)
Emergency 5 (1.4%)
Urgent 26 (7.2%)
Previous open heart surgery 16 (4.4%)
Cerebrovascular disease 46 (12.7%)

NYHA New York Heart Association class

Table 2. Operative procedures

All Isolated AVR AVR+CABG AVR+Other

Patients 361 185 145 31
Mean age (yrs) 71.7 70.6 74.0 68.2
Male 46.5% 42.2% 51.7% 48.4%
Logistic EuroSCORE 8.9% 8.1% 7.7% 18.8%
Redo 16 (4.4%) 2 1 13



z Statistical analysis

Survival analyses using the Kaplan-Meier method were used to estimate
survival and freedom from valve-related adverse events.

Results

From August 1999 until January 2008, 363 Elan stentless bioprostheses were
implanted into 361 consecutive patients at our institution. The range of
valve sizes inserted are shown in Fig. 3. An isolated first time aortic valve
replacement was performed in 185 (51.2%) patients. Coronary artery by-
pass grafts were performed in 145 (40.2%) patients. Overall hospital mor-
tality was 4.2% (Logistic EuroSCORE 8.9%). The Elan valve was inserted in
17 (4.7%) patients with native or prosthetic valve endocarditis. Two of
these patients presented with aortic root abscesses secondary to native aor-
tic valve infectious endocarditis and subsequently had repeat aortic valve
replacements with Elan bioprostheses for continuing infection. Both have
competent valves at long-term follow-up. The hospital mortality for isolated
first time aortic valve replacement was 2.2% (Logistic EuroSCORE 8.1%).
The operative and postoperative outcomes are shown in Table 4. Two pa-
tients sustained a postoperative cerebrovascular injury with a severe resid-
ual defect (0.6%).
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Table 3. Indications for surgery

Patients 361
Aortic stenosis (%) 281 (77.8%)
Aortic incompetence (%) 47 (13.0%)

Mixed 33 (9.2%)

Calcific degeneration 284 (77.8%)
Rheumatic 31 (8.6%)
Myxomatous degeneration 10 (2.8%)
Congenital 14 (3.9%)

Infection 17 (4.7%)
Native endocarditis (%) 12
Prosthetic valve endocarditis 5
Aortic/atrial fistula 1
Thrombosed prosthesis 1



Total follow-up was 1251 patient years. Late deaths occurred in 65 pa-
tients, and six of them were valve related (1.8% patient/years). Overall pa-
tient survival was 74.3±2.8% and 54.9±5.9% at 5 and 8 years, respectively
(Fig. 4). Seven valves (1.9%) required reoperation. Five were due to endo-
carditis (three late prosthetic valve endocarditis and two for continuing in-
fection following aortic valve replacement for native valve endocarditis),
one for a paravalve leak and one due to a leaflet tear associated with calci-
fication. Freedom from structural and nonstructural valve deterioration
(Fig. 5) and reoperation (Fig. 6) was 91%±4% with 94%±4%, respectively,
at 8 years.

Early hemodynamic data measured at echocardiography are shown in
Table 5. All valve sizes had a mean gradient of less than 6 mm. Surviving
patients who were fit enough to travel to hospital for review had echocar-
diography carried out at a mean of 75 months following operation. These
data are shown in Table 6.
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Table 4. Operative and postoperative outcomes

All Isolated AVR AVR+CABG AVR+Other

Patients 361 185 145 31
Ischemic time (min) 79 71 82 114
Cardiopulmonary bypass
time (min)

103 90 109 149

Ventilation 17 h 12 h 18 h 4 d 4 h
Hospital stay 9 d 6 h 8 d 3 h 9 d 19 h 13 d 10 h
Logistic EuroSCORE 8.90% 8.10% 7.70% 18.80%
Hospital mortality 15 (4.2%) 4 (2.2%) 8 (5.5%) 3 (9.7%)

Fig. 3. Size of Elan valve
inserted
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Fig. 4. Kaplan Meier freedom from all cause death after aortic valve replacement with the Elan
stentless valve

Fig. 5. Kaplan-Meier freedom from structural valve deterioration after aortic valve replacement
with the Elan stentless valve

Fig. 6. Kaplan-Meier freedom from reoperation after aortic valve replacement with the Elan
stentless valve



Discussion

The Vascutek Elan stentless valve is made from a single piece of porcine
tissue component to ensure retention of the proper anatomical shape. It is
zero pressure fixated and fresh mounted to minimize bending stresses on
the valve during manufacture. The muscle bar of the porcine aortic root is
covered with a double layer of porcine pericardium. The valve therefore
has a minimal amount of prosthetic material inserted during its manufac-
ture. We found its handling characteristics were similar to a human homo-
graft.

The human homograft is considered to be the best valve to be inserted
in the presence of infection [15, 18], because of its handling characteristics
and the ability to use the anterior leaflet of the mitral valve to patch de-
fects associated with abscess formation. It also has low reinfection rate, ex-
cellent function and longevity [9]. However, human homografts of the
appropriate size are not always available. The Shelhigh SuperStentless valve
when used with a tissue conduit has been reported to have similar hemo-
dynamic results, ease of implantation and low rates of recurrent endocardi-
tis compared with homografts. Siniawski et al. concluded that these stent-
less valves were preferable to homografts in cases of aortic endocarditis
[17]. The same author also concluded that valves that do not contain artifi-
cial fabric material offer resistance to bacterial infection [16].
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Table 5. Early echocardiographic hemodynamic data

Valve size
(mmHg)

Mean gradient
(mmHg)

Peak gradient
(mmHg)

Peak flow
velocity (m/s)

EOAI
(cm

2
/m

2
)

21 5.1±0.9 11.0±0.2 1.66±0.18 0.94

23 4.4±0.3 13.5±0.4 1.82±0.1 0.93
25 5.5±0.6 13.4±0.4 1.78±0.1 1.00
27 4.2±0.7 10.2±1.7 1.69±0.1 1.11
29 4.3±0.6 9.6±1.2 1.53±0.1 1.20

Table 6. Medium term echocardiographic hemodynamic data

Valve size
(mmHg)

Mean gradient
(mmHg)

Peak gradient
(mmHg)

Peak flow
velocity (m/s)

21 12.0±3.9 27.0±5.2 2.57±1.3
23 10.2±2.3 21.0±3.74 2.26±0.9
25 8.0±1.7 17.0±2.9 2.0±0.3
27 6.3±1.4 6.3±2.2 1.24±0.2
29 3.2±0.9 7.0±2.3 1.3±0.2



We inserted the Elan valve in 17 patients with infective endocarditis. In
two patients the procedures were done as a salvage procedure in associa-
tion with end-stage heart failure and gross aortic incompetence with multi-
ple root abscesses. Stentless valves were inserted to achieve aortic valve
competence and improve hemodynamics in a situation where insertion of a
stented bioprosthesis may not have been possible. Both patients survived
but required early re-replacement of the stentless valves with a following
full recovery. Other workers have used subcoronary stentless bioprostheses
for the treatment of endocarditis [8, 13, 17].

Stentless aortic bioprostheses were reintroduced in order to overcome
problems associated with durability of stented bioprostheses at that time
and to improve valve hemodynamics. Studies have shown that early hemody-
namics of stentless valves are superior to stented valves particularly in the
first 12 months following implantation [2, 18]. Although there is a quicker
improvement in reduction of left ventricular mass, it has not been translated
into a significantly different clinical improvement. Studies show that the me-
dium term results of stentless porcine prostheses are excellent [1, 5, 10, 12]
but there are concerns regarding late structural valve deterioration [6]. In ad-
dition, when compared to third generation stented bioprostheses the hemo-
dynamic advantage may not be as great across the range of valve sizes [3, 4,
11], although comparison with a stentless valve with a potentially obstructive
cloth covering may not be appropriate. We found that the medium term (8
year follow-up) results of the Elan stentless valve were excellent; however,
further follow-up to assess the long-term results is required.
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Table 7. Causes of late death

Total late deaths 65 (18%)

Accidental overdose 1
Cancer 6
Cardiac failure 7
Cerebral infarction 4
Head injury 1
Liver failure 1
Multi-organ failure 1
Myocardial infarction 7
Perforated bowel 1
Pneumonia 6
Renal failure 1
Respiratory failure 3
Septicemia 2
Shock 1
Unknown 23



Limitations of the study

This study has limitations due to the retrospective design. Clinical and
echocardiographic examination of all surviving patients was not possible
due to travel restrictions of elderly patients in the west of Scotland. There
were a relatively small number of patients who had their valves inserted
more than five years ago.

Conclusions

The Elan stentless valve, implanted in an elderly population, is associated
with excellent clinical outcomes at eight years of follow-up. This study has
shown that the valve is durable in the medium term and appears to be a
good option for patients with native or prosthetic valve endocarditis in an
elderly age group.
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Aortic valve disease is the most common cardiac valve condition in devel-
oped countries, and its prevalence increases with patient age, especially
due to calcified aortic stenosis [24]. Although aortic valve replacement
(AVR) remains the most effective treatment in the majority of cases for
significant aortic stenosis as well as aortic regurgitation, few data are
available for long-term surgical outcome. Perimount pericardial valves offer
excellent hemodynamic function, and the present authors’ 10 year experi-
ence proved to be satisfactory when these valves were implanted in both
the aortic and mitral positions [2, 3]. However, the long-term durability
and performance of the valve remained questionable. The study aim was to
evaluate long-term results of valve replacement for significant aortic valve
disease, and long-term behavior of the aortic Perimount pericardial bio-
prosthesis, which the present authors have been implanting since 1984.

Clinical material and methods

z Patients

Between July 1984 and December 2003, a total of 1600 consecutive patients
aged >60 years, and 257 selected patients aged <60 years, underwent AVR
for isolated aortic valve disease with a Perimount pericardial bioprosthesis
at the authors’ institution. The 257 selected patients presented with contra-
indications to anticoagulation treatment, mental inability, poor life expect-
ancy with comorbidities, and a few had refused anticoagulation treatment
due to lifestyle (women wishing to become pregnant, young people partici-
pating in sporting activities, or traveling). Indications for surgery followed
international guidelines [6] as well as the European Association of Cardiol-
ogy report [15] for asymptomatic patients. The indication was calcified
aortic stenosis in 1133 (61%) cases, regurgitation in 468 (25%) and mixed
in 256 (14%). The patient cohort comprised 1279 males (69%). Mean age
was 69.8 years (range: 19 to 91 years). Mean NYHA functional status was

20 years’ durability
of Carpentier-Edwards Perimount
stented pericardial aortic valve
E. Bergoënd, M.R. Aupart, A. Mirza, Y.A. Meurisse,
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2.4, with 780 patients (42%) in NYHA classes III or IV. Chronic atrial fi-
brillation was observed in 166 patients (8.9%), and a pacemaker was pres-
ent in 61 (3.3%).

z Surgical technique

Patients were operated using a standard procedure via a median sternot-
omy with cardiopulmonary bypass, hemodilution, and general body hy-
pothermia. Myocardial protection was achieved with crystalloid or blood
cardioplegia and topical cooling. Valves implanted in each patient were as
large as possible. As the aortic annulus was not enlarged in patients aged
>60 years, 19 and 21 mm valves were used, despite their reputation for
mild stenosis. Concomitant surgical procedures were required in 606 pa-
tients (32%); these included aortocoronary bypass in 335 patients (18%).

z Anticoagulation

The postoperative anticoagulant protocol included heparin administration
for two days, followed by one month treatment with calcium heparin (acti-
vated partial thromboplastin time >1.5 times normal) or acenocoumarol
(International Normalized Ratio 2.5–3). After one month, anticoagulation
treatment was discontinued at the cardiologist’s discretion, except in pa-
tients with atrial fibrillation. Since 1998, postoperative treatment has been
modified with prophylactic doses of low molecular weight heparin for one
month.

z Follow-up

The population was followed up in alternate years, using a consistent pro-
cedure. The latest data were obtained during a 6-month interval (April–
September, 2004) through questionnaires sent to the cardiologist, family
physician and patients, and completed by telephone contacts. The ques-
tionnaire included an echocardiographic study by the cardiologist and a
survey on the patient’s health condition. If a questionnaire was not re-
turned or was unclear, repeated mailing and telephone contact were under-
taken. Any patient with a discrepancy or with an abnormal echocardio-
graphic examination was directly followed up at the authors’ institution by
one of the consultant cardiologists. Guidelines for reporting mortality and
morbidity after cardiac valvular operation [10] were observed in these
studies. An echocardiographic definition of structural failure was indicated
by a mean gradient >40 mmHg or aortic insufficiency of grade 3 or 4
(based on a scale of 1 to 4).
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z Data analysis

All data were analyzed with Sedistat (SEDIA SA, Paris, France). Standard
actuarial and linearized statistical techniques were used to describe surviv-
al and the incidence of valve-related complications. Only the first event for
each patient was considered in the actuarial analysis, whereas all events for
each patient were considered in the linearized rate. Data were presented as
mean and 95% confidence limits of the mean. The log rank test was used
to compare actuarial data. Comparisons between continuous variables were
made using t-tests or analysis of variance, as appropriate. Comparisons be-
tween categorical variables were made with the chi-square test. Because of
the small number of events in the subgroups, multivariable analysis was
not performed.

Results

z Follow-up

A total of 20 patients (1.1%) were lost to follow-up. Average duration of
follow-up was 5.9 years, and cumulative follow-up was 10828 patient-years.
A total of 36 patients remained at risk at 18 years. Among the patient co-
hort, 1130 were alive during the follow-up period, while 74 living patients
had incomplete cardiologic status (patient in institution for neurological
disorders, especially Alzheimer’s disease; at end of life; not wishing to
reply). Enquiries concerning the echocardiography of each patient were
asked of the respective cardiologists. The questionnaire included mainly
prosthesis parameters: peak and mean gradients, effective orifice area, per-
meability index, insufficiency if any. Echocardiographic study was obtained
for 1102 patients. For 28 patients, no echocardiographic data were avail-
able.

z Patient survival

There were 52 early deaths (30-day mortality 2.8%), the main cause of
early death being cardiac failure (n=32); none was valve-related. Overall,
the mortality rate among patients remained consistent during the entire
study period (1984–2004). There were 581 late deaths, causes being valve-
related in 36 patients (6%), cardiac but not valve-related in 103 (18%), and
noncardiac in 381 (66%). Sixty-one patients (10%) died of unknown cause,
while 75 required reoperation and were excluded (still alive except one)
from the study on discharge from the rehabilitation center. The actuarial
survival rate at 18 years (including operative mortality) was 22±4% (Fig.
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1). Although survival was significantly influenced by age and preoperative
atrial fibrillation, other factors (e.g., gender, preoperative NYHA status, size
of prosthesis, coronary artery bypass grafting (CABG)) did not signifi-
cantly influence survival. No patient with preoperative atrial fibrillation
was alive after 12 years, and none of them required reoperation for struc-
tural valve deterioration.

z Clinical status

At the time of follow-up, mean NYHA clinical status was 1.3. There were
896 patients (79%) in sinus rhythm, 95 in atrial fibrillation (8%), and 108
had a pacemaker (10%). 192 patients (17%) were being treated with war-
farin, and 700 (62%) with antiplatelet drugs, among whom were patients
who underwent CABG. Health condition was considered as ‘satisfactory’ by
1040 patients (92%), and 80% of patients estimated that valve replacement
had improved their clinical state.

z Valve-related complications

A total of 273 valve-related complications were observed, and there were 62
unexplained deaths. Hence, the actuarial rate of freedom from all valve-re-
lated complications was 42±5%, with a linearized rate of 2.7% patient per
year (%/yr).

z Valve-related death

Thirty-five patients died from valve-related causes (22 thromboembolisms,
4 endocarditis, 5 bleeding events, 4 structural failures). At 18 years, actuar-
ial rate of freedom from valve-related death was 94±2%, with a linearized
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rate of 0.3%/yr. Sixty-two patients died of unknown cause; at the time of
follow-up, the cause of death could not be determined from either the fam-
ily or physician/cardiologist. Additionally in France, there is no reliable
register of cause of death. According to the guidelines utilized, the actuarial
rate of freedom from valve-related death including unexplained death was
78±4% at 18 years, with a linearized rate of 0.9%/yr.

z Thromboembolism

Sixty-five patients presented with thromboembolic events, with 22 deaths.
Freedom from thromboembolism at 18 years was 93±1%, with a linearized
rate of 0.6%/yr. No thrombosis of the bioprosthesis was observed.

z Bleeding events

There were 37 cases of hemorrhagic complications meeting the definition
of the guidelines and accounting for a linearized rate of 0.3%/yr. Freedom
from bleeding at 18 years was 96±1%.

z Endocarditis

Endocarditis was reported in 45 patients. Fourteen of these patients were
reoperated, two died without reoperation at another institution, and 29
were medically treated with success. Three of the medically treated patients
were reoperated for structural failure a few years later. At 18 years, the ac-
tuarial rate of freedom from endocarditis was 95±2%, with a linearized
rate of 0.4%/yr.

z Hemolysis

No hemolytic episodes were reported among this patient group.

z Reoperation

Seventy-five patients required reoperation: 45 for structural failure, 14 for
endocarditis, and 4 for perivalvular leak, while 12 valves were prophylacti-
cally explanted due to other diseases (4 CABG, 4 mitral valve replacement
and 4 aortic aneurism treatment). The actuarial rate of freedom from reo-
peration was 57±9% at 18 years. Only one perioperative death, due to car-
diac failure, was observed for reoperation, and no emergency reoperation
was necessary. Two patients older than 80 years required reoperation.
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z Structural valve deterioration

There were 48 patients with structural valve deterioration (SVD), with an
actuarial freedom from structural valve failure of 67 ±8% at 18 years.
Among those patients, 45 were reoperated; three patients died without reo-
peration (one patient had Alzheimer’s disease and the two others had se-
vere associated conditions that prevented reoperation). Age was an impor-
tant factor that influenced durability (Table 1). Actuarial freedom from
structural failure (Fig. 2) varied from 99±1% in patients aged >70 years to
80±5% in those aged 60–70 years, and to 48±7% in those aged <60 years.
SVD was observed in no patients older than 75 years, and in 2 patients
aged 70–75 years. In the present study, age did not represent a contraindi-
cation to reoperation. Only one perioperative death occurred during reo-
peration for structural valve deterioration. Explanted valves showed calcifi-
cations leading to valve stenosis in 28 patients, and late fatigue-induced
leaflet tear without calcification in 18 cases. In 2 cases, there were both
leaflet tear and calcifications. Calcifications occurred mainly between 5 to
11 years after implantation, whereas leaflet tears occurred in older prosthe-
sis (usually between 9 to 15 years after operation). The mean period before
valves explantation was 10 years.
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Table 1. Relationship between structural valve deterioration and age

Age <60 60–70 >70

z No. of patients 257 480 1120
z 18-year survival 55% 50% 4%
z SVD (n) 28 18 2

SVD structural valve deterioration

100

80

60

40

20

0
0 2 4 6 8 10 12 14 16 18

99±1%

80±5 %

48±7 %

20
Years after operation

Fr
ee

do
m

 fr
om

 st
ru

ct
ur

al
va

lv
e 

de
te

rio
ra

tio
n[

%
]

>70
60–70
<60

Fig. 2. Actuarial freedom from structural failure according to age at implantation



z Hemodynamics

The echocardiography results detailed in Table 2 comprised 1102 examina-
tions. In addition, among those patients, insufficiency of grade 2 was
found in 67 patients, and of grade 1 in 422 patients.

z Discussion

The main treatment of significant aortic valve stenosis or regurgitation is
aortic valve replacement (AVR). The decision to perform valve surgery re-
quires knowledge of the long-term results of surgical therapy. Despite the
well-known finite durability of tissue valves that limits their use, the long-
term outcome has been satisfactory, particularly in older patients, in those
with a limited life expectancy, and in those undergoing valve replacement
in the aortic position. Herein are presented details of the authors’ long-
term experience with the aortic Perimount pericardial valve. These 18-year
data showed good long-term survival for patients who underwent AVR
with a Perimount bioprosthesis, with a mean follow-up of 5.9 years and
the evolution of patients at risk with time corresponding to the inclusion
rate.

Between 1984 and 1994, the authors’ team undertook increasing num-
bers of valve implantations each year and currently implants approximately
200 bioprostheses each year. The cardiologic status of patients was satisfac-
tory, with clear improvements in clinical status and almost all patients
being either asymptomatic or pauci-symptomatic. The follow-up echocar-
diographic studies (Table 2) showed the mean ventricular parameters to be
within standard limits; the distribution of data was due mainly to the
echocardiographic investigations having been conducted by a variety of op-
erators as the study population was too large to be followed solely at the
authors’ institution. Late mortality was mainly related to noncardiac rather
than valve-related causes though, as in the general population, mortality
due to cancer was also significant. Unfortunately, an increasing rate of neu-
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Table 2. Follow-up echocardiographic data *

No.
of patients

Mean gradient
(mmHg)

Peak gradient
(mmHg)

EOA
(cm

2
)

z 19 mm 136 17.1 29.2 1.1
z 21 mm 374 14.9 25.8 1.4
z 23 mm 360 13.1 23.4 1.7
z 25 mm 232 12.6 22.4 1.9

* Values are mean ± standard deviation.
EOA effective orifice area



rological disorders according to age was observed in the followed popula-
tion. Sixty-one deaths were of unknown cause, despite aggressive follow-
up, though this appeared also to be related to age. Preoperative atrial fibril-
lation appeared to be a risk factor for poor survival. Indeed, in a recent
study, Chaput et al. [8] concluded that patients with preoperative atrial fi-
brillation had a poorer survival than those without. However, in the pres-
ent authors’ experience this did not contraindicate the use of a biological
valve, as no patient with preoperative atrial fibrillation was alive after 12
years and none required reoperation for structural valve failure. The risk of
structural valve failure decreased with age; none was observed in patients
aged >75 years, and in only two patients aged 70–75 years. Thus, in this
population the valve durability exceeded life expectancy. In the present
study, an echocardiographic definition was used to reduce the risk of un-
derevaluating the rate of SVD. For those patients who died inexplicably, it
was possible to know the echocardiographic status before death, as all pa-
tients were followed up every two years. None of the patients who died
had signs of SVD at their last follow-up, though the only way to underesti-
mate SVD would be to miss an echocardiography study or to lose the pa-
tient to follow-up, and in the present study this risk was low. Although the
rate of SVD remained acceptable in patients aged <60 years, the propor-
tion of the present patients aged <60 was low and these were selected;
hence, it was impossible to draw any firm conclusion among this popula-
tion. The indications for tissue valves in the aortic position, according to
age, are increasingly better defined in line with advances in valve design,
preservation, and the management of reoperations. Although some patients
requiring cardiac valve replacement clearly benefit more from one type of
valve than from another, some are in the ‘gray zone’, where optimal choice
is difficult. Biological valves tended to be implanted in older patients and
mechanical ones in younger patients, but the cut-off level remains contro-
versial [13]. A Veterans’ trial [12] and other recent publications with the
Perimount pericardial valve [4] suggested the use of a bioprosthesis in pa-
tients aged >65 years, and the results of the present study supported this
suggestion. During the present study, all patients aged >60 years were im-
planted with a Perimount valve, there being no selection bias. Moreover,
this choice was reinforced by an increasing rate of bleeding among patients
with a mechanical prosthesis and age >60 years [5]. Although the risk of
reoperation increased with time, the operative risk of reoperation remained
low. Few reports have shown an increasing risk of reoperation in elderly
patients [21]; in the present study only two patients aged >80 years re-
quired reoperation. Many other reports have shown a low risk of mortality
[18, 25], with mortality being linked to clinical status or to a need for
emergency reoperation. Hence, it was concluded that the trends toward re-
ducing the age at which tissue valve implantation is performed may be jus-
tified [9]. Only one death following reoperation for SVD was observed in
the present study. All reoperations were performed in an elective situation,
and no emergency reoperation was necessary. Patients were reoperated on
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in case of structural valve failure, before cardiac failure. In this situation,
close echocardiographic follow-up is mandatory, and an aggressive reo-
peration policy offers the best route to good results. The risk of other com-
plications was comparable to those published elsewhere with regard to the
use of mechanical and biological valves, and no change has been observed
during the past 20 years. In the present study, thromboembolic and hemor-
rhagic complications rates were low; although as the study was retrospec-
tive in nature the rates may have been minimized by the fact that patients
do not always report minor events that have no sequel and tend to be for-
gotten. On the other hand, the guideline definition may have overestimated
the real risk of embolism, with some neurological events not being related
to the prosthesis. The rate should be compared to neurological events in a
normal population. The risk of hemorrhage compared favorably to that
seen with mechanical valves (most studies have also been retrospective).
Age, associated diseases, and the rate of cancer in the followed population
encouraged us to include as short as possible a postoperative period of an-
ticoagulation, as this increases the risk of cerebral hemorrhage [29] and is
difficult to manage in case of associated disease, especially for neurological
disorders, cancer, and trauma [19, 27]. The present rates of valve-related
morbidity and mortality were comparable to those reported recently for
the long-term implantation of mechanical valves [14, 22]. Indications for
the use of mechanical or biological valves are based on long-term compari-
sons of valve-related complication rates [12, 20, 28], but these randomized
studies were carried out with first-generation bioprostheses and during the
study period the reoperation mortality was high. With time, the risk of re-
operation has decreased to a point that, today, it is similar to that for pri-
mary AVR [18, 25]. In addition, the durability of bioprostheses has in-
creased. Despite their long-term durability, the use of mechanical valves is
handicapped by the drawbacks of lifelong anticoagulation, and the choice
between mechanical and biological valve implantation in the aortic posi-
tion remains controversial. The risk of complications and especially of
valve failure may be favorably compared with long-term results observed in
patients with stented porcine valves [16, 26]. The present 20-year data con-
firmed an intermediate comparison between stented porcine and pericar-
dial valves [11, 17]. A comparison between pericardial and stentless valves
cannot be made as no 20-year data are available. Nonetheless, two points
should be highlighted from the present investigation, namely the absence
of premature leaflet failure [7] and the absence of valve thrombosis. An
even longer-term follow-up of the population will be necessary in order to
evaluate the impact of any new valve treatment or other treatment on peri-
cardial tissue calcification processes [1, 23].
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In conclusion, the long-term results of AVR with the Perimount pericardial
valve were satisfactory, and the long-term behavior of this prosthesis con-
firmed the findings of previous reports, with a low rate of valve-related
complications and an especially low rate of structural valve failure. The
present data support the clinical use of this prosthesis in patients aged >60
years and in those with atrial fibrillation.
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Bioprostheses have become the predominant diseased aortic valve substi-
tute for aortic valve replacement. The experience of the Society of Thoracic
Surgeons was published in 2009 by Brown and colleagues [1] documenting
that the use of bioprostheses increased from 42% in 1996 to 78.4% in 2006.
The mechanical prostheses use declined to 20.5%. The use of bioprostheses
for aortic valve replacement has increased in Western Europe but not to
the same extent. The current contemporary bioprostheses utilized world-
wide were, in some cases, delayed by regulatory market approval in the
United States. There is considerate opinion in the United States that current
bioprostheses have the opportunity for advanced durability. Patients have
had a renewed concern of anticoagulation management and complications.
The knowledge of durability of the contemporary bioprostheses is of ex-
treme importance in determining the risk of reoperation for SVD.

There are a number of contemporary bioprostheses that have or nearing
to have published reports of 20-year durability results. Some publications
have reported 20-year experiences but without having adequate numbers at
risk to have a valid 20-year durability experience. The contemporary bio-
prostheses evaluated in this chapter are detailed in Table 1 [2–11]. The for-
mulation of these bioprostheses has been stable since their introduction,
with the majority dating back to the early 1980s. The Medtronic Mosaic
porcine bioprosthesis was introduced as an investigational prosthesis in
1994 and has the shortest documented experience. The prostheses are all
formulated with glutaraldehyde collagen cross-linking for tissue preserva-
tion.

Glutaraldehyde-treated tissue is subject to degenerative collagen changes
and calcification due to residual aldehydes and/or phospholipids. Calcium-
mitigation therapy attempts to control or retard mineralization by altering
these two mechanisms of calcification. The compounds most commonly
utilized are surfactants, alpha oleic acid, and ethanol. Thermafix heat treat-
ment of the Carpentier-Edwards PERIMOUNT pericardial bioprosthesis is
the only new biological tissue treatment since the introduction of these
contemporary bioprostheses on the worldwide market. The improvements
to bioprostheses have incorporated improved tissue procurement and pro-
cessing, as well as tissue formulation to reduce tissue stress, a contributing
factor to altered durability. Several manufacturers have come forward with

20-Year durability of bioprostheses
in the aortic position
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Table 1. Summary of reported freedom from structural valve deterioration of predominant
marketed porcine and pericardial bioprostheses (aortic valve replacement)

Author Prosthesis Mean age Age group Freedom from SVD (%) Time
interval

Actuarial Actual (years)

Jamieson et CE-SAV 68.9±10.4 74.9±2.3 88.9±1.0 15
al. (2005) [2] >70 94.6±2.3 98.2±0.6 15

61–70 85.7±3.2 92.8±1.5 15
51–60 62.6±5.4 75.4±3.6 15

≤50 44.0±5.8 56.5±4.9 15

64.0±3.6 86.4±1.2 18
>70 94.6±2.3 98.2±0.6 18

61–70 77.6±4.9 90.5±1.8 18
51–60 51.0±7.0 70.6±4.0 18

≤50 31.9±6.3 48.4±5.3 18

Borger, Hancock II 67.0±11.0 64.0±3.0 20
David et al. <65 39.0±9.0 72.0±7.0 20
(2006) [3] ≥65 73.0±16.0 97.0±2.0 20

<65 72.0±5.0 15
≥65 99.0±1.0 15

Eichinger et SJM Biocor 72.5±9.0 88.4±3.5 15
al. (2008) [4] 70.3±10.9 20

≤65 56.5±15.3 15
>65–<75 93.2±2.1 15
≥75 95.1±2.7 15

90.6±2.1 * 15
86.5±4.5 * 20

≤65 71.8±9.2 * 15
>65–>75 92.8±2.0 * 15
≥75 95.7±1.8 * 15

Myken, SJM Biocor 70.8±10.9 61.1±8.5 * 85.6±2.2 * 20
Bech-Hansen 51–60 60.7±10.3 * 20
(2009) [5] 61–70 81.0±5.1 * 20

71–80 97.8±1.2 * 20
>80 100* 20

≤65 44.5 * 20
>65 92.1 * 20

Aupart et al. CE-P 72.6 68.0±12.0 18
(2006) [6] >60 45.0±15.0 18

60–70 77.0±12.0 18
>70 99.0±1.0 18



diameter-enhanced designs to facilitate optimal hemodynamics, namely the
Carpentier-Edwards PERIMOUNT Magna, Medtronic Mosaic Ultra, St. Jude
Medical Epic Supra, and the Medtronic Hancock II Ultra. These formula-
tions are designed to facilitate implantation upsizing.

The pathological features of structural valve deterioration differ for por-
cine and pericardial bioprostheses. Jamieson and colleagues [2] reported
on the Carpentier-Edwards SAV porcine aortic bioprosthesis in 2005 – cal-
cification with leaflet tear 61%, primary tears 15%, calcification without
accompanying leaflet tear 23%, and stent dehiscence 1%. Aupart and co-
authors [6] reported on the Carpentier-Edwards PERIMOUNT aortic bio-
prosthesis and reported that, of explanted prostheses, dystrophic calcifica-
tion and valvular stenosis was present in 79% and late fatigue induced
leaflet tear without calcification in 21%. These findings confirmed the por-
cine bioprostheses fail with insufficiency (usually acute) in approximately
80% of cases, while pericardial bioprostheses fail by dystrophic calcification
(usually chronic) in approximately 80% of cases.
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Table 1 (continued)

Author Prosthesis Mean age Age group Freedom from SVD (%) Time
interval

Actuarial Actual (years)

Cosgrove, Frater CE-P ≥60 77.1 * 92.6 * 20
(2003) [7] ≥65 81.5 * 96.3 * 20

Clinical 61–70 77.9 * 90.5 * 20
Communique >70 69.9 * 96.0 * 18

Prasongsukarn CE-SAV 68.9±10.9
et al. (2005) [8] 61–70 86.1±3.1 93.0±1.5 15

>70 94.5±2.3 98.2±0.6 15

Jamieson et al. CE-P 69.5±10.4
(2006) [9] 61–70 88.9±4.0 92.7±2.5 15

>70 99.4±0.6 99.6±0.4 15

Jamieson et al. Mitroflow ≥60 85.2±3.9 * 93.3±1.8 * 12
(2009) [10] ≥65 85.0±4.0 * 94.2±1.8 * 12

61–70 95.7±4.3 * 97.4±2.6 * 10
>70 83.2±4.6 * 94.0±1.9 * 12

Yankah et al. Mitroflow 73.2±0.22
(2008) [11] ≥65 71.8±6.0 * 92.6±4.6 * 20

≥70 84.8±0.7 * 96.6±0.8 * 20

*SVD diagnosed by reoperation

SVD Structural valve deterioration, CE-SAV Carpentier-Edwards supra annular valve,
SJM St. Jude Medical, CE-P Carpentier-Edwards PERIMOUNT



The durability of the predominant marketed porcine and pericardial bio-
prostheses are documented in Table 1 as actuarial and actual freedom from
structural valve deterioration [2–11]. Table 1 shows the prostheses by re-
porting authors, by mean age, by age groups, and time intervals. The 20-
year experience is often reported but patients-at-risk only allow for robust-
ness of data to 15 and 18 years. Actuarial freedom denotes the prostheses
durability, while actual freedom denotes freedom from structural valve de-
terioration as clinical performance in specific populations, such as the el-
derly where the risk of mortality is more multifactorial during the anti-
cipated failure-free period of the prostheses.

This chapter is not formulated to compare the durability of specific por-
cine and pericardial bioprostheses or to compare porcine to pericardial bio-
prostheses. Several series are reported as SVD at reoperation, while others
attempt to report by a composite of reoperation, autopsy, and echocardiogra-
phy. Table 1 designates the reporting method for designated series.

The major reported studies of porcine aortic bioprostheses comprise of
4595 patients – CE-SAV 1847 (Jamieson et al. [2]) (Figs. 1 and 2), Hancock
II 1010 (Borger and David et al. [3]) (Figs. 3 and 4), St. Jude Medical Bio-
cor 1283 (Myken and Bech-Hansen [5]) and St. Jude Medical Biocor 455
(Echinger et al. [4]) (Figs. 5 and 6). For pericardial aortic bioprostheses of
2646 patients – CE-PERIMOUNT 1133 (Aupart et al. [6]) and Sorin-Mitro-
flow 1513 (Yankah et al. [11]). Figures 1–6 document the actuarial and
actual freedom from structural valve deterioration demonstrating known
durability of these biorpostheses.
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Fig. 1. Aortic valve replacement Carpentier-Edwards supra-annular valve – actuarial freedom
from structural valve deterioration overall and by age groups. Reprinted with permission from
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Fig. 2. Aortic valve replacement Carpentier-Edwards supra-annular valve – actual freedom from
structural valve deterioration overall and by age groups. Reprinted with permission from [2];
© American Association of Thoracic Surgery

Fig. 3. Aortic valve replacement: Hancock II actuarial freedom from failure by age. Reprinted
with permission from [3] and David (2009); © ICR Publishers, Ltd.

Fig. 4. Aortic valve replacement: Hancock II actual freedom from failure. (Personal communica-
tion with Tirone David (2009))



The 20-year durability knowledge of aortic porcine and pericardial bio-
prostheses requires further documentation from the reporting centers with
adequate patients at risk at 20 years to provide robust data for comparative
evaluation.
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Introduction

Aortic root replacement with a composite valve graft, according to the
Bentall technique and its following modifications [1, 3, 13], represents the
treatment of choice for pathologies affecting the aortic root and the aortic
valve. The increasing number of elderly patients with complex diseases of
the aortic valve and ascending aorta, and the disadvantages of anticoagula-
tion and thromboembolism associated with mechanical valves are stimulat-
ing the search for an ideal substitute [9, 16, 17]. Homografts, composite
conduits with a biological stented or stentless valve prosthesis intraopera-
tively assembled and stentless xenografts are currently available, each with
its advantages and disadvantages [9, 11, 12, 15, 18]. A new prepacked bio-
logical conduit, the BioValsalva porcine aortic valved conduit, has been de-
veloped offering the surgeon a new treatment option for elderly patients
with combined disease of the aortic valve and root or for patients in whom
anticoagulation should be avoided or is contraindicated.

The BioValsalva conduit

The Bio-ValsalvaTM conduit is a biological valved conduit composed of a
Vascutek Triplex ValsalvaTM vascular graft and Vascutek ElanTM stentless
heart valve.

The TriplexTM vascular graft consists of three layers or membranes
(Fig. 1). The inner layer that is in contact with blood is a standard, non-
coated Dacron graft; the central layer is composed of a self-sealing elasto-
meric membrane; and the outer layer is a standard expanded polytetra-
fluoroethylene (ePTFE) graft. Thanks to the three-layer structure, blood
impermeability is maintained without any need of coating; in vitro tests
show that the Triplex graft has a water leakage value of 0.68 ml/cm2/min,
which is significantly lower than a standard Gealweave-coated graft, which

Aortic root replacement
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is rated at 15 ml/cm2/min [7]. Such a conduit can, therefore, be easily
stored in glutaraldehyde along with a biological valve.

The new Triplex conduit was then manufactured in the Valsalva config-
uration to determine whether a valved conduit could combine the advan-
tages of the Triplex fabric with the potential of the Valsalva graft for the
Bentall application (i.e., facilitation of coronary ostia anastomoses, reduc-
tion of the tension on the sutures, and potential improvement of coronary
blood flow). The Valsalva configuration consists of three segments joined
together:
z the collar with horizontal corrugation,
z the skirt with radially expandable corrugation, and
z the body with horizontal corrugation as extensively described and

shown previously by De Paulis [4–6].

The ElanTM valve (Vascutek Terumo, UK), a porcine stentless bioprosthesis
that has been shown to afford excellent hemodynamics with performance
[10], is inserted into the expandable portion of a 1-mm larger Triplex Val-
salva graft.
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Fig. 1. a Magnification and b microscopic view of the three-layer structure of the TriplexTM

graft. The inner layer is composed by standard noncoated woven Dacron and the outer layer
by standard ePTFE. These two layers are fused together by a central layer of self-sealing elasto-
meric membrane



The new biological valved conduit is manufactured in various sizes, is
stored in glutaraldehyde, and, as with other biological valves, it is ready-
to-use after washing for 6 min in 1500 ml of sterile saline solution (Fig. 2).

Clinical experience

z Patients’ characteristics

A total of 35 patients (9 females and 26 males, mean age 69±5.4 years) un-
derwent combined replacement of the aortic valve and aortic root with the
BioValsalva prosthesis at our institution between April 2007 and September
2008. Aortic root pathologies were degenerative aneurysm in 19 patients,
atherosclerotic in 14 and inflammatory in 2. Four patients had type A aor-
tic dissection (2 acute and 2 chronic). A bicuspid aortic valve was detected
in 9 patients. Concomitant aortic valve diseases were detected by transthor-
acic echocardiography and consisted of aortic stenosis, stenoinsufficiency,
and severe regurgitation in 12, 15, and 8 patients, respectively. Atrial fibril-
lation (AF) was detected in three cases while an associated coronary artery
disease was found in 2 patients. The preoperative details of the patients are
shown in Table 1.

z Operative technique

Median sternotomy was performed in all patients. Cardiopulmonary bypass
with mild systemic hypothermia (32 �C) was usually instituted through
cannulation of the right atrium and the distal ascending aorta or aortic
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Fig. 2. The BioValsalva conduit is a combination of a TriplexTM Valsalva graft and an Elan por-
cine stentless heart valve. The composite graft is stored, as other biological valves, in glutaral-
dehyde solution. It is ready for implantation after a careful washing (three times in 500 ml of
sterile saline for 2 min each)



arch. In patients with aortic arch involvement, a peripheral cannulation
(right femoral or axillary artery) was preferred. In these cases, moderate
systemic hypothermia (26 �C of nasopharingeal temperature) and antegrade
selective cerebral perfusion were used during the period of circulatory
arrest. Myocardial protection was achieved by antegrade infusion of cold
(5–10 �C) crystalloid cardioplegia (Custodiol; Koehler Chemie, Alsbach-
Haenlein, Germany). The left ventricle was vented by inserting a cannula
through the superior right pulmonary vein. The aortic root was excised
leaving only buttons of aortic tissue surrounding each of the coronary ar-
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Table 1. Patient characteristics

z Age (years)±SD 69±5.4

z Gender (male/female) 26 (73.3)/9 (25.7)

z NYHA classification
– I–II
– III–IV

7 (20)
28 (80)

z ASA class±SD 3.2±1.1

z Presentation
– Acute
– Chronic

2 (5.7)
33 (94.3)

z Hypertension 23 (65.7)

z COPD 5 (14.3)

z Smokers 16 (45.7)

z Diabetes 2 (5.7)

z Dislipidemy 14 (40)

z Bicuspid valve 9 (25.7)

z Previous cardiac/aortic surgery 5 (14.3)

z Aortic valve disease
– Stenosis
– Stenoinsufficiency
– Insufficiency

11 (31.4)
15 (42.9)
9 (25.7)

z Mean ejection fraction 60.4±6.3

z Disease of the aorta
– Root aneurysm
– Acute type A dissection
– Chronic type A dissection

17 (81)
2 (5.8)
2 (5.8)

Values are expressed as mean ± standard deviation (SD) or number of patients experiencing
the event followed by the corresponding percentage in parentheses, unless otherwise noted.
NYHA New York Heart Association functional class, ASA American Society of Anesthesiologists,
COPD chronic obstructive pulmonary disease



teries. The coronary arteries were mobilized to prevent tension during re-
implantation. The size of the graft was selected according to the size of the
aortic annulus. The soft sewing ring of the graft was sutured to the annu-
lus with 2-0 pledgeted polyester mattress sutures (Fig. 3). A second suture
line with a 4-0 running polypropylene suture was carried out to aid he-
mostasis. Openings for coronary reimplantation were made with a sharp
blade, and not with the cautery, in the appropriate position of the graft
skirt. A 5 mm punch was used to create a circular hole, taking care to
avoid valve leaflets (Fig. 4 a). Coronary ostia were reattached with a contin-
uous 5-0 polypropylene suture (Fig. 4b, c). After the distal anastomosis
was performed, the graft was vented with a needle and the heart chambers
were deaired. The distribution of the graft sizes chosen is illustrated in
Fig. 5.

Results

z Inhospital outcomes

Two patients had emergency surgery and 33 were operated on electively.
Aortic replacement was extended to the arch or to the hemiarch in 4 cases.
Total arch replacement using the frozen elephant trunk procedure was per-
formed in 2 dissected patients (1 acute and 1 chronic type A dissection).
Coronary artery bypass grafting and bipolar radiofrequency ablation of the
AF were performed, as associated procedures, in 2 and 3 patients, respec-
tively. The mean cross-clamping time was 109.2 ±31.1 min, while the over-
all cardiopulmonary bypass time was 147 ±60.8 min (mean). The mean
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Fig. 3. The soft sewing ring of
the graft is sutured to the an-
nulus with 2-0 everting pled-
geted mattress sutures
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Fig. 4. a Holes for coronary buttons are made with a 5 mm punch. b, c The coronary arteries
are reattached with continuous 5-0 polypropylene sutures



ASCP time was 53.8 ±30.6 min. All patients were transferred to the ICU
after surgery. The median VAM time was 6.7 h (range, 5–37 h), while the
median ICU stay was 2.8±5.3 d (range, 1–28 d). Surgical procedures and
operative data are reported in Table 2.

Inhospital mortality was 2.8% (1 patient). The cause of death was irre-
versible arrhythmia. Two patients required rethoracotomy for bleeding, two
patients needed prolonged mechanical ventilation (>48 h) and one patient
suffered from acute renal failure requiring temporary dialysis. Blood trans-
fusions were necessary in three patients. The mean blood loss from thorac-
ic drains was 271±156.3, 436.2 ±252.9, 595.7 ±260.3 ml at 12, 24 and 48 h
from ICU admission, respectively. The median inhospital stay was 10.4 d
(range, 7–83 d). No others complications were observed.
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Table 2. Operative data

z Extension of aortic replacement
– Ascending aorta
– Hemiarch or arch
– Frozen elephant trunk

29 (82.9)
4 (11.4)
2 (5.7)

z Associated procedures
– CABG
– Bipolar radiofrequency ablation

2 (5.5)
3 (8.6)

z CPB time±SD 147±0.8

z Cross-clamp time (min)±SD 109.2±31.1

Values are expressed as mean ± standard deviation (SD) or number of patients experiencing
the event followed by the corresponding percentage in parentheses, unless otherwise noted.
CABG coronary artery bypass grafting, CPB cardiopulmonary bypass



z Hemodynamic characteristics and follow-up

All patients underwent transthoracic echocardiography before hospital dis-
charge. In all cases, the valve prostheses were functioning normally. No
images of paravalvular leakage or structural degeneration were detected.
The peak and the mean transvalvular gradients were 25.1 ±8.5 and
13.5 ±5.1 mmHg, respectively. The mean aortic valve area was 1.72 ±
0.3 cm2. The mean ejection fraction was 62.5 ±9.7%. The mean follow-up
was 7.6±4 months and was 100% complete. Clinical examination, ECG,
and thorax X-rays, which were performed at 1, 3 or 6 months after dis-
charge and then yearly, always revealed patients in good general condition.

Discussion

A variety of pathological conditions involving the ascending aorta and
aortic valve often require concomitant ascending aorta and aortic valve re-
placement. Since the first successful report of the Bentall-De Bono tech-
nique [1], the mechanical valved conduit has traditionally been implanted
with excellent results [20]. Throughout the years, many improvements in
the materials and surgical techniques have contributed to facilitating the
procedure and ameliorating the results. Precoated Dacron grafts have re-
duced blood loss, while the open-button technique, reducing the tension
on the ostial anastomoses, has decreased the risk of bleeding and late pseu-
doaneurysm formation [13]. However, the use of mechanical valves is lim-
ited by their need for anticoagulation and suboptimal hemodynamics.
With improved durability of bioprosthetic valves coupled with the aging of
the general population, the use of the biological valve has increased enor-
mously, for example, the use of the biological valved conduit [2, 4, 9, 18].

Composite conduits with a biological stented or stentless valve prosthesis
have been used with satisfactory results but they need to be assembled in-
traoperatively, thus, increasing bypass, cross-clamp and procedural times
[9]. Stentless xenograft roots offer good outcomes but their length is lim-
ited; they are often not long enough to replace the entire ascending aorta,
thus, requiring a Dacron graft extension resulting in an additional suture
line [2]. However, the xenograft aortic wall is prone to calcification and, if
reoperation were required, then their entire replacement would be neces-
sary, compounding the risk of surgery [8].

Preassembled biological valved conduits were unavailable, because con-
ventional protein sealed grafts cannot be sterilized using valve sterilant and
storage solutions, i.e., formaldehyde and glutaraldehyde. Graft sterilization
by this method would result in the crosslinking of the protein sealant and
make it completely nonresorbable. Likewise, biological valves cannot be
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sterilized by ethylene oxide or radiation, the two recognized methods for
conventional protein sealed grafts.

Unique elastomeric membrane technology, pioneered by The Terumo
Corporation, led to the development of TriplexTM a new zero porosity, non-
protein sealed vascular thoracic graft. However, TriplexTM when combined
with the Vascutek ElanTM stentless porcine biological valve can withstand
formaldehyde and glutaraldehyde. This has resulted in the development of
a novel biological valved conduit, the BioValsalvaTM.

The Valsalva Triplex graft, which better reconstructs the anatomy of the
aortic root, facilitates coronary ostia anastomoses and reduces tension on
the sutures, with the potential for improved coronary blood flow [4, 6]
(Fig. 6). Moreover it may play a role in enhancing durability of the valve
improving the movement of the aortic prosthetic cusps [5]. The use of the
ElanTM porcine stentless heart valve seems to be supported by the excellent
results obtained by Flynn and colleagues [10]. Our own experience with
this valve was very encouraging. We performed 128 isolated or combined
aortic valve replacements with the Elan valve (series not published) in a 5-
year period with a mortality rate of 4.7% (6 patients). The mean aortic
gradient was 15.1 mmHg at a mean follow-up time of 14 months.

Another important advantage of the BioValsalva graft is that, if reopera-
tion is needed, the stentless valve can be easily replaced cutting out the
valve cusps and implanting a new stentless or stented valve into the suit-
able position.
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Fig. 6. Multidetector CT scan of a patient under-
went Bentall procedure and frozen elephant trunk
procedure for diffuse disease of the thoracic aorta.
The pseudosinuses of the BioValsalva graft are
clearly detectable



Conclusions

In conclusion, the BioValsalva represents a new biological conduit that in-
corporates the practical advantages of a ready-to-use valved conduit and
offers the hemodynamic advantages of a stentless valve prosthesis. It de-
monstrates ease of implantation and offers rapid hemostasis due to the
trilaminate material of the vascular prosthesis. However, more patients,
longer follow-up and randomized controlled studies are necessary to vali-
date our early results and to confirm the efficacy of this new biological
valved conduit.

z Disclosures and freedom of investigation. The authors do not have any per-
sonal conflicts of interest.
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The main advantage of bioprosthetic cardiac valves in comparison to me-
chanical prosthesis is the lower incidence of antithromboembolic-related
hemorrhages. However, bioprostheses have limited durability due to pro-
gressive tissue degeneration and calcification resulting in structural valve
deterioration (SVD) and suboptimal hemodynamic performances. The
Medtronic Mosaic bioprosthesis is a supraannular third-generation stented
porcine bioprosthesis which was introduced in 1994. It is built upon the
historical durability of the Hancock II valve [1] and technical innovations
were incorporated into the design in an attempt to improve hemodynamic
performance and durability [2]. Tissue fixation with the Medtronic Physio-
logic FixationTM process is performed with glutaraldehyde in order to
minimize the consequences of antigenicity after porcine valve implantation
[3]. Furthermore, the valve design includes predilatation of the porcine
aortic root and using zero net pressure across the leaflets (Fig. 1 a) [4]. By
this treatment, natural leaflet morphology is generally preserved. The tis-
sue is mounted on a low-profile flexible polymer stent (Fig. 1b) to mini-
mize hemodynamic disturbance and to make it suitable for patients with
small aortic root diameters. The bioprosthesis is treated with the long-
chain fatty acid alpha-amino oleic acid (AOA) which binds to the aldehyde
fractions of the glutaraldehyde-preserved porcine tissue by forming Schiff
base covalent linkages with the aldehydes which remain after fixation with
glutaraldehyde (Fig. 1 c). The AOA process has been shown in several ani-
mal studies to reduce porcine valve mineralization of both leaflets and aor-
tic wall, while improving valve gradients [5–7].

Our hospital was a contributing center to the US Food and Drug Admin-
istration (FDA) multicenter, prospective, nonrandomized trial which com-
pleted actuarial data in late 2000. This is a report of our data obtained
from the ongoing post-FDA approval long-term clinical evaluation study of
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the Medtronic Mosaic valve. Efficacy, safety, and clinical performance in-
cluding hemodynamic data from a total of 302 contributed patients are
provided, collected by prospective, serial, standarized echocardiographic
follow-up for up to 10 years.

Patients and methods

z Patient population and study design

Patients diagnosed with valvular heart disease and requiring isolated re-
placement of either the aortic or mitral valves were eligible to enter the
study. Concomitant procedures in addition to valve replacement were per-
mitted. Patients requiring a concomitant valve replacement, or who had a
preexisting prosthetic valve in another position, were excluded. Between
02/1994 and 10/1999, we enrolled a total of 302 patients into this prospec-
tive and nonrandomized study. Aortic valve replacement (AVR) was per-
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formed in 255 patients (mean age 67±8.5 years, range: 23 to 82 years) and
mitral valve replacement (MVR) in 47 patients (mean age 67±8.2 years,
range: 41 to 84 years). Coronary artery bypass surgery was performed as a
concomitant procedure in 95 patients (37.3%) during AVR and 8 patients
(17%) during MVR. Further demographic data are summarized in Table 1.
The study was approved by the respective institutional ethics committee
and all patients provided their informed consent to participate.
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Table 1. Characteristics of patients undergoing aortic valve replacement (AVR) or mitral valve
replacement (MVR) with the Mosaic bioprosthesis

Variable AVR
n=255

MVR
n=47

z Gender

Male 150 (58.8%) 14 (29.8%)
Female 105 (41.2%) 33 (70.2%)

z Concomitant procedures

Coronary artery bypass 95 (37.3%) 8 (17.0%)
Ascending aorta replacement/repair 31 (12.2%) 0
Aortic root enlargement 20 (7.8%) 0
Myotomy/myectomy 11 (4.3%) 0

z Age at Implant (years)

23–50 9 (3.6%) 1 (2.1%)
51–65 70 (27.5%) 12 (19.4%)
66–70 59 (23.1%) 15 (31.9%)
71–75 79 (31.0%) 12 (25.5%)
>75 38 (14.0%) 7 (14.9%)

z Cardiac rhythm

Sinus rhythm 229 (89.8%) 25 (53.2%)
Atrial fibrillation 13 (5.1%) 20 (42.6%)
Heart block 6 (0.6%) 0
Paced rhythm 7 (2.8%) 2 (4.2%)

z NYHA classification

Class I 4 (1.6%) 0
Class II 74 (29.0%) 17 (36.2%)
Class III 150 (58.8%) 28 (59.6%)
Class IV 27 (10.6%) 2 (4.3%)

z Valvular lesion

Stenosis 43 (16.9%) 2 (4.3%)
Insufficiency 38 (14.9%) 30 (63.8%)
Mixed 174 (68.2%) 15 (31.9%)



z Surgical technique

Patients were operated using standard cardioplegia, cardiac arrest, and
crystalloid or modified blood cardioplegia. Prosthetic valves were im-
planted using the supraannular technique with felt-armed single stitches
(Fig. 1b). In case of mitral valve implantation, posterior chordae were pre-
served, if possible.

z Postoperative anticoagulation

Postoperatively all patients received unfractionated heparin intravenously
and subcutaneously until complete mobilization. A total of 95 patients
(37.1%) received phenprocoumon for three months postoperatively with an
INR target range of 2.5 to 3 in the AVR group and 38 patients (80.9%) with
an INR target range of 3 to 4 in MVR group. Indications for phenprocou-
mon treatment were chronic atrial fibrillation or severely impaired left ven-
tricular ejection fraction (LVEF <30%).

z Follow-up

Data of the clinical and hemodynamic follow-up were collected at the early
evaluation (prior to discharge or within 30 days after implantation), late
evaluation (at 3–6 months postimplantation), at one year (11–14 months
postimplantation), and annually thereafter. The examination included a pa-
tient interview, the registration of valve-related adverse events, ECG, and a
laboratory check for hemolysis. Furthermore, hemodynamic assessments
were made using transthoracic echocardiography to assess the structure
and hemodynamics of the Mosaic valve. The mean transvalvular gradient
for the aortic bioprosthesis was calculated using the long form of the Ber-
noulli equation, and effective orifice area (EOA) was calculated using the
continuity equation. The valve-related complications, composites of compli-
cations, and deaths were classified and reported according to the guidelines
of the Society of Thoracic Surgeons, of the American Association of Tho-
racic Surgery and of the European Association of Cardio-Thoracic Surgery
[8]. A total of 57 patients from the AVR group and 14 patients from the
MVR group were lost to follow-up. This provided for a cumulative follow-
up of 1540 patient-years (pt-years) for AVR (mean 6.1 maximum 10 years)
and 250 pt-years for MVR (mean 5.4, maximum 10 years).

z Statistical analysis

Statistical analysis was performed using the SAS® statistical software. De-
scriptive statistics were used to characterize the patient population data,
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operative and follow-up clinical data. For continuous variables, the number
of patients, mean (±SD), minimum, and maximum were provided. For ca-
tegorical variables, the number and percentage of patients were provided.
Early event rates were calculated as the number of patients having the
event divided by the total number of patients, expressed as a percentage.
Linearized rates (% per pt-year) were used to summarize late events, and
calculated by dividing the number of late events by the sum of the late pt-
year of experience, expressed as a percentage. Survival analyses using the
actuarial Kaplan-Meier method were used to estimate survival and the
freedom from valve-related adverse events. Peto’s formula [9] was used to
calculate standard errors of these estimates. Events that occurred during
the early and late postoperative periods were included in the analysis.

Results

z Echocadiography

Echocardiographically obtained mean systolic valve gradients (SVG) and
effective orifice area (EOA) 1, 5, 9 and 10 years after Mosaic bioprosthesis
implantation in the aortic position are presented in Table 2. Corresponding
data for the mitral valve group are summarized in Table 3. Postoperative
NYHA class recorded after AVR or MVR are presented in Table 4. The
number of patients with transvalvular regurgitation and degree of regurgi-
tation are presented in Table 7.
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Table 2. Echocardiographic results after aortic valve replacement (AVR)

Variable/ Valve size (mm)

follow-up
19 (n) 21 (n) 23 (n) 25 (n) 27 (n) 29 (n)

z Mean SVG (mmHg)

1 year 16.0±4.0 (7) 13.6±4.7 (59) 12.5±4.9 (86) 12.0±5.5 (72) 10.3±3.2 (12) 13.0±3.6 (2)

5 years 18.3±4.6 (2) 14.3±5.1 (39) 13.4±6.2 (56) 12.3±5.3 (52) 11.0±3.5 (10) 15.0±10.5 (2)

9 years – 18.6±7.0 (6) 12.8±5.5 (16) 13.0±5.9 (17) 9.4±2.2 (3) 8.1 (1)

10 years – 13.9 (1) 11.6±3.4 (5) 32±22.5 (3) 12.8±1.4 (2) –

z EOA (cm2)

1 year 1.2±0.2 (7) 1.5±0.3 (59) 1.8±0.4 (86) 2.1±0.5 (72) 2.5±0.4 (12) 2.3±0.6 (2)

5 years 1.3±0.1 (2) 1.5±0.3 (39) 1.8±0.5 (54) 2.1±0.5 (52) 2.6±0.3 (10) 2.5±0.8 (2)

9 years – 1.3±0.3 (6) 1.7±0.2 (17) 2.0±0.4 (17) 2.4±0.2 (3) 3.2 (1)

10 years – 1.5 (1) 1.6±0.3 (5) 1.5±0.5 (3) 2.3±0.6 (2) –

EOA effective orifice area, SVG systolic valve gradient



z Cardiac rhythm

In the AVR group, 5 years after prosthetic valve implantation, 138 patients
(85.7%) stayed in sinus rhythm, 15 (9.3%) in atrial fibrillation/flutter, and
8 patients (5.0%) were paced. At the same time point, 97 patients (61.0%)
received aspirin, 10 patients (5.7%) were on phenprocoumon, and 52 pa-
tients (33.1%) had no anticoagulation therapy. In the MVR group, 5 years
after prosthetic valve implantation 14 patients (56.0%) stayed in sinus
rhythm, 9 (36.0%) in atrial fibrillation/flutter, and 2 patients (8.0%) were
paced. At the same time, 9 patients (36.0%) received phenprocoumon, 8
patients (32%) aspirin, and 6 patients (24.0%) had no anticoagulation ther-
apy.

Ten years after AVR, 9 patients (81.8%) stayed in sinus rhythm, 1 (9.1%)
in atrial fibrillation/flutter, and 1 patients (9.1%) were paced. At the same
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Table 3. Echocardiographic results after mitral valve replacement (MVR)

Variable/ Valve size (mm)
follow-up

25 (n) 27 (n) 29 (n) 31 (n)

z Mean SVG (mmHg)
1 year 6.7±1.7 (7) 4.9±1.3 (12) 4.4±1.4 (16) 3.7±0.9 (6)
5 years 6.1±3.2 (2) 5.0±1.4 (7) 4.6±1.9 (11) 3.3±1.1 (5)
9 years – 6.2 (1) 4.8 (1) –

10 years – 3.9 (1) 3.0 (1) 4.0 (1)

z EOA (cm2)
1 year 1.9±0.3 (7) 1.9±0.4 (12) 2.0±0.5 (16) 2.3±0.6 (6)
5 years 1.9±0.4 (2) 2.3±1.0 (6) 2.4±0.6 (11) 2.3±0.7 (5)
9 years – 1.7 (1) 2.2 (1) –

10 years – 3.3 (1) 2.5 (1) 3.4 (1)

SVG systolic valve gradient, EOA effective orifice area

Table 4. NYHA classification of patients after Mosaic valve replacement in the aortic (AVR) or
mitral (MVR) position

AVR MVR

NYHA class after 1 year 5 years 10 years after 1 year 5 years 10 years

I 118 (52.2%) 73 (45.3%) 1 (9.1%) 10 (24.4%) 2 (8.0%) 0 (0.0%)

II 99 (43.8%) 79 (49.1%) 10 (90.9%) 31 (75.6%) 23 (92.0%) 3 (100.0%)

III 5 (2.2%) 3 (1.9%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

IV 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)



time 5 patients (45.5%) received aspirin and 3 patients (27.3%) had no an-
ticoagulation therapy. In the MVR group, 10 years after prosthetic valve
implantation 1 patient (33.3%) stayed in sinus rhythm and 2 (66.6%) in
atrial fibrillation/flutter. At the same time 2 patients (66.6%) received phen-
procoumon and 1 patient (33.3%) aspirin.

z Adverse events

Late valve-related adverse events and actuarial freedoms from valve-related
adverse events 5 year, 9 years, and 10 years after AVR are summarized in
Table 5. Corresponding data of the MVR group are presented in Table 6.
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Table 5. Frequency of adverse events and actuarial freedom from valve-related adverse events,
5, 9, and 10 years after aortic valve replacement (AVR)

Adverse event Late events Actuarial freedom from event (% ± SD)

N %/pt-year 5 years 9 years 10 years

z Thromboembolism 13 0.8 95.1±1.5 93.3±1.8 86.6±6.6
– Permanent neurological

event
4 0.3 98.2±0.9 98.2±0.9 91.2±6.8

– Transient neurological
event

4 0.3 98.1±0.9 97.5±1.1 97.5 ± 1.1

– Acute myocardial
infarction

1 0.1 100.0±0.0 99.4±0.7 99.4±0.7

– Valve thrombosis 4 0.3 99.1±1.6 98.6±0.8 98.2±0.8
– Peripheral embolic

event
0 0.0 100.0±0.0 100.0±0.0 100.0±0.0

– Infarction of spleen 1 0.1 99.6 ±0.5 99.6 ±0.5 99.6 ±0.5

z Structural valve
deterioration

4 0.3 100.0±0.0 96.2±2.7 87.1±6.7

z Endocarditis 7 0.5 98.3±0.9 95.4±4.6 95.4±4.6

z Paravalvular leak 6 0.4 97.1±1.1 97.1±1.1 97.1±1.1

z Mismatch 3 0.2 99.1±0.6 98.6±0.8 98.6±0.8

z Hemolysis 0 0.0 100.0±0.0 100.0±0.0 100.0±0.0

z Major hemorrhage 5 0.3 98.7±0.8 96.8±1.3 96.8±1.3

z Reoperation 22 1.4 94.8±1.5 84.9±3.9 72.5±8.1

z Explant 20 1.3 96.0±1.3 86.0±3.9 73.4±8.2

N number of patients, %/pt-year percent per patient year; data are presented as mean±stan-
dard deviation
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Table 6. Frequency of adverse events and actuarial freedom from valve-related adverse events
5, 9, and 10 years after mitral valve replacement (MVR)

Adverse event Late events Actuarial freedom from event (% ± SD)

N %/pt-year 5 years 9 years 10 years

z Thromboembolism 2 0.8 100.0±0.0 86.3±9.8 86.3±9.8
– Permanent neurological

event
1 0.4 100.0±0.0 90.9±8.7 90.9±8.7

– Transient neurological
event

0 0.0 100.0±0.0 100±0.0 100.0±0.0

– Acute myocardial
infarction

0 0.0 100.0±0.0 100±0.0 100.0±0.0

– Valve thrombosis 0 0.0 100.0±0.0 100±0.0 100.0±0.0
– Peripheral embolic

event
1 0.4 100.0±0.0 95.8±4.1 95.8±4.1

z Structural valve
deterioration

0 0.0 100.0±0.0 100±0.0 100.0±0.0

z Paravalvular leak 0 0.0 100.0±0.0 100±0.0 100.0±0.0

z Mismatch 0 0.0 100.0±0.0 100±0.0 100.0±0.0

z Endocarditis 2 0.8 95.0±3.5 95.0±3.5 95.0±3.5

z Paravalvular leak 0 0.0 100.0±0.0 100.0±0.0 100.0±0.0

z Hemolysis 0 0.0 100.0±0.0 100.0±0.0 100.0±0.0

z Major hemorrhage 2 0.8 93.5±3.6 93.5±3.6 93.5±3.6

z Reoperation 3 1.2 92.4±4.3 92.3±4.3 92.3±4.3

z Explant 2 0.8 95.0±3.5 95.0±3.5 95.0±3.5

N number of patients, %/pt-year percent per patient year; data are presented as mean±stan-
dard deviation

Table 7. Patients with transvalvular regurgitation after Mosaic valve replacement in the aortic
(AVR) or mitral (MVR) position

AVR MVR

Regurgi-
tation

after 1 year
(n=238)

5 years
(n=161)

10 years
(n=11)

after 1 year
(n=41)

5 years
(n=25)

10 years
(n=3)

I 7 13 3 2 – –

II 4 6 1 – 2 –

III 2 1 – – – –

IV – – – – – –



z Structural valve deterioration (SVD)

In the AVR group, 4 cases of SVD were observed during the 10-year fol-
low-up with combined aortic valve regurgitation and stenosis in 3 cases
and isolated stenosis or regurgitation in 1 case, each. No SVD at all was
observed in the MVR group (Fig. 2). In all 4 SVD cases of the AVR group,
the explanted valves were studied for calcium content microscopically and
confirmed by radiological and histological investigations of all valve pros-
thesis.

z Thrombosed valves

Four cases of aortic valve prosthesis thrombosis were observed. One 73-
year-old female showed valve thrombosis at postoperative day 87 with a
mean systolic valve gradient (SVG) of 70 mmHg. Phenprocoumon had been
administered during the early postoperative course but was discontinued
due to severe nasal angiodysplasia with recurrent hemorrhage. The valve
prosthesis was replaced with a Hancock II prosthesis, which also developed
thrombosis with a mean SVG of 110 mmHg during the early postoperative
course. Thrombophilic investigations revealed a congenital antithrombin
deficiency (AT III activity 20%). The thrombosed valve prosthesis was re-
placed with a mechanical valve. Analysis of the explanted valves showed
bland thrombotic occlusion without infection or calcification. The second
case was a 53-year-old female with aortic valve prosthesis thrombosis at
postoperative day 891 under aspirin treatment with mean SVG of 42 mmHg
and effective orifice area (EOA) of 0.68 cm2. The valve was replaced with a
mechanical valve. Analysis of the explanted valve showed extensive throm-
bosis and no signs for cuspal degeneration, calcification, or infection. The
third case was a 67-year-old male patient, who developed thrombosis under
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aspirin treatment 1827 days after surgery aortic valve prosthesis. In the
early postoperative course, this patient had suffered from acquired anti-
thrombin (AT) III deficiency and acute heparin-induced thrombocytopenia
(HIT) type II had to be treated with AT III concentrates and recombinant
hirudin, respectively. The valve was replaced with a second Mosaic valve.
The fourth case was an 81-year-old man suffering from aortic stenosis with
a mean SVG of 32 mmHg leading to reoperation on day 3304 and replace-
ment with a Hancock II valve. Analysis of ten explanted valve revealed
brown thrombotic appearing material on two cusps.

z Thromboembolism

Two early cases of thromboembolism occurred in the AVR group and no
one in the MVR group. In one 76-year-old female with paroxysmal atrial
fibrillation a hemiparesis occurred 7 days after aortic valve implantation,
while the patient was on heparin treatment. The second patient (age 72,
female) with chronic atrial fibrillation developed a transient neurological
event with nausea, vertigo, and amnesia 13 days after aortic valve replace-
ment. A total of 13 late thromboembolisms occurred after aortic valve re-
placement during the 10-year follow-up. Four of these patients developed
permanent neurological dysfunction (stroke), while one of these patients
suffered from chronic atrial fibrillation and had no anticoagulation. In the
mitral group, two late thromboemblic events occurred. One patient with
sinus rhythm and no anticoagulation suffered from a left renal infarction
due to renal artery thrombus revealed by CT scan. The patient was hepa-
rinized and then treated with phenprocoumon. Several weeks later, the re-
nal artery was shown to be patent. One 64-year-old female patient with at-
rial fibrillation and aspirin treatment developed 2650 days after mitral
valve implantation a stroke with problems of speaking which resolved com-
pletely after several days.

z Bleeding

One 73-year-old female patient developed 24 days after aortic valve implan-
tation under phenprocoumon treatment severe epistaxis requiring balloon
tamponade to stop bleeding. Furthermore, five late hemorrhagic complica-
tions were observed after aortic valve replacement including cerebral
hematoma (n=2), gastrointestinal bleeding (n=2), and hematoma of the
thigh after an accident (n=1). In the mitral group, one patient (75 years,
female) suffered from diffuse oral bleeding which occurred under phenpro-
coumon treatment 8 days after surgery. Two cases of late hemorrhage com-
plication occurred after prosthetic mitral valve implantation. First, a 73-
year-old male patient developed under phenprocoumon treatment massive
intestinal hemorrhage from the colon (colitis and diverticulitis) 73 days
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after surgery requiring transfusion. Second, a 67-year-old male patient
developed under phenprocoumon treatment subdural hematoma at post-
operative day 127 requiring surgical intervention.

z Paravalvular leak

Two paravalvular leaks were observed 3 days and 6 days after AVR, respec-
tively. Degree of aortic regurgitation was II to III in both cases. In one pa-
tient, valve replacement with a Mosaic prosthesis was performed at post-
operative day 102. Six late paravalvular leaks (all degree II) were observed
with NYHA class I to II. No surgical intervention was performed in these
patients. No paravalvular leaks were observed in the mitral valve group.

z Prosthesis mismatch

In three patients of the AVR group, late patient-prosthesis mismatch be-
tween the size of the bioprothesis and body surface area was found result-
ing in aortic stenosis. In two patients prosthesis replacement was necessary
due to the increased mean systolic valve gradient. Both valves were re-
placed with a Mosaic prosthesis of larger size and additional patch enlarge-
ment of the ascending aorta.

z Endocarditis

No early endocarditis was observed in the AVR and MVR groups. However,
7 cases of late endocarditis were observed after aortic valve replacement
(Table 5). In 4 cases a streptococcus was isolated, in one case an enterococ-
cus. In two cases, no bacterium could be cultured. Six patients were treated
with valve replacement, while one patient was treated successfully with
antibiotics. In the MVR group, two cases of late endocarditis occurred in-
duced by enterococcus and streptococcus, respectively (Table 6). Both pa-
tients were treated with mitral prosthesis replacement.

z Explants

No valve was explanted during the early (<30 days) follow-up in both
groups. Twenty aortic valve prostheses (1.3%/pt-years) were explanted until
the 10-year follow-up. Reasons for explant were endocarditis (n=7), SVD
(n=4), valve thrombosis (n=4), incidental replacement due to aneurysm
of the ascending aorta (n=3), mismatch (n=1), and paravalvular leak
(n=1). In the MVR group, 2 patients (0.8%/pt-years) were explanted both
due to prosthetic endocarditis.
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z Mortality

In the AVR group, the early mortality rate was 0.8% (2 patients). In one
patient pulmonary hypertonus due to hypertrophy obstructive cardiomyo-
pathy with left ventricular outlet obstruction occurred (postoperative day
3) and in the other one acute pericardial tamponade due to aortic dissec-
tion and perforation (postoperative day 13). The linearized rate for late
mortality was 3.5% per pt-year. Out of 54 late deaths, 3 were valve related
(0.2%/pt-year), 11 were cardiac (0.7%/pt-year), 26 were noncardiac (1.8%/
pt-year), and 14 were unexplained (1.0%/pt-year). The cases of valve-re-
lated death after AVR consisted of a 66-year-old man who suffered from a
cerebral hemorrhage with phenprocoumon treatment due to chronic atrial
fibrillation (INR 2) and developed septicemia after a relieving operation
(postoperative day 2119). The second patient was a 49-year-old man with
prosthetic valve endocarditis requiring valve replacement the day of opera-
tion from low output syndrome (postoperative day 3098). The third patient
was a 68-year-old man who died from heart failure after a cerebrovascular
accident (postoperative day 983). No autopsy was performed in any of
these patients. The 11 cardiac deaths until 10-year follow-up included myo-
cardial infarction (n=5), heart failure (n=5), and cor pulmonale (n=1).

In the MVR group, there was no early mortality. The linearized rate for
late mortality (7 deaths) was 2.8% per pt-year. Of these 7 deaths, 1 was
cardiac (0.4%/pt-year), 3 were noncardiac (1.2%/pt-year), and 3 were un-
explained (1.2%/pt-year) (Fig. 3). Survival at 10 years was 65.5 ±4.4% for
AVR and 84.1 ±6.0% for MVR (Fig. 4). Freedom from valve-related or un-
explained death at 10 years was 88.0±3.2% (SE) for the AVR group, and
94.5.6 ±3.8% for the MVR group (Fig. 2). There was no case of valve-related
death during the total follow-up and only one case of cardiac death after
mitral valve replacement in a 75-year-old female with cor pulmonale at post-
operative day 1117 due to heart failure.
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Discussion

These are data from an ongoing post-FDA approval trial investigating the
hemodynamic performance and the clinical outcome of patients after im-
plantation of the Medtronic Mosaic porcine prosthesis in the aortic or mi-
tral position. The design of an annual prospective serial standardized echo-
cardiographic follow-up allowing assessment of functionally and hemody-
namic data was generally not performed in earlier generation biopros-
theses. The serial echocardiographic follow-up here is unique to this study
cohort. The intermediate 10-year results demonstrate excellent hemody-
namic and clinical performance of this new third generation porcine valve
prosthesis in the aortic and mitral positions. Results are comparable with
those of other frequently implanted tissue valves [10–13]. Thus, there is no
statistically significant difference between the second generation Carpen-
tier-Edwards supraanular porcine valve, the Carpentier-Edwards Perimount
pericardial prosthesis, and the third generation Medtronic Mosaic porcine
valve with respect to mean transvalvular gradients and effective orifice area
[14]. The present echocardiographic data demonstrate stable transvalvular
gradients and transvalvular effective orifice area during the 10-year follow-
up. Data are comparable with data obtained in earlier Mosaic series which
reported up to 7 years echocardiographic findings [2, 14, 15]. Relatively
low gradients were found in small valve sizes. It is assumed that these low
transvalvular gradients are a direct benefit of this new valve design and tis-
sue processing preserving the normal architecture of the collagen tissue
[4]. In contrast to the previous Intact Medtronic valve prosthesis, where
fixation in a nondilated root was associated with overcrowding of the leaf-
lets, the Mosaic valve includes dilatation of the aortic root at the time of
preservation resulting in normal plane closure of leaflets without restric-
tion. Nevertheless, freedom from structural valve deterioration (SVD) was
low in the intact valve at 10-year follow-up [16, 17]. It was expected that
improvement in tissue fixation and additional antimineralization treatment
with alpha-amino oleic acid (AOA) [17–19] will provide longer durability
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than current bioprostheses, especially in younger populations [2]. In our
study population, a total of 4 cases (age at implant 31, 55, 55, 63 years) out
of 255 aortic implants occurred during the 10-year follow-up resulting in a
freedom from SVD of 87.1±6.7% (Fig. 2). Since hazards are not constant,
the presentation of linearized rates is not really quantitative. None of these
documented cases of SVD in the AVR group occurred in a patient older
than 65 years at implant. Thus, freedom from SVD in patients >65 years
was 100%. Jamieson and colleagues [20] and Malligan and coworkers [21]
found that even though SVD occurred at all ages, the freedom was greater
with advancing of age. These results suggest that the evolution in valve de-
sign allow for performance superior to that reported for earlier generation
bioprostheses. Sarris reported Hancock standard 10-year SVD freedom
rates of 59±9% and 72±2%, respectively, for aortic and mitral replacement
[22]. Jamieson et al. [23] reported 10-year freedom rates of 79% and 72%
with the Carpentier-Edwards aortic and mitral replacements, respectively.
Jones et al. [24] documented 10-year freedom from SVD with standard
prosthesis of 79% for AVR and 63% for MVR. Pelletier reported 87% free-
dom from SVD at 10 years for the Carpentier-Edwards Perimount pericar-
dial valve in the aortic position [25].

Most remarkable in our study is that not a single case of SVD was ob-
served in a total of 47 patients having undergone mitral valve replacement
during the 10-year follow-up and no case of moderate or severe transvalv-
ular regurgitation was observed. This observation is in contrast to other
authors, who reported tissue valves to be more durable in the aortic than
in the mitral position [1, 16, 24, 26–28]. It was suggested [23] that the dif-
ference in durability may be due to elevated closing pressures and, thus,
increased hemodynamic stress in the mitral position. This suggests that
the Mosaic valve seems to withstand the high stress in the mitral position.

Valve thrombosis occurred in four cases of the AVR group and none of
the MVR group. In one patient with prosthesis thrombosis a congenital an-
tithrombin defect with residual activation of only 20% was detected, which
can be considered to be the reason for this adverse event. This theory is
supported by the reoccurrence of thrombosis after implant of a Hancock II
prosthesis. Another patient developed valve thrombosis of the Mosaic pros-
thesis 1827 days after implant. This special patient had suffered from hepa-
rin-induced thrombocytopenia (HIT) type II as well as AT III deficiency
during the early postoperative course and was treated with recombinant
hirudin (lepiriudin, Pharmion, Great Britain) as an alternative anticoagu-
lant instead of heparin. The overlapping treatment with phenprocoumon
had to be stopped early after initiation due to a gastrointestinal hemor-
rhage. The intraoperative findings and histological investigation supported
the theory of HIT, because a thin layer of white clot formation was found
in all three cusps of the Mosaic valve resulting in prosthetic stenosis with
a transvalvular peak gradient of 55 mmHg.

Seven patients of the AVR group and two patients of the MVR group de-
veloped endocarditis during the postoperative course resulting in freedom
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from endocarditis rates of 95.4 ±4.6% for the AVR group and 95.0±3.5%
for the MVR group. Thus, the rates of infective endocarditis after AVR and
MVR with the Mosaic valve prosthesis are similar to those reported for
other stented porcine and pericardial valves, such as Hancock II [1], Car-
pentier-Edwards Perimount [26, 29, 30], Biocor [31, 32], Medtronic Intact
[16], and the Carpentier-Edwards porcine prostheses [33].

The risk of endocarditis was reported by David et al. [1] to be highest
during the first year after the operation. In contrast to this, in our cohort,
7 cases of endocarditis in the AVR group occurred 261, 615, 782, 833, 1886,
1909 and 3015 days after implant, and in 2 cases mitral position endocar-
ditis was observed 133 and 1265 days, respectively, after implant. A major
benefit of a bioprosthesis in comparison to a mechanical valve is the low
incidence of thromboembolic and major anti-thromboembolic-related hem-
orrhage. In the present trial, late thrombotic rates of 0.8% per patient year
(pt-year) were observed in the AVR and MVR groups, respectively, which
is favorable to other studies. In this context, it seems to be important that
all patients without the need for phenprocoumon (e.g., chronic atrial fibril-
lation) were treated with aspirin.

A comparable low rate of major hemorrhages was observed for both
groups with only 0.3%/pt-year after AVR and 0.8%/pt-year after MVR. The
freedom from hemorrhage rates at 10 years were 96.8 ±1.3% (AVR) and
93.5 ±3.6% (MVR), respectively. The number of major hemorrhages was
lower than in other series [34]. The reason might be the relatively low per-
centage of patients of our study under continuous anticoagulation therapy
at 6 months after surgery in comparison to other studies (52.5%/pt-year
[34]).

Conclusion

The long-term performance of the Mosaic valve is encouraging, as this
third-generation porcine bioprosthesis continues to provide excellent
hemodynamic data, a small number of valve-related adverse events, and a
low incidence from structural valve deterioration. Continued clinical fol-
low-up and monitoring of this patient population should demonstrate if
indeed this valve will provide patients with increased durability and low
morbidity, when compared with bioprosthetic valves of an earlier design
and generation.
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Introduction

Xenografts, allografts, and pulmonary autografts have complimentary roles
in the treatment of valvular heart diseases. Because the recipients require
no long-term anticoagulant therapy, the incidence of thromboembolic events
is low in contrast to that in mechanical valve recipients [1–14]. Furthermore,
among the biological valves, the allograft has an additional advantage over
xenografts and mechanical valves for aortic valve replacement in the setting
of endocarditis, with a lower probability of recurrent infections [15–20]. An-
other purported advantage of biological prostheses (BP) is their anticipated
subtle mode of failure in contrast to the catastrophic mechanism of failure
anticipated for mechanical prostheses. Despite the obvious advantage of bio-
prostheses over the mechanical valves some surgeons still favor the mechan-
ical prosthesis (MP) because of its high structural durability and lower reo-
peration rate for younger patients [21, 22]. The mechanical prosthesis, how-
ever, poses a contraindication in elderly and noncompliant patients because
of the valve-related hemorrhagic and thromboembolic complications.

The current debate addresses whether anticoagulant-free bioprostheses
will outlast the life expectancy of elderly and comorbid patients, so that
they will not develop structural valve deterioration (SVD) which would re-
quire reoperation in their lifetime. The debate continues with the question
of whether a second bioprosthesis after SVD poses a higher risk for early
structural deterioration and, thus, a reoperative risk, especially in elderly
patients who at younger age preferred the bioprosthesis.

The contemporary risk of reoperative aortic valve replacement, therefore,
has implications for the selection of prosthesis type – mechanical or bio-
logical – or other procedures such as reconstruction among patients with
limited or longer life expectancy.

The purpose of this publication, therefore, is to determine the prosthesis
of choice for the replacement of failed implanted bioprostheses after SVD
in patients of different age groups and the current reoperative risks, mor-
bidity, and mortality. Our recommendations may serve to guide the sur-
geons in their decision-making process for the selection of BP for particu-
lar patients.
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after structural valve deterioration
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Methods

In the first half of our aortic valve replacement (AVR) program, from
1986–1997, more mechanical prostheses were implanted than bioprostheses.
The trend changed in the latter half of the study period (1998–2007) to-
wards the use of more bioprostheses (Fig. 1). Between May, 1986, and
December, 2007, 5027 patients underwent primary AVR with and without
concomitant coronary artery bypass grafting (CABG). In the same period,
330 patients underwent replacement of biprostheses (BP) for various rea-
sons. Major causes for explantation were the following: structural valve de-
terioration (53.9%), prosthetic valve endocarditis (29.4%), paravalvular
leakage (5.2%), leaflet tear (2.4%), and valve thrombosis (0.9%) (Table 1).
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Fig. 1. Trends in aortic valve surgery at Deutsches Herzzentrum Berlin (DHZB), 3/1986–2007

Table 1. Causes of bioprosthetic replacement of bioprostheses at the Deutsches Herzzentrum
Berlin (DHZB), No=330; 5/1986–2007

Diagnoses

z PVE acute 97
z Healed PVE 29
z SVD 178
z Paravalvular leak 17
z Prosthetic valve thrombosis 3
z Leaflet tear 7
z Leaflet perforation 1
z Patient-prosthesis mismatch 1

z Anterior mitral leaflet 1
z Leaflet damage distortion by radiation 1
z Coronary ostial obstruction 1
z VSD 2
z Aneurysm of sinus of Valsalva 2
z Pseudoaneurysm asc. aorta 1
z Type A aortic dissection 1
z LV aneurysm 1

PVE prosthetic valve endocarditis, SVD structural valve deterioration, VSD ventricular septal de-
fect



A total of 178 patients (93 males and 85 females) aged 14-89, median 67
years had repeat AVR after structural valve deterioration (SVD). A total of
96 patients received the primary AVR at our institution and 82 externally
since 1975. Median follow-up after primary AVR was 13.7 (range: 1.8–32.2)
years at 2587 patient-years and after re-replacement it was 3.87 (range: 0–
20.99) years at 1059.2 patient-years. The age groups were distributed as fol-
lows: <60 years (n=52), 60–69 years (n=53) and >70 years (n=73) (Table 2).
Replacement of bioprostheses with concomitant CABG (1st CABG/re-CABG
or hybrid procedure: PTCA with stent implantation) was performed in 41 pa-
tients (Fig. 2).

In 2007, 12265 isolated aortic valve procedures (with 42 allografts, 2814
mechanical prostheses, 9260 xenografts and 149 reconstructions) and 8473
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Table 2. Re-AVR with bioprostheses for SVD with concomitant CABG/re-CABG
Deutsches Herzzentrum Berlin (DHZB), 5/1986–2007

Patient demographics

z No. of patients 178
Median age (years) 70.7
Range (years) 16.4–91.2
Male/female 88/83

z Age groups (years) n
<65 47 (26.4%)
≥65 131 (73.6%)
≥70 104 (58.4%)

AVR aortic valve replacement, SVD structural valve deterioration, CABG coronary artery bypass
grafting
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Fig. 2. Patients undergoing repeat AVR with coronary artery disease with and without previous
CABG and coronary artery stenting. Red box represnts represents patients undergoing repeat
aortic valve replacement with concomitant coronary artery bypass grafting or stenting



procedures combined with coronary bypass grafting (CABG) and 295 Ross
procedures were reported by 79 German institutions to the German Society
of Cardiothoracic and Vascular Surgery database [23]. The operative risk
for isolated aortic valve procedures according to the database was 3.9%
and for combined CABG it was 6.3%. The report confirmed further an in-
creased implantation of bioprostheses over the years in Germany because
of the aging population. In Table 3, a summary of considerations for pros-
thesis selection and in Table 4 relevant population statistics are presented.
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Table 3. Considerations for prosthesis selection for valve re-replacement for structural valve
deterioration (SVD)

z Does a previous structural valve deterioration (SVD) of a bioprosthesis pose a risk
for accelerated SVD, and is it, therefore, a contraindication for another bioprosthesis?

z Is a young age a risk factor for accelerated SVD for second bioprosthesis (a second-set
reaction)?

z Is the risk of reoperation higher than that of primary operation?
z Is the cumulative patient morbidity (reoperative mortality) for two bioprostheses

comparable with that of patients with a single mechanical valve?
z A second bioprosthesis will outlast the life expectancy of which patients?
z Which patients will not experience reoperation for SVD of bioprosthesis before death?
z Do the risks of long-term anticoagulation outweigh those of SVD?
z Does the incidence of PVE differentiate bioprostheses from mechanical prostheses?

Table 4. Life expectancy of German population and patients after aortic valve replacement

Life expectancy (LE) of German population by age groups
a

Age groups 60 years 65 years 70 years 75 year 80 years

z LE of women (years) 24.61 20.31 16.15 12.31 8.92
z LE of men (years) 20.75 16.93 13.3 10.23 7.56

Life expectancy of men after bioprosthetic (BAVR) and mechanical (MAVR) aortic
valve replacement by age groups

b

Age groups 60 years 65 years 70 years 75 years 80 years

z LE after BAVR (years) 13 11 10 8 –
z LE after MAVR (years) 13 10.5 8 7 –

a Federal Bureau of Population Statistics, Wiesbaden, Germany, b Puvimanasinghe et al. 2004 [24]



Operation technique

z Preoperative imaging

Chest X-ray in two views and thoracic computer tomography (CT scan) are
performed to assess
z the space between the sternum and the epicardium and
z the relationship between the substernal structures (CABG, internal mam-

mary artery (IMA), ascending aorta) and the sternum (Fig. 3).
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Fig. 3. Preoperative electrocardiographic triggered thoracic computed tomography (64-slice,
Siemens Somatron Definition) for assessing the relationship between the sternum (St) and the sub-
sternal cardiovascular structures. a A transverse cross-sectional view at the level of pulmonary ar-
tery bifurcation showing the coronary artery bypass graft (CABG) below the sternum, b a sagittal
cross-sectional view showing the coronary artery bypass graft below the sternum, c a sagittal
cross-sectional view showing the right ventricular outflow tract (RVOT) and the aortic root (AR)
with a bioprosthesis (BP)



z Reentry sternotomy

The groins are prepared as for all sterile operations. The lines for the ex-
tracorporeal circulation are primed as the skin incision is performed. After
midline skin incision, the sternal wires are cut and removed. Gentle dissec-
tion is made of the suprasternal jugulum soft tissue structures, partly
bluntly, with absolute care taken not to damage the innominate vein. At
the distal sternum around the xyphoid, the linea alba is divided and with a
gentle dissection the substernal soft tissue is exposed in line with the mid-
line sternum incision. Using the manually controlled, electrically driven
oscillating saw along the midline sternum incision guided by high-pressure
suction the two sternal blades (layers) are gently sawed beginning from the
manubrium distally towards the distal sternum until the substernal soft tis-
sue site is felt. We classify reentry sternotomy into four grades according
to severity of substernal epimyocardial and vascular injury, blood loss, and
circulatory situation of the patient:
z Grade 1: Uneventful sternotomy; no epimyocardial damage; easy dissec-

tion of adhesions to expose the heart, great arteries, and veins.
z Grade 2: Accomplished sternotomy with minor epicardial/superficial myo-

cardial, atrial or vascular injury with minor controlled bleeding at dissec-
tion.

z Grade 3: Epimyocardial injury with significant blood loss; blood transfu-
sion from the cell-saver and hypotension necessitating urgent institution
of cardiopulmonary bypass.

z Grade 4: Severe cardiac chamber injury with severe blood loss and car-
diac arrest before institution of cardiopulmonary bypass.

z Statistical analysis

The guidelines approved by the Society of Thoracic Surgeons for reporting
morbidity and mortality after cardiac valvular operations were used to ana-
lyze postoperative complications [32]. All continuous variables were ex-
pressed as mean ± SEM. Actuarial curves were calculated by the Kaplan-
Meier method. Linearized occurrence rate of events and confidence limits
were calculated according to Poisson distribution. Actual competing risk
analysis (cumulative incidence) was performed. A p value of <0.05 was
considered as evidence of statistical significance. Predictors of events dur-
ing follow-up were identified by means of Cox’s proportional hazards re-
gression.
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Results

z Valve re-replacement with a second bioprosthesis
after structural valve deterioration

A total of 92 patients received a bioprosthesis. Frequency of implantation
of bioprostheses in age groups is shown in Table 5. Of patients ≥70 years,
81.9% received bioprostheses. One patient under 60 years received allograft
aortic valve replacement. Experience gained from transapical valve implanta-
tion in native stenotic aorta has allowed an extension of the indication for
patients with degenerated bioprosthesis in many cetres (Table 5b, Fig. 4).

z Valve re-replacement with mechanical prosthesis
after bioprosthetic structural valve deterioration

Eighty-two patients received mechanical prostheses. Frequency of implanta-
tion of mechanical prosthesis in the age groups is shown in Table 5a.
Seventyfive percent of patients <60 years received mechanical prostheses.
In Table 6, types of re-replacement at different institutions are shown.
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Table 5a. Types of prosthesis for re-aortic valve replacement in age groups, n=171

Prosthesis of choice

Age groups
(years)

Total
171

Bioprosthesis
n=92 (%)

Allograft
n=1 (%)

Mechanical valve
n=78 (%)

<60 49 22.4 2.1 75.5
<65 75 26.7 1.3 72
≥65 69 75 – 25
≥70 72 81.9 – 18.1
≥80 16 87.5 – 12.5

Table 5b. Transapical off-pump valve-in-valve implantation in degenerated bioprosthesis. Series
at German Heart Centres (6/2009)

Institution TAVR
n

V-i-V
n

z Leipzig 250 7 (2.8%)
z Karlsruhe 130 4 (3.1%)
z Berlin 114 9 (7.9%)
z Munich 63 1 (1.6%)
z Hamburg 55 4 (7.3%)



z Hospital survival

Patient survival in the overall period 1986–2007 and in the subperiod
2002–2007 was 90.1 ±5.4% and 93.3 ±3.7%, respectively (p=0.580).

z Hospital mortality by period: 2002–2007. Hospital mortality for re-AVR was
1.3% (2/151), and for re-AVR and concomitant CABG it was 5.8% (1/17)
(Table 7).

z Hospital mortality by period: 1986–2007. Hospital mortality for re-AVR was
8.4% (10/118), for re-AVR and concomitant CABG 12.2% (5/41), and for re-
AVR + concomitant CABG and re-CABG 12% (3/25) (Table 6). A summary of
reoperative hospital mortality with and without CABG at different institu-
tions is shown in Table 8.
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Fig. 4. a Algorithm of transapical off-pump valve-in-valve implantation into a bioprosthesis
after structural valve deterioration. b–d Implantation of Edwards Sapien valve into a CE-Peri-
mount pericardial bioprosthesis after structural valve deterioration. (From [41])



z Long-term survival

Survival primary and after reoperative AVR in patients with SVD and non-
structural valve deterioration, in different age groups and with and without
concomitant CABG, are shown in Figs. 5–8. In Fig. 7 patient survival after
primary AVR is presented. The low survival is related to the advanced age
at the primary AVR (73 years versus 67 years) and comorbidity. Summaries
of long-term survival from the literature are shown in Tables 8 and 9.
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Table 6. Types of prosthesis for valve re-replacement at different institutions [11, 27]

Institution Explanted Type of re-replacement

Bioprosthesis
n

Bioprosthesis
n (%)

Allograft
n (%)

Mechanical
n (%)

z The Cleveland Clinic 95 50 (53) 2 (2) 43 (45)
z The Cleveland Clinic 46 a 15 (32) 7 (16) 24 (52)
z DHZB 171 92 (53.4) 1 (0.5) 78 (46.1)
z Mayo Clinic 77 40 (52) 7 (9.1) 30 (39)

DHZB Deutsches Herzzentrum Berlin
a Allografts

Table 7. Mortality after valve re-replacement with bioprostheses for SVD and concomitant
CABG/re-re-CABG in 2002–2007 compared with the total study period at Deutsches Herzzent-
rum Berlin (DHZB): 30-day mortality

Period Primary AVR Re-AVR Re-AVR + CABG

z 1986–2007 10.9% 8.4% 12.2%
549/5027 10/118 5/41

z 2002–2007 5.9% 1.3% 5.8%
119/2020 2/151 1/17

SVD structural valve deterioration, CABG coronary artery bypass grafting, AVR aortic valve re-
placement

Table 8. Published data on hospital mortality after reaortic valve replacement±CABG [3, 27, 29]

Author Re-AVR ±CABG Hospital mortality (%) Mean age (years)

Potter et al. 2005 – 4.9 64
Jamieson et al. 2003 ± 6.5 na
Jamieson et al. 2003 + 5 na
Byrne et al. 2002 + 6 na
Yankah et al. 2008 + 5.8 67

AVR aortic valve replacement, CABG coronary artery bypass grafting



Comments

The heart valve database at the Deutsches Herzzentrum Berlin (DHZB)
started with allografts and bioprostheses and now covers 22 years follow-
up time [1, 18, 20]. Although the average age of AVR patients was greater
than 70 years, more mechanical prostheses were implanted in the first half
of our program, from 1986–1997, than bioprostheses. The trend changed in
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the latter half of the study period (1998–2007) towards the use of more
bioprostheses, primarily for patients aged over 65 years. The reason for
this trend was associated with the anticipated durability of bioprostheses
and the increased life expectancy of the German population.

According to the German Federal Bureau of Population Statistics (2005–
2007) 11194720 (13.6%) and 3927136 (4.8%) of the population are over 70
and 80 years old, respectively. The life expectancy in Germany for 60, 65,
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70, 75, and 80-year-olds is 20.75, 16.93, 13.3, 10.23, 7.56 years for men and
24.61, 20.31, 16.15, 12.31, 8.92 years for women, respectively.

These life expectancy statistics indicate that patients who could have
normal life expectancy are those who could achieve functional recovery of
their organs after aortic valve replacement. The conditions for maintaining
normal life expectancy are early indication for elective surgery without
gross functional impairment of the left ventricular and other organs, using
prostheses which do not cause patient-prosthesis mismatch and fatal valve-
related complications [1–8]. The current technology in cardiac surgery of-
fers low operative risk for aortic valve replacement even in the elderly with
symptomatic aortic valve stenosis or failed bioprosthesis [1–8, 23, 24, 40].

It is well appreciated that the operative risk is confounded by several
factors. Close follow-up of patients with echocardiographic monitoring and
indication for early reoperation prior to development of gross left ventricu-
lar failure and advanced functional class (NYHA III and IV) can reduce
the operative risks which are predictive of early and late mortality [1, 25,
27]. It is noteworthy that high postoperative morbidity is inversely related
to intraoperative reentry sternotomy complications and preoperative left
ventricular failure [32–34]. With tutoring and guidance, technical skills can
be developed during the learning curve for reentry sternotomy, thus, avoid-
ing catastrophic intraoperative cardiovascular injuries and postoperative
morbidity. Re-sternotomy cardiac injury is a predictive factor for pro-
longed surgery, bleeding, cardiogenic shock, postoperative low cardiac out-
put syndrome, and cardiac mortality [27, 29, 32–34].

The reported reoperative mortality rate after AVR varies between 1.3
and 10.6% [21–27]. Lau et al. reported 95.0±2.2% and 96.6 ±2.0% actuarial
freedom from valve-related mortality with mechanical and bioprosthesis
valves and 98.0 ±1.9% and 85.7 ±9.4% for patients older than 70 years, re-
spectively [26]. In the period 1986–2007, the overall hospital mortality for
primary AVR was 10.9%, and for primary AVR and concomitant coronary
artery bypass grafting (CABG) it was 11.8%. Elective and urgent operative
mortality was 8.1%. The Vancouver group reported in their early series
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Table 9. Patient survival (overall) after re-replacement of bioprostheses for structural valve
deterioration [6, 26]

Author Year Prosthesis Actuarial freedom SVD (%)

5 years 10 years 15 years

Lau et al. 2006 CE-P 62 56 28
Eichinger et al. 2008 SJM-Biocor 51.6 25.1 –
Yankah et al. 2008 Mitroflow 69.5 54 –
Yankah et al. 2009 Bioprostheses 72 59 50

SVD structural valve deterioration, CE-P Carpentier Edwards Perimount, SJM St. Jude Medical



10.7% mortality without and 6.7% with concomitant CABG, which has de-
creased to 6.9% without and 5.0% with concomitant CABG [25–27]. Like-
wise, in our series for the last 5 years (2002–2007), the operative risk has
improved with a decrease to 5.9% for primary elective AVR and 1.3% for
re-AVR. The current operative risk for re-AVR and re-AVR with concomi-
tant CABG is as low as that of the primary operations.

In our series 10- and 20-year survival after re-replacement for SVD in
patients aged 60–69 years was 60% and 58%, respectively. Survival at 10
years for patients with Mitroflow pericardial prosthesis was 100%. Survival
after bioprosthesis replacement with a second bioprosthesis for SVD in pa-
tients who received primary AVR under 65 years of age was 59% as com-
pared to 56% in the recent data of Lau et al. and others [26, 28, 30]. The
median age at reoperation was 67 years as compared to 73 years in the se-
ries with primary AVR [1].

The prosthesis of choice, whether bioprosthesis or mechanical, for dif-
ferent age groups and patients with special wishes remains a controversial
issue. Structural valve deterioration (SVD) and subsequent risks of re-
operation are the major morbid events with bioprostheses, while thrombo-
sis, and thromboembolic and hemorrhagic episodes are the major events
in patients with mechanical valves. Of reoperations in our series, 54% were
associated with SVD of bioprostheses as compared to 87% and 74% in
other series [11, 35]. Allograft explantation for SVD was 59% in the series
of Smedira et al. [11]. The low rate of valve-related complications of the
latest bioprostheses has, therefore, changed the strategy for bioprosthesis
selection for patients <65 years [1]. Bioprostheses can be used in patients
<60 years of age in the aortic position when the patient refuses long-term
anticoagulant therapy, desires pregnancy, has a small aortic annulus or has
comorbidity with limited life expectancy [1, 11, 21, 22]. The general debate
addresses the question of whether a second bioprosthesis poses a higher
risk of accelerated structural degeneration which might occur before the
expected lifespan of the patient and, therefore, represent a contraindica-
tion.

Among the biological valves, the allograft has an additional advantage
over xenograft valves for aortic valve replacement in the setting of endo-
carditis with a lower probability of recurrent infections [10–13, 16–20]. Re-
operative risk was 8.1% excluding reinfection of allografts. Another pur-
ported advantage of biological valves is their anticipated subtle mode of
failure in contrast to the catastrophic mechanism of failure that can occur
with a mechanical prosthesis.

At the selection of prosthesis for primary AVR in young patients, the re-
operative risk should be weighed against the benefits of anticoagulation
and other valve-related events of mechanical valves. The general debate
concerns the age cutoff that should be recommended for implanting a bio-
prosthesis at the primary operation [1, 11, 21, 22, 24].

With reference to other reports, patients between 65 and 69 years show
actual freedom from major complications for mechanical and bioprosthesis
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of 84.7±8.4% and 60.8±13.4%; for patients over 70 years it was 79.0± 10.8%
and 90.8 ±3.9% respectively [26]. The relationship between age and SVD of
bioprostheses demands general guidelines for selection of prosthesis, me-
chanical or bioprosthesis, for individual age groups with or without comor-
bidity and for special indications. Many studies have indicated that durability
of mechanical as compared to that of bioprosthetic valves was not beneficial
for patients over 65 years and 70 years in view of morbidity and survival
[5, 24, 26]. The observation confirms the criteria used for prosthesis selection
by age group in our cohort undergoing valve re-replacement for SVD. This
observation was reported in the early studies of Jamieson et al. and McGilli-
gan et al. on age and SVD of bioprostheses [36, 37].

Spampinato et al. found in their study that 20-year cumulative survival
after implantation of two bioprostheses (primary AVR + re-replacement
and reoperative mortality) was favorable to the 20-year survival of patients
with a single mechanical valve [21, 22, 31, 38]. This recommendation can
be individualized according to age and comorbidity and ultimately, after
counseling about the risks, the patient would be able to decide on which
risks he or she would accept even in the era of self-monitoring of anticoa-
gulation [39].

Advanced age and NYHA class III–IV at reoperation for a bioprosthesis
with SVD are risk factors for re-AVR The reoperative mortality for NYHA
class III was 4.2%, for class IV 16%, and for patients 60–70 years and >70
years 5.6% and 11.8%, respectively, in the series of Jamieson et al. [25].
There was a striking difference in the 10-year survival for the age group
60–69 and ≥70 years, which was 60% and 23%, respectively, in our cohort.
However, the 58% survival at 20 years for the age group 60–69 years in our
cohort was very encouraging. In view of the high reoperative risk for the
age group greater than 70 years, the recent innovative catheter-based aortic
valve replacement, which is a minimally invasive procedure, offers a lower
reoperative risk and better survival for the higher risk patients [40, 41].

Conclusions

Important technical steps at re-entry sternotomy should be strictly ob-
served.

Re-replacement risk and reoperative mortality at elective/urgent surgery
are as low as those of primary AVR without catastrophic reentry sternot-
omy cardiac injury.

Our data support the strategy of the use of bioprostheses in patients
<65 years who prefer reoperation to long-term anticoagulation.

Routine regular echocardiographic follow-up after implantation of bio-
prostheses could contribute to establishing early indications for elective re-
replacement which is associated with low hospital mortality.
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Patients >70 years would benefit from valve re-replacement with a bio-
prosthesis, whereas such an indication is appropriate for patients <70
years with comorbidity.

High-risk patients should be offered catheter-based aortic valve-in-valve
biologic replacement.

z Acknowledgments. The authors are grateful to Anne M. Gale, ELS, for
editorial assistance, Astrid Benhennour for bibliographic support, and
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Stented bioprostheses

z The changing role of pericardial tissue
in biological valve surgery:
22 years’ experience with the Sorin Mitroflow
stented pericardial valve
C.A. Yankah, M. Pasic, J. Stein, C. Detschades,

H. Siniawski, R. Hetzer

Background

The bovine pericardial tissue valve, once prohibited for clinical use, has
demonstrated the longest durability (22 years) [1, 15]. With the increase in
life expectancy up to 83 years in men and 85 years in women, there is a
trend towards the use of non-thrombogenic biological tissue which re-
quires no long-term anticoagulation [1–14]. Because of the natural history
of the aortic valve and root diseases, the majority of patients have small
aortic roots which require implantation of small and hemodynamically ef-
fective valves without the need for an extended procedure of aortic root en-
largement [1, 17–25]. On the other hand, there is a group of younger pa-
tients, especially women of child-bearing age or persons who are active in
sports or because of professional reasons, who prefer biological valves and
trade long-term anticoagulation for a second operation in their lifetime [1,
3, 13–16].

The study was designed to evaluate the long-term (21 years) results in
patients <65 and >65 years old with Mitroflow pericardial bioprostheses
(Sorin Group Canada, Inc. Mitroflow Division, Vancouver) for aortic valve
replacement (AVR) since its introduction at our institution. The study
further evaluated the hemodynamic performance (transvalvular gradients,
effective orifice area) and patient-related factors for defining the age
threshold for the use of pericardial valves.



Patients and methods

Between 3/1986 and 4/2007, 1513 patients who received isolated Mitroflow
pericardial bioprostheses (1071 females, 442 males) at a mean age of
73.2 ±0.22 years (SEM), range 22–95 years, were followed up to 9/2007. A
total of 1031 patients (mean age 74.6 ±0.3 years) received model 12 Mitro-
flow valves.

The clinical characteristics of the patients are summarized in Table 1.
Distribution of patients by age group is shown in Fig. 1. A total of 759
(50.2%) patients underwent concomitant coronary artery bypass. The etiol-
ogy of the aortic valve disease is summarized in Fig. 2.
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Fig. 1. Age-group distribution of 1513 patients who underwent aortic valve replacement with
the Mitroflow pericardial aortic bioprosthesis

Degeneration 80.4 %
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Fig. 2. Etiology of the aortic valve and root diseases of 1513 patients who underwent aortic
valve replacement with the Mitroflow pericardial aortic bioprosthesis
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Table 1. Characteristics of patients. Reprinted with permission from [1] © American Association
for Thoracic Surgery

No. of patients: 1513
Mean: 73.2±0.22 years (SEM)
Range: 22–95
Female: 1071 (70.8%)
Male: 442 (29.2%)

z Distribution of patients by age group

Age (years) n %
<60 89 5.8
60–69 366 24.2
70–79 722 47.7
≥65 1324 87.5
≥70 1058 69.9
≥80 336 22.2

z NYHA

II: 620 (41%)
III: 633 (41.8%)
IV: 210 (13.9%)
Unknown: 50 (3.3%)

z Body mass index

Mean: 25.74±0.12 kg/m2 (SEM)
Range: 12.98–47.5 kg/m2

Renal failure: 159 (10.5%)
Pulmonary disease (COPD): 152 (10%)
Carotis stenosis: 104 (6.9%)

z Implanted valve size Explanted valve size

N=1513 N=86
19 mm 204 (13.5%) 10 (0.7%)
21 mm 869 (57.4%) 35 (2.3%)
23 mm 347 (22.9%) 30 (2.0%)
25 mm 76 (5.0%) 6 (0.4%)
27 mm 17 (1.1%) 1 (0.06%)
Unknown: 4 (0.3%)



Aortic root disease and morphology

Natural history of aortic stenosis: 54.6% (n=827) of 1513 patients pre-
sented with aortic stenosis. The patients were distributed into the following
age groups: 53.4% of patients were aged >60 years and 1.2% of patients
were aged <60 years (p=0.001). In the age group ≥65 and <65 years, the
figure was 50.8% and 3.8%, respectively (p=0.001); 42.3% of patients ≥70
years had aortic stenosis.

Design and characteristics
of the Mitroflow pericardial bioprosthesis

The Mitroflow pericardial bioprosthesis has been in clinical use since 1982
(Model 11) and it was redesigned (Model 12) for further clinical use in
1991 [8, 12]. It is a single sheet of pericardial tissue fixed with 0.5% glutar-
aldehyde at zero pressure mounted outside the low profile stent and has a
smaller sewing ring than other bioprostheses.

This offers a wide opening and synchronous opening and closure of the
leaflets with a maximum unimpeded laminar blood flow. It reduces the risk
of interference with the sinotubular junction and of squeezing in a small
aortic root.

Its small, soft, and pliable sewing cuff facilitates implantation into the
smallest aortic annulus (19 mm, 21 mm) without the need for annular en-
largement. Therefore, it reduces the risk of patient-prosthesis mismatch
and high transvalvular gradients. The hemodynamics, transvalvular gradi-
ents, and effective orifice area compete with those of stentless biopros-
theses (stented Mitroflow bovine pericardial valve 19 mm: 1.9 mmHg/
1.4 cm2; 21 mm: 7.1 mmHg/1.6 cm2; 23 mm: 4.7 mmHg, 1.9 cm2 [1]; stent-
less Freestyle porcine valve: 19 mm: not available; 21 mm: 8.2 mmHg/
1.4 cm2; 23 mm: 5.0 mmHg/1.9 cm2 [26]).
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Table 2. Three-center hemodynamic study of pericardial aortic valve replacement [1, 3, 12]

Size Berlin Canadian French
(mm)

MF CE-P CE-Magna CE-P

19 1.4 1.1 1.0 1.1
21 1.6 1.3 1.3 1.4
23 1.85 1.5 1.96 1.7

MF Mitroflow, CE Carpentier-Edwards, P Perimount



The following indications are recommended for valve replacement with
a biological prosthesis by the American College of Cardiology/American
Heart Association task force report:
z patients who cannot or will not take warfarin therapy (class I),
z patients >65 years old needing aortic valve replacement who do not

have risk factors (atrial fibrillation, left ventricular dysfunction, previous
thromboembolism, and hypercoagulable situation (class II),

z patients considered to have possible compliance problems with warfarin
(class IIa).

Surgical procedure

The standard surgical procedure was performed as described previously
[9]. The objectives and principles of implantation of the Mitroflow pericar-
dial bioprosthesis and techniques of aortic root enlargement are described
in Tables 3 and 4. The percentage distribution of valve sizes implanted in
1513 patients is shown in Fig. 3.
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Table 3. Objectives and surgical principles of AVR with a low profile stented Mitroflow pericar-
dial bioprosthesis

z Due to its external pericardial sheet covering meticulous decalcification of the aortic
annulus is warranted to obtain soft annulus tissue for suturing and avoid leaflet abrasion

z Sizing: Use the appropriate obturator to measure the native annulus for selection
of proper valve size

z Avoid oversizing to create valve deformation
z Relief of subaortic obstructive septal hypertrophy, preferably by resection (myectomy)
z Supraannular implantation: clinical judgement of the aortic root space for supraannular

positioning
z Pledgeted fixation sutures (LV-aortic fashion)
z Supraannular implantation provides 100% geometric orifice – aortic annulus match,

good coaptation of leaflets and minimum hemodynamic stress
z Valve struts should correspond to native commissures and tall tied knots should

be reduced to avoid coronary ostial impingement
z Concomitant replacement of aortic valve and ascending aorta: When using the MF peri-

cardial bioprosthesis for concomitant replacement of the ascending aorta, the conduit size
should be equivalent to the external diameter of the bioprosthesis (i.e., one size larger
than the labeled size) to avoid leaflet impingement and abrasion



Follow-up

Follow-up was complete in 99.3% patients (11 patients were lost to follow-
up) with a mean of 7.23 ±0.287 years (3482 pt-years) for Model 11 and
2.6±0.08 years (2682 pt-years) for Model 12; thus, the data from a total of
6163.5 patient-years were available for analysis. There was no implantation
of Mitroflow valves between 1992 and 1996. A total of 1297 (85.7%) of the
hospital survivors underwent routine echocardiographic studies at 3 and 9
months after operation and thereafter annually. Transthoracic Doppler
echocardiography was performed at different institutions in a uniform
manner and the evaluations were comparable. If a patient had undergone
more than one echocardiographic or clinical evaluation, the result of the
most recent investigation was reported.

Follow-up information was obtained from the state registry of births and
deaths, and from our institutional department for clinical studies. In some
cases, it was documented by questionnaire or telephone interview, or from
the records of the patients’ family physicians or cardiologists. The primary
endpoint of the clinical follow-up was described as mutually time-related

z C.A. Yankah et al.422

Table 4. Techniques of aortic root enlargement in adults with small aortic root

z Nicks 1970 [19]
Posterior annuloplasty. Extension of aortic incision posteriorly
To the noncoronary sinus across the aortic annulus to the mitral annulus

z Manougian: 1979 [20]
Aortic-mitral annuloplasty. Extension of the aortic incision posteriorly into the noncoronary
sinus across the aortic annulus to the anterior mitral leaflet
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Fig. 3. Percentage distribution of Mitroflow pericardial aortic bioprostheses by sizes (19–
27 mm) in the supraannular position which were implanted in 1513 patients



outcomes such as event-free survival, valve-related morbid events (structur-
al valve deterioration, bleeding, thromboembolism, prosthetic valve endo-
carditis), or death from other causes before explants. The maximal follow-
up of the 86 explanted valves was 14.9 years and 642.65 patient-years at a
mean of 7.39 ±0.4 years, whereas for the 64 valves explanted for structural
valve deterioration (SVD) it was 552.1 patient-years at a mean of 8.76 years
[1]. We evaluated 189 measurements of mean gradients in 120 patients.
Measurements of mean gradients and time intervals between serial echo-
cardiographic studies were not uniform in some patients. Therefore, we
did not apply the mixed model longitudinal regression analysis as de-
scribed by Banbury et al. [4]. Evolution of mean transvalvular gradients of
valve sizes 19–25 mm and their median values over time are shown in
Fig. 7.

Structural and nonstructural deterioration of the Mitroflow valves, diag-
nosed preoperatively by echocardiographic studies, was confirmed at the
time of explantation.

At the time of the last follow-up study, 150 patients (29%) were in New
York Heart Association class I, 232 (45%) in class II, and 120 (23%) in
class III; 14 patients (3%) could not be classified because of advanced age.

NYHA functional classification of the patients was inconsistent and un-
reliable to reproduce due to a high proportion of patients in advanced age
(mean age at operation 73 years). Many follow-up patients discontinued or
irregularly took their medication partly because of the risk and fear of
bleeding and stroke. Therefore, a statistical approach to estimate a time-re-
lated proportion of patients in NYHA functional class and on anticoagu-
lants did not yield meaningful, reproducible clinical information.
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Postoperative anticoagulation

During the first 6 weeks after surgery AVR patients received coumarol/
Coumadin or antiplatelet drugs. Those in atrial fibrillation continued to
take their anticoagulation. A total of 97 (7.6%) patients were under antic-
oagulation treatment with Coumadin and 260 (20.5%) with antiplatelet
drugs. There were 995 patients enrolled for follow-up at 1 year, 493 at 5
years, 156 at 10 years, and 58 at 15 years (Fig. 5). At 1 year 13.9%, at 5
years 23.5%, and at 10 years 33.3% were on anticoagulants (antiplatelet or
Coumadin, Fig. 4). 7.6% were on Coumadin, 20.5% on antiplatelet therapy
[1]. There were 315 (24.8%) patients ≥65 years using anticoagulants as
compared to 42 (3.3%) patients <65 years (Table 5).
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Table 5. Distribution of patients on anticoagulant therapy and thromboembolic complication
by age group

Age Anticoagulants late Total TE Total
group

Antiplatelet Coumadin Early Late

<65 years 32 10 42 (3.3%) 2 (0.15%) 4 (0.3%) 6 (0.45%)

>65 years 228 87 315 (24.8%) 24 (1.8%) 19 (1.6%) 43 (1.6%)

Total 260 97 357 (28.1%) 26 (2.0%) 23 (1.8%) 49 (3.8%)

TE thromboembolism, early <6 weeks postop, late >6 weeks postop
Linearized rate (%/pts-year): <65 years 0.50; ≥65 years 0.93
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Fig. 4. Distribution of follow-up patients on anticoagulant therapy (figures in red columns) in
relation to the entire cohort of follow-patients enrolled in year periods, 1, 5, 10, and 15 years
after aortic valve replacement with the Mitroflow pericardial aortic bioprosthesis
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Statistical analysis

The guidelines for reporting morbidity and mortality after cardiac valvular
operations, approved by the Society of Thoracic Surgeons were used to
analyze postoperative complications [32]. All continuous variables were ex-
pressed as mean ±SEM. Actuarial curves were calculated by the Kaplan-
Meier method.

Linearized occurrence rate of events and confidence limits were calcu-
lated according to the Poisson distribution. Actual competing risk analysis
(cumulative incidence) was performed. A p value of <0.05 was considered
as evidence of statistical significance. Predictors of events during follow-up
were identified by means of Cox’s proportional hazards regression.

Results

z Early mortality

Early survival was 97.5% for elective and 90.6% for emergency surgery and
was defined as mortality within 30 days or during the same hospitalization.
There was no significant difference between patients with and without con-
comitant coronary artery surgery (p=0.118). The causes of early death
were cardiac related in 96 (61%) patients and noncardiac in 61 (39%) pa-
tients.

Significant predictive factors for early mortality were emergency opera-
tion (OR: 1.53, CI (95% CL) 1.33–1.75, p value<0.001) and preoperative re-
nal failure (OR: 2.76, CI (95% CL) 0.98–7.76, p value 0.054).

z Long-term survival

The number of late deaths during the 20-year follow-up was 615 (40.6%).
Actuarial freedom from valve-related death at 20 years was 82.9 ±4.0%.

Survival after primary aortic valve replacement at 1, 5, 10, 15, and 20
years was 78.9 ±1.1%, 60.6 ±1.5%, 31.9 ±1.8%, 12.7 ±1.4%, and 6.1±1.5%,
respectively. Survival by age group is demonstrated in Fig. 8. There was a
striking difference in overall late survival for patients with and without
coronary bypass or coronary artery disease (p=0.0002). The most common
cause of cardiac, nonvalve-related death was congestive heart failure, while
sudden death and unexplained death were the most common cause of car-
diac, valve-related death. If sudden death was excluded from the data, the
most frequent cause of valve-related death was stroke.
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The actuarial survival rate including operative death in our cohort at 10,
15, and 20 years was 31.9 ±1.8%, 12.7±1.4%, and 6.1±1.5%, respectively.
Univariate and multivariate analysis showed that NYHA III–IV, (OR: 1.37,
CI (95% CL) 1.18–1.59, p value <0.001), renal insufficiency (OR: 1.74, CI
(95% CL) 1.40–2.17, p value <0.001), chronic obstructive pulmonary dis-
ease (COPD), (OR: 1.54, CI (95% CL) 1.22–1.95, p value 0.001), body mass
index <20 kg/m2 (OR: 1.46, CI (95% CL) 1.13–1.88, p value 0.001), and ad-
vanced age (OR: 1.82, CI: 1.56–2.16, p value: <0.001) were predictive fac-
tors for late death. On the other hand, small valve size (19 mm, OR: 1.09,
CI: 0.86–1.38, p value: 0.458; 21 mm, OR: 1.68, CI: 0.65–4.38: 1.38, p value:
0.286) and gender (OR: 1.11, CI: 0.96–1.29, p value: 0.158) were not inde-
pendent risk factors. When the body mass index (BMI) and valve size are
regarded as functions of survival BMI>30 vs. 21 mm Mitroflow valve the p
value was p=0.630, BMI<30 vs 21 mm it was p=0.615. There was better
survival in those patients who underwent reoperation during the follow-up
period than in those without (Fig. 5 and 6). Survival at 1, 5, and 10 years
after reoperation for SVD was 80.3±5.1%, 67.2 ±6.5%, and 40.6 ±4.5%, re-
spectively.
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z Postoperative hemodynamic profile

The postoperative transvalvular gradients (mmHg), effective orifice area
(cm2) and regression of left ventricular hypertrophy are shown in Figs. 7
and 8, and Table 2. Valves with size 19 mm and 21 mm showed a higher
transvalvular gradient than those with 23 mm and 25 mm, and this de-
creased during the first postoperative year (Fig. 7). The mean gradients at
5 years in patients over 65 with valve sizes 19–25 mm ranged from 12 to
6 mmHg, and at 10 years, from 18 to 8 mmHg. At 15–20 years the gradi-
ents remained stable. In contrast to the gradients in patients under 65
years with valve sizes 21 and 23 mm, the mean gradients ranged from 40
to 19 mmHg (p=0.004). The mean transvalvular gradients over time in re-
lation to prosthesis sizes 19 mm–25 mm are shown in Fig. 8. Regression of
the LV hypertrophy of 32% was measured by echocardiography at a mean
follow-up time of 2.9 years (Fig. 9).
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z Reoperation

In total, 86 (5.7%) patients (53 females and 33 males) with a median age of
66.0 years (range 27–84 years) underwent reoperation after 20 years. The
mean follow-up to the time of reoperation was 7.39 ±years, maximum
14.95 ±years at 552.09 patient-years. There were 64 (4.2%) valves explanted
for primary SVD including one leaflet tear, 17 for infective endocarditis
and 1 for paravalvular leakage including one leaflet tear (linearized rate:
0.016%/pts-year).

z Structural valve deterioration

Bioprosthetic valve dysfunction due to primary SVD occurred in 64 patients
(4.2%). Distribution of explantations in age groups is shown in Figs. 10–12.
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The mean follow-up to the time of reoperation was 8.76±years, maximum
14.95 ±years at 642.15 patient-years. The actuarial freedom from explantation
due to SVD was 62.3 ±5.0 (female: 67.12 ±7.8%, male: 64.8±7.8) (actual
88.6 ±4.1%). In Table 7 results of other authors are listed for comparison. Sta-
tistical differences in the incidence of SVD were found between the age
groups ≥65 and <65 years (Fig. 13, p=0.004). Linearized rate of SVD in pa-
tients over 65 years was 0.76%/pt-year (CI, 0.6–1.3, under 65 years was 2.3%/
pt-year (CI, 1.5–3.5) (Table 6). At 20 years, the actuarial freedom from SVD in
the age groups ≥65 and ≥70 years was 72% and 84.8%, respectively (Fig. 13).
In patients under 65 years and those under 60 years, at 10 and 18 years the
actuarial freedom from SVD was 78.8 ±5.2% and 48.2±8.1% and
71.4 ±9.0% and 42±12.0%, respectively (Figs. 13, 14). In Table 8 the results
of similar age group of patients are presented.

The linearized rate of SVD within 5 years in the age group ≥65 years
was 0.2%/pt-year (CI, 0.002–0.7). Subsequently, it was observed in 18 pa-
tients ≥60 years with aortic stenosis, 62% of whom were free from SVD at
18 years; however, this finding is not highly conclusive because of the low
number of patients. In patients aged 60–64 years freedom from SVD at 18
years was 53±10.9% (actual 76.1 ±6.2%).
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Table 6. Incidence of and actuarial freedom from structural valve deterioration and linearized
rate of events

Age
(years)

Incidence of SVD
(%)

Linearized rate
(%/pt./year)

Actuarial freedom from SVD
(%) (18–20 year)

>65 2.9 0.76 71.8
>70 1.1 0.34 84.6
<65 13.2 2.1 48.2
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Table 7. Structural valve deterioration of porcine and pericardial bioprostheses [1–4, 7, 12]

Author Prosthesis Mean age Age group Freedom from SVD

Actuarial
(%)

Actual
(%)

Time
(yrs.)

Eichinger SJM Biocor 72.5±9 – 86.5±4.5 – 20
et al. 2008 >75 95.1±2.7 – 15

66–74 59.9±18 – 20
<65 56.5±15 – 20

Borger Hc II 67±11 >65 73±16 – 20
et al. 2008 <65 39±9 – 20

Myken SJM Biocor 70.8±10.9 – 61.1±8.5 85.6±2.2 20
et al. 2009 71–80 97.8±1.2 – 20

61–70 81.0±5.1 – 20
>65 92.1±2.5 – 20
<65 44.5±9.2 – 20

Aupart CE-P 72.6 – 68±12 – 18
et al. 2006 >70 99±1 – 18

60–70 77±12 – 18
<60 45±15 – 18

Jamieson CE-SAP 68.9±10.9 – 64±3.6 88.9±1 18
et al. 2005 >70 94.6±2.3 98.2±0.6 18

61–70 77.6±4.9 – 18
<60 51±7 70.6±4 18

Yankah MF 72.4±8.4 – 67±4.9 95.3±0.7 17
et al. 2005/08 73.2±0.22 – 62.3±5.02 88.6±0.9 20

<70 84.8±0.7 96.6±0.8 20
>65 72±6 92.6±4.6 20



z Nonstructural valve deterioration

There were four explantations due to nonstructural valve deterioration
(NSVD). One patient presented with paravalvular leak (0.07%), without
clinical signs or histological/bacteriological findings of concomitant infec-
tion; one case was due to intraoperative patient-prosthesis mismatch. The
two other cases were related to technical problems. Actuarial freedom from
NSVD at 20 years was 98.6 ±0.7%.
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Table 8. Actuarial freedom from SVD after pericardial and porcine AVR in patients <65 years
[1–4, 7, 12]

Author Year Prosthesis Age group Actuarial freedom
from SVD (%)
(years)

Time
(years)

Myken et al. 2009 SJM-BioCor <65 44.5±9.2 20
Eichinger et al. 2008 SJM-BioCor <65 56.5±15 17
Borger et al. 2005 Hc II <65 39±9 20
Aupart et al. 2006 Ce-P <60 45±15 18
Jamieson et al. 2005 CE-SAP <60 51±7 18
Yankah et al. 2008 Mitroflow <60* 62±12 18

* Aortic stenosis
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Fig. 13. Actuarial and actual (cumulative incidence) freedom from reoperation for structural
valve deterioration (SVD) by age group after aortic valve replacement with the Mitroflow peri-
cardial aortic bioprosthesis



z Prosthetic valve endocarditis

Prosthetic valve endocarditis (PVE) developed in 17 (1.1%) patients; none
of them had native valve endocarditis before surgery. Reinfection devel-
oped within the first 60 days in one patient and late in 16 patients at be-
tween 0.29 and 9.83 years (mean: 3.44 years, SEM). Eleven reoperations for
PVE were carried out electively and 6 urgently. Linearized rate of prosthe-
tic infection was 0.08%/pt-year (CI:0.03–0.17). At 15 and 18 years, actuarial
freedom from PVE was 96.8±0.9% after AVR (Fig. 12).

z Hemorrhage

Anticoagulant induced hemorrhage was significantly low (n=4, 0.3%) with
a linearized rate of 0.06%/pt-year (CI: 0.02–0.15). There was no incidence
of hemorrhage-related death or recurrent bleeding. At 20 years, the actuar-
ial freedom from hemorrhage was 97.4%.

The changing role of pericardial tissue in biological valve surgery z 433

100

80

60

40

20

0

0

1
5
9

30
11
38

100
94.8 ± 5.1
84.0 ± 2.4

100
96.2 ± 3.8
88.0 ± 8.1

Year

Freedom from SVD [%]: Age group <60 years

Pts. at risk Actuarial Actual

2 4 6 8 10

84 %

88 %

Cu
m

ul
at

iv
e 

su
rv

iv
al

 [%
]

Years after operation

Actual
Actuarial

Fig. 14. Actuarial and actual (cumulative incidence) freedom from reoperation for structural
valve deterioration (SVD) in the age group <60 years after aortic valve replacement with the
Mitroflow pericardial aortic bioprosthesis (Model 12)

10



z Thromboebolism

Valve thrombosis was seen in one patient. There were 49 embolic episodes.
A total of 40 patients suffered a single episode, while 9 suffered two epi-
sodes which were fatal. Among the 49 episodes, 4 resulted in permanent
neurological consequences. Six patients had a cerebral transient ischemic
attack (TIA) at a linearized rate of 0.09%/pt-year. At 20 years after AVR,
the actuarial freedom from thromboembolism was 94.1% (Fig. 12).

Discussion

The indication for implantation of tissue valves in elderly patients is evi-
dently based on the fact that there is a relation between age and bleeding
complications during anticoagulant therapy. The rate of major hemorrhagic
complication is highest above the age of 60 years: 6.8 per 100 treatment
years, compared with 2.9 per 100 treatment years below 60 years. However
the complications can be minimized by the current self-management of an-
ticoagulation [42]. Incidences of postoperative thromboembolic episodes
(transient ischemic attack and stroke) after technically advanced heart sur-
gery are not well understood, although they are frequently observed in ad-
vanced age [1, 4, 11, 27]. Anticoagulant-induced hemorrhage was signifi-
cantly low in our series with a linearized rate of 0.06%/pt-year (CI: 0.02–
0.15). Primary SVD is the critical valve-related complication with pericar-
dial bioprostheses, and it was the reason for their limited use in the past
[33–35]. The study was aimed at evaluating age- and valve-related clinical
performance of the Mitroflow pericardial aortic bioprosthesis and compar-
ing the results with those of the current bioprostheses. Age at implantation
was regarded as a determinant of long-term durability of both porcine and
pericardial valves. Magilligan et al. first reported a high incidence of SVD
in young patients, while Jamieson et al. subsequently showed SVD to be
less frequent with advancing age [36, 37]. Patients who are currently un-
dergoing AVR are elderly and would therefore benefit more from tissue
valves. In our series with a mean age of 73 years, the overall actuarial free-
dom from SVD at 20 years was 62.3 ±5.0%; in the age groups >65 and
>70 years it was 72% and 84%, respectively. Similar results have been re-
ported by others [1–14].

Improved design of pericardial bioprostheses has contributed signifi-
cantly to the durability of the pericardial valves which was evidenced by
several clinical trials and large follow-up studies [3–9, 14, 16]. Age- and
valve-related factors have influenced and determined the long-term perfor-
mance of pericardial tissue valves and this has influenced the decision-
making processes during selection of bioprostheses in aortic valve surgery
in the last 20 years. Other critical issues on decision-making for device se-
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lection for patients relate to the underlying etiology and the natural history
of the aortic valve disease, patients’ comorbidity, hemodynamic perfor-
mance, and durability of the device [1, 9–15, 17, 18, 21–23]. Patients with
small aortic roots could benefit from small size bioprostheses with a large
effective orifice area and low transvalvular gradient which are similar to
those of a stentless bioprosthesis. These hemodynamic factors are determi-
nants for postoperative regression of the left ventricular hypertrophy, and
functional recovery and subsequently the life-expectancy of the patients
[21–26, 29–31, 38]. The possibility of patient-prosthesis size mismatch with
the Mitroflow pericardial bioprosthesis is reduced, which is associated with
rapid regression of left ventricular hypertrophy.

The excellent hemodynamic profile of the Mitroflow valve of size 19 and
21 mm is attributed to its design with the pericardial sheet outside the
struts in addition to its small sewing ring which provides a wider orifice
and allows matching of the annulus to the orifice at implantation without
the need for aortic root enlargement. Subsequently, the Mitroflow prosthe-
sis provides a low mean transvalvular gradient between 7 and 13 mmHg
and a large effective orifice area (EOA) of 1.4 and 1.6 cm2. The impact of
patient-prosthesis mismatch of various types of bioprostheses on regres-
sion of left ventricular hypertrophy and function is reported by several
authors [1, 23–26, 29–31]. In the present series, valve size was not found to
be a risk factor for early or late deterioration of New York Heart Associa-
tion functional class as judged by echocardiographic studies [1, 21].

Myken & Bech-Hansen and Eichinger et al. recently reported data on the
St Jude Medical Biocor porcine bioprosthesis (St Jude Medical, St Paul,
MN, USA) with identical low incidence of SVD within a 20-year term with
the only discrepancy in the age group <65 years. The results of Eichinger
et al. on freedom from SVD were superior, 71.8 ±9.2% at 20 years vs.
44.5% found by Myken & Bech-Hansen [2, 7]. In the series of Borger et al.
with the Hancock II porcine valve in a similar age group, freedom from
SVD was 39±9% at 20 years [4].

It has been reported by several authors that an age of <65 years carries
higher risk for primary tissue failure as compared with the older age group
[4, 12–16, 36, 37]. The incidence of SVD in our series was lower than that
of the recently reported series by others [2, 4, 7]. The actuarial freedom
from SVD at 10 and 18 years in the age groups <65 years and <60 years
was 78.8 ±5.2%, 48.2 ±8.1% and 71.4 ±9.0% and 42±12%, respectively.
Some patients below the age of 60 years in our series even demonstrated
lower incidence of explantation with freedom from SVD of 62% at 18 years.
However, the findings are not highly conclusive because of the low number
of patients in this group.

Leaflet tears or disruption are rare complications but occur in all types
of bioprosthesis even in allograft valves usually at the commissures or body
cusp [1, 4, 7, 16, 33–35]. The etiology is variable; therefore, unless it is an
acute or subacute spontaneous leaflet tear, it is not easy to distinguish and
to interpret the morphology. The Carpentier-Edwards Perimount (Edwards
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Lifesciences, Irvine, CA) and Mitroflow pericardial valves have confirmed
improved 20- and 21-year clinical performance with reports on a low inci-
dence of leaflet tear in both, a complication which is seen in porcine valves
as well [3, 4, 16]. Two cases observed in our series of 1513 implants and
patients were due to
z primary tissue failure and
z sequelae of infection [1].

There are a few underlying causes which are not well appreciated in the lit-
erature: the primary tissue failure and inflammatory processes such as bac-
terial infection or immune reaction. For a better understanding of the
etiology, Simionescu and Thiene suggested evaluation of valve matrix
changes by electron microscopic techniques to verify collagen breakdown
and of macrophagic infiltration which could cause collagen disruption
through metalloproteinase release by histochemistry [40, 41].

Previous reports have indicated that most late deaths after valve surgery
are due to cardiac or valvular problems, sudden death, myocardial infarc-
tion and congestive heart failure [24, 39]. In our series with a mean age of
73 years, congestive heart failure, COPD, and stroke were the most frequent
causes of late death. Other factors such as valve size 19/21 mm vs. >23 mm
were not shown to be a significant cause of early or late death (p=0.549)
[1, 9].

In search of an ideal tissue valve, tissue engineering could be a positive
step towards solving the biological factors such as graft-related and host-
related factors which accelerate SVD in young patients. Decellularization of
xenografts and allografts is a technique that allows host cells to repopulate
the implant, thus, producing a biocompatible heart valve. The two concepts
could dictate the future direction for the production of tissue-engineered
heart valves. The stentless pericardial tissue valve at its tenth year has
shown satisfactory clinical performance and, therefore, could compete well
with the porcine and allograft valves because of its unique anatomic struc-
ture. The pericardial covered sewing ring of a stented valve as a total bio-
logical tissue can resist local infection and minimize the incidence of pros-
thetic valve endocarditis. The innovative technology in valve replacement,
such as percutaneous and transapical catheter-based aortic valve replace-
ments (Edwards Sapien, Corvalve or Sadra Lotus devices) which are cur-
rently used to treat high-risk patients, would change the role of traditional
valve surgery and even make a reentry sternotomy unnecessary for re-re-
placement of biologic tissue valves. The device needs further improvement
in the design to enable it to achieve this aim and also to ensure long-term
durability.
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z Inferences

The Mitroflow pericardial bioprosthesis is very easy to handle and to im-
plant in the supraannular position without the need for aortic root enlarge-
ment. It has excellent hemodynamics (larger effective orifice area, low
postoperative transvalvular gradient), especially in small sizes 19 and
21 mm. Therefore, it promotes rapid regression of left ventricular hypertro-
phy and functional recovery

It has demonstrated a low incidence of SVD in patients ≥65 years which
suggests and supports a reduction of the age threshold from 70 to 65 years.
Thus, patients under 65 years could be offered the pericardial bioprosthesis
for a specified indication with a low risk of re-replacement in their life
time.

Conclusion

Our data suggest that the Mitroflow pericardial bioprosthesis provides ex-
cellent long-term results especially in patients over 65 years and a satisfac-
tory lower incidence of SVD in younger patients under 65 years and even
under 60 years with aortic stenosis. It is, thus, an option for those patients
<65 years who prefer a second operation for various reasons to long-term
anticoagulation.

z Acknowledgments. The authors are grateful to Anne M. Gale, ELS, for
editorial assistance, Astrid Benhennour for bibliographic support, and
Carla Weber for providing the graphics.
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Bioprostheses are prone to continuous degeneration, which over time may
lead to structural valve deterioration (SVD). In turn, SVD may require re-
operation [1–3]. Improvements in valve design and conservation methods
have extended the lifetime of bioprotheses [4, 5]. Thus, data on valve dys-
function and the risk of reoperation over the long term are of particular
interest.

Over a 12-year period, from January 1985 through December 1996, the
St. Jude Medical Biocor prosthesis was implanted in a series of 455 conse-
cutive patients at the German Heart Center Munich. This study was de-
signed to provide 21-year outcome data in patients who received a St. Jude
Medical Biocor valve in the aortic position. The Biocor valve (St. Jude
Medical, Inc., St. Paul, MN, USA) is a triple-composite, porcine biopros-
thesis, first introduced in 1982 in Brazil [5].

Material and methods

z Patients

Data on all 455 patients who received a St. Jude Medical Biocor biopros-
thesis in the aortic position between January 1985 and December 1996 are
included in the study.

z Follow-up

Follow-up was conducted with the patients in 2003 and 2006 via question-
naires and telephone contact. The latest follow-up occurred from January
2006 to July 2006. The follow-up questionnaire was designed to answer
questions regarding clinical outcome according to the criteria of Edmunds
[6]. All possible valve-related complications were checked. In addition, all

Twenty-year experience
with the St. Jude Medical Biocor
bioprosthesis in the aortic position
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available medical reports were obtained from the patients’ cardiologists or
home physicians. Causes of death were determined from hospital records
and the government registration office.

z Valve selection

Patients older than 65 years received a bioprosthesis. The decision to im-
plant a Biocor valve was made by the surgeon according to his or her pref-
erence.

z Operative techniques

Operations were performed using standard cardiopulmonary bypass with
moderate hypothermia. The valves were secured to the annulus with inter-
rupted pledgeted mattress sutures.

z Anticoagulation management

Except in patients with atrial fibrillation or other indications for continu-
ous anticoagulant therapy, there was no routine postoperative anticoagula-
tion. The target international normalized ratio (INR) for patients who re-
ceived anticoagulant therapy was 2.0 to 2.5. (INR analysis had been avail-
able since the end of the 1990s.)

z Outcomes

Predefined study outcomes included survival and adverse events (bleeding,
endocarditis, embolism, leak, tear, valve degeneration, and reoperation).
All adverse events related to the heart valve prosthesis were assessed.
Valve-related death was defined as death caused by structural valvular dete-
rioration, nonstructural dysfunction, valve thrombosis, embolism, bleeding
events, valvular endocarditis, or death related to operative replacement of a
dysfunctional prosthesis. Sudden, unexplained deaths were counted as
valve-related deaths [6].

Adverse events data were collected in accordance with the standards de-
scribed by Edmunds and colleagues and the U.S. Food and Drug Adminis-
tration document, “Replacement of Heart Valve Guidance” 1996 [6, 7].

z Statistical analysis

Statistical evaluation was performed with the Statistical Package for Social
Sciences, version 13 (SPSS, Inc., Chicago, IL).
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Categorical variables were reported using the number and percent of ob-
servations. Continuous variables were reported as mean ± standard devia-
tions. Complication rates and survival rates were calculated using a non-
parametric actuarial Kaplan-Meier product-limit estimator [8]. To compare
survival and complications, patients were grouped into the following age
classes: 65 years or younger; 66 to 74 years; and 75 years or older. A p val-
ue of <0.05 was considered statistically significant.

Results

z Patient population

Over a 12-year period, 455 patients who underwent aortic valve replace-
ment with the Biocor valve at the German Heart Center Munich were in-
cluded. The follow-up covered up to 21 years. It was 99.6% complete for
the endpoint “death.” Cumulative follow-up time was 3, 321 patient years.
Mean follow-up time was 8.2 years.

z Patient survival

The overall 30-day mortality was 5.3% (24/455). Twelve patients who died
had concomitant coronary artery bypass grafting (CABG); one patient had
concomitant CABG and replacement of the ascending aorta; and one pa-
tient had concomitant repair of the ascending aorta. All other patients who
died within 30 days had isolated aortic valve replacement. The most fre-
quent cause of death was congestive heart failure (2.8%: 13/455). Two of
the early deaths were valve related: one patient with defect of one cusp in
combination with a hemorrhagic pericarditis and one patient with unclear
cause of death, which was classified as valve-related in accordance with the
guidelines [6].

Actuarial survival rates at 5, 10, 15, and 20 years were 74.7% ±2.0%,
44.9% ±2.4%, 20.9%±2.5%, and 9.4%±2.8%, respectively.

Survival was significantly superior in younger patients (i.e., younger
than 65 years).

Freedom from valve-related death at 5, 10, 15, and 20 years was
94.3% ±1.2%, 90.9% ±1.5%, 87.8%±2.6% and 87.8%±2.6%, respectively. It
was comparable in all age groups.
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z Hemorrhage

Major bleeding occurred in 28 patients. Of those with a major bleeding
event, seven patients had atrial fibrillation, each of whom was under per-
manent anticoagulation with Coumadin with a target INR between 2–2.5.
Exact INR values at the time of the bleeding events were unknown. Three
other patients died of an intracerebral hemorrhagic event; the anticoagula-
tion status of those patients at the time of the events was also unknown.
The remaining 18 patients had major bleeding events without further se-
quelae.

The actuarial freedom from hemorrhagic complications at 5, 10, 15, and
20 years was 96.6% ±1.0%, 93.0% ±1.6%, 92.2% ±1.8% and 76.8% ±14.1%,
respectively. Freedom from hemorrhage was comparable in all age groups.

z Endocarditis

A total of 18 patients suffered from prosthetic valve endocarditis (PVE):
3 patients received antibiotic treatment without reoperation; 8 patients re-
quired reoperation due to PVE; 7 patients died. Actuarial freedom from
PVE after 5, 10, 15, and 20 years was 96.1% ±1.0%, 95.0% ±1.2%,
95.0% ±1.2% and 95.0 ±1.2%, respectively.

The risk of postoperative PVE was significantly (p<0.005) higher in pa-
tients younger than 65 years than in patients 65 or older. In those younger
than 65 years, the incidence of preoperative endocarditis was higher (3 of
49 patients: 6.1%) than in patients 65 to 74 years (4 of 221 patients: 1.8%)
and patients 75 years or older (1 of 184: 0.5%).

z Structural valve deterioration

Structural valve deterioration (SVD) was defined as a decrease of one New
York Heart Association (NYHA) functional class resulting from an intrinsic
abnormality of the valve that causes stenosis or regurgitation [6]. In addi-
tion, a mean pressure gradient exceeding 40 mmHg was defined as struc-
tural valve deterioration.

In total, 23 patients suffered from SVD. Of those, 16 required reopera-
tion. Four patients were not referred for or they refused reoperation and
were treated conservatively (NYHA I, III – one patient each; NYHA II –
two patients). Two patients were too old for reoperation (NYHA I and II).
One patient was mentally retarded and the custodian refused reoperation
(NYHA IV).

Overall mortality of the reoperated patients was 37.5% (6/16) and 28.6%
(2/7) for non-reoperated patients. There was no early death in the group of
the reoperated patients (mean days to death: 995 d±964.4 d; range:
71 d±2141 d). Causes for deaths in the reoperated group were chronic
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heart failure (2), acute nonvalve-related death (2), valve-related death (1),
and death due to other causes (1). In the group of patients who did not
undergo reoperation, both deaths were due to unknown causes. The actuar-
ial freedom from SVD after 5, 10, 15, and 20 years was 98.4% ±0.6%,
93.1% ±1.7%, 88.4%±3.5%, and 70.3%±10.9%.

The risk for SVD was significantly different (p<0.05) for the different
age groups. In patients under 65 years of age, the risk of SVD began to in-
crease 7 years postoperatively.

z Nonstructural valve dysfunction

The actuarial freedom from nonstructural valve dysfunction (NSVD) at 5,
10, 15, and 20 years was 97.5%±0.8%, 97.5% ±0.8%, 97.5% ±0.8%, and
97.5% ±0.8%, respectively. It was similar in all age groups.

z Reoperation

Reoperation was defined as any operation that repaired, altered or replaced
a previously operated valve [6]. During the 20-year follow-up period, 32
patients required reoperation. Reasons for reoperation were SVD in 16 pa-
tients, PVE in seven patients, and paravalvular leakage in four patients. (A
further group of six patients exhibited paravalvular leakage without the
need for reoperation; all 10 patients with paravalvular leakage survived.)
One patient suffered from valve dysfunction due to thrombotic material on
the leaflets, two patients were reoperated due to an aneurysm of the
ascending aorta, and one patient had a coronary artery bypass operation.
One patient had reoperation without the cause being known. Actuarial
freedom from reoperation after 5, 10, 15, and 20 years was 95.4% ±1.1%,
90.6% ±1.8%, 88.2%±2.4%, and 84.0%±4.7%.

The actuarial freedom from reoperation due to SVD at 5, 10, 15, and 20
years was 95.9% ±1%, 91.9% ±1.6%, 90.6% ±2.1%, and 86.5% ±4.5% (Fig. 1).

z Thromboembolism

Thromboembolism occurred in 70 patients. Of those, 41 suffered from major
cerebral thromboembolism, 1 patient suffered from minor cerebral throm-
boembolism and 19 patients suffered from a reversible ischemic neurologic
deficit. In 9 patients, thromboembolism of the extremities occurred. Of the
41 patients with major stroke, 8 had atrial fibrillation and were under antic-
oagulation. Sixteen patients died after the acute event and 25 patients had
residual neurological deficits. Coagulation status of the patients with sinus
rhythm was unknown. Overall freedom from thromboembolism after 5, 10,
15, and 20 years was 90.3%±1.5%, 80.7% ±2.3%, 76.0% ±2.9%, and
71.2% ±5.3%. Older patients had an increased risk of thromboembolism.
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Comment

From 1999 to 2002, the implantation of bioprostheses increased from 50%
to 65% [2]. Thus, as a majority of patients have begun to request biological
valve prostheses, complete long-term follow-up studies have become in-
creasingly important in helping to advise patients of their risks following
valve replacement. The main focus of long-term biological valve studies lies
in the incidence of SVD, thromboembolism, and major bleeding events,
compared with their incidence in association with mechanical prostheses.

This is one of the longest and largest follow-up studies of a biopros-
thetic heart valve. It does not evaluate the valve’s hemodynamic perfor-
mance: several papers on the Biocor valve’s hemodynamic function [9, 10]
have been published.

z Survival

Until now, the longest follow-up study for the Biocor valve is a 17-year fol-
low-up of around 1, 500 patients, published by Myken et al. The study re-
ported an actuarial survival of 28.2% ±3.7% at 17 years for patients (mean
age 70±11 years) receiving the valve in the aortic position [11]. The study
observed a survival rate of 9.4%±2.8% at 20 years. Freedom from death
after 17 years was calculated to be 17.4% ±2.7%.
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z Valve-related mortality

The incidence of valve-related mortality in the patient group was 7.9% (36/
455 patients) and was higher than in the Gothenburg population after 17
years (2.7%: 35/1283) [11].

z Reoperation

Freedom from reoperation in the study population was 84.0% ±4.7% after
20 years. These results are comparable with published outcomes describing
other bioprosthetic valves. Recipients of the Biocor prosthesis (n=254) at
the Karolinska Institute, Stockholm, were reported to have about 87% free-
dom from reoperation after 11 years (mean age 78.5 ±5 years)[12]. For the
Carpentier-Edwards pericardial valve, Jamieson published freedom from
valve-related reoperation of 62.3±3.5% at 18 years (mean age 68.9±10.9
years) [13].

z Structural valve deterioration

Overall freedom from SVD was 70.3% ±10.9% after 20 years in the study pop-
ulation, but patients up to age 65 were at a significantly (p<0.05) higher risk
of SVD than patients over 65. Kaplan-Meyer calculations also showed signif-
icant differences regarding the time of occurrence of SVD for patients young-
er than 65 years, starting about 7 years postoperatively. After 20 years, free-
dom from SVD was 56.5% ±15.3%, 59.9% ±18.5%, and 95.1%±2.7% for pa-
tients younger than 65 years, 66 to 74 years, and 75 and over, respectively.
Similar age-related differences in valve degeneration for the Biocor prosthesis
in both the aortic and mitral positions have been reported previously [10, 14].

Results from the current study compare favorably with published data
on the Carpentier-Edwards porcine valve, which showed a freedom from
SVD of 64.0% after 18 years (compared to 70.3% after 20 years in the cur-
rent study) [13]. Subdivided into age groups, freedom from SVD was re-
ported in 77.6% of patients from 61 to 70 years and in 94.6% of patients
older than 70 [13]. The age groups (65 years or younger, 66 to 74, and 75
or older) are not fully comparable, but results are slightly superior for pa-
tients older than 75 years (95.1% ±2.7%). Nevertheless, the results seem to
be worse for younger patients (56.5%±15.3% for patients 65 years or
younger and 59.9% ±18.5% for patients aged 66 to 74 years).

SVD is an age dependent phenomenon, demonstrated for all biological
prostheses. However, younger patients request such implants, mostly for
lifestyle considerations. Although the speed of SVD may be significantly
different for specific biological valves, patients younger than 65 years
should be advised that, even with the most durable biological valve today,
they take an approximate 50% chance of having a reoperation for replace-
ment within 20 years.
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z Reoperations due to SVD

Structural valve deterioration (SVD) is a major cause of reoperation. It is
generally due to either major calcification or to primary cusp deterioration
without significant dystrophic calcification [3, 15, 16], both of which can
lead to a partial or total valve dysfunction. The study by Myken at al. of
Biocor valves in the aortic position reported a freedom from reoperation
due to SVD of 73.9% after 17 years [11], which was lower than was found
in the current study (86.5% after 20 years).

The mortality of patients who underwent reoperations due to SVD
seems to be considerably higher than that of patients with SVD and no re-
operation (37.5% vs. 28.6%). Because the groups were small, these results
must be interpreted carefully. They do not justify any general statement
concerning the indication for reoperation.

z Hemorrhage

In the current study, the overall freedom from anticoagulant-related hemor-
rhage (ARH) was 76.8% ±14.1% after 20 years. It was similar for all age
groups. This result seemed surprisingly low – and comparable to results
when mechanical valves are implanted, followed by an aggressive antico-
agulant regime. With the St. Jude Medical mechanical valve, freedom from
ARH at 20-year follow-up was 77.9% (mean age 62±14.1 years) compared
to 76.8% in the current study [17]. In the current study group, no routine
anticoagulation was applied postoperatively except in patients with atrial
fibrillation or other indications for continuous anticoagulant therapy. It is
possible, however, that in the current study, bleeding was related to age
rather than to the anticoagulation regime. The population’s mean age was
higher than in some other studies [11, 13]. The risk of hemorrhagic events,
such as gastrointestinal and cerebral bleeding, rises in the general popula-
tion with increasing age and is further increased by medication, such as
low-dose aspirin [18].

In this study, a single hemorrhagic event led to a drop in the freedom
from ARH at 17 years from 92.2% to 76.8%. This was a nonpermanent,
nonlethal cerebral event in an 89-year-old man. At that time, only five pa-
tients were at risk, so this had a large impact on the overall result.

At 17 years (before the occurrence of the single hemorrhagic event de-
scribed above), results of the current study (92.2% ±1.8%) were compar-
able to Myken’s data using the Biocor valve (91.4% ±2.2% freedom from
ARH at 17 years), and Minami’s experience with the Mitroflow prosthesis
at 15 years (94.4% freedom from bleeding: mean age 75.6 years) [11, 19].

z Other complications

Freedom from thromboembolism also decreased with increasing age. This
may be due to the general observation that the incidence of transient isch-
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emic attacks, ischemic stroke, and hemorrhagic stroke rises with advanced
age by more than 1% in people over 65 years [20]. Myken et al. published
very similar results with the Biocor valve after 17 years of follow-up; free-
dom from thromboembolic events was 98.8% in patients up to 50 years,
but it fell with increasing age to 73.7% in patients over 80 years of age
[11].

Younger patients seemed to have an increased risk of developing PVE
postoperatively. This is also consistent with other studies. Minami et al. re-
ported a significant reduction in the frequency of PVE with increasing age
in their study population of Mitroflow valve recipients [19].

z Influence of patient age on outcome

Younger patients had a higher valve degeneration rate (leading to an in-
creased risk of reoperation) and an increased risk of PVE compared with
older patients. The opposite was true, however, for hemorrhagic and
thromboembolic events [18, 20]. With a trend toward the selection of bio-
prostheses for younger patients, the risk of reoperation due to SVD should
be carefully discussed. However, results for the Biocor valve showed
extremely low reoperation rates compared with other bioprostheses in the
aortic position [13, 21–23].

z Limitations of the study

It is difficult to collect data and maintain follow-up over a long timeframe.
In this study, systematic echocardiographic data was not obtained, a fact
that could result in an underestimation of SVD rates. The large numbers of
variables that influence outcome make it difficult to compare results from
different studies, and few data are available to guide interpretation of indi-
vidual factors. In this study, effort was made to select the most appropriate
comparators and to avoid potentially misleading ‘actual’ data analyses.

Conclusion

Compared with other bioprostheses for which long-term results are avail-
able, the St. Jude Medical Biocor porcine bioprosthesis in the aortic posi-
tion demonstrated very satisfying outcomes at 20-year follow-up. Results
indicate an age-dependent risk for SVD beginning as soon as 7 years post-
operatively for patients younger than 65 years of age. But the results also
showed a lower overall incidence of valve-related complications, indicating
excellent durability, especially when used in patients older than 65 years.
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Study results, thus, support the recent changes in the “Guidelines for the
Management of Patients with Valvular Heart Disease” from 2006 [2], which
recommend bioprostheses for patients older than 65 years (Class IIa). In ad-
dition, for the first time, bioprostheses are recommended for patients young-
er than 65 years for lifestyle considerations (Class IIa). It needs to be stressed
that the choice of using a bioprosthesis is driven by logic and discussion with
the patient since second-generation tissue valves – porcine and pericardial –
provide patients with similar outcomes to mechanical valves [24].
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The incidence of end-stage chronic renal failure is increasing. In 1999,
Schaubel and colleagues [1] reported on prevalence projections to 2005 in
Canada, which can be considered representative of western countries. In
1981, the rate was 49.5 per million population, 2000 projected at 154 per
million, and, in 2005, projected at 214.5 per million with a significant in-
crease in nondiabetics 65 years and diabetics both in age categories 45–64
years and ≥65 years [1].

The purpose of this chapter is to review the evidence for prosthesis-type
for management of valvular disease in end-stage renal disease (ESRD). The
choice of prosthesis remains the subject of debate. In 1998, the Guidelines
for the Management of Patients with Valvular Heart Disease (American
College of Cardiology and American Heart Association) recommended that
mechanical prosthesis were indicated in “patients in renal failure, on
hemodialysis, or with hypercalcemia” (class II evidence) [2]. The tradi-
tional teaching recommended by the ACC/AHA was that bioprostheses
would undergo accelerated calcification in patients with ESRD; therefore,
mechanical valves had been the mainstay of treatment for many years.

Following the publication of the ACC/AHA guidelines evidence contin-
ued to be presented to alter the prosthesis-type recommendation for ESRD.

In 1997, Lucke and co-authors [3] reported the Duke University experi-
ence in 19 patients (9 bioprostheses and 10 mechanical prostheses). The
overall survival at 5 years was 42%. Mechanical prostheses were compli-
cated by cerebrovascular accidents or bleeding complications, while no re-
operations were required for bioprostheses. Because of the poor survival,
these authors recommended that preference be given to bioprostheses over
mechanical prostheses for ESRD. In 2002, Brinkman and colleagues [4]
documented experience of Emory University. The overall survival of 72 pa-
tients was 15.9% at 6 years (Fig. 1). The survival was undifferentiated for
mechanical prostheses and bioprostheses (Fig. 2). Mechanical prosthesis
patients had a six-fold higher incidence of late bleeding or stroke. Their
conclusion was that bioprostheses should be the substitute of choice in
ESRD.

The major thrust for reconsideration of the ACC/AHA guidelines oc-
curred when Herzog and colleagues [5], in 2002, reported from the US Re-
nal Data System on 5858 dialysis patients, 881 having had bioprostheses.

Valve replacement in renal dialysis
patients: bioprostheses versus
mechanical prostheses
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There was no difference in survival between the two prosthesis types, at
two years, 39.7% for each of bioprostheses and mechanical prostheses
(Fig. 3). Of the predictors of death, bioprostheses were not predictive.
These authors recommended that bioprostheses should not be excluded in
a substitute choice for valve replacement in ESRD (Class II).

Further reports have come forward addressing the prosthesis-choice for
valve replacement in ESRD. Gultekin et al. [6] reported on a Turkish ex-
perience in 2005 that survival at 5 years was 46.7%. Of this experience, 29
of 30 had mechanical prostheses. These authors provided consideration
that life expectancy is extended in valve disease patients with ESRD after
valve replacement and provides the opportunity for renal transplantation.
The Cleveland Clinic experience was reported in 2000 with a 5-year surviv-
al for mechanical prosthesis of 33% and for bioprostheses of 27%, not sig-
nificantly different [7]. This report documented that prosthesis-related
complications were similar for bioprostheses and mechanical prostheses.
The report by Filsoufi et al. [8] confirmed that the 5-year survival rates
were equivalent for bioprostheses and mechanical prostheses in a patient
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population combining renal failure/dialysis and nondialysis-dependent re-
nal failure. Consensus recommendations were brought forward in 2004 and
2006 in Canada and the United States, respectively [9, 10]. The Canadian
Cardiovascular Society 2004 Consensus on Surgical Management of Valvu-
lar Heart Disease recommended bioprostheses for valve replacement in pa-
tients in renal failure, on hemodialysis or with hypercalcemia (Class II b C)
[9]. The revision of the ACC/AHA Guidelines for the Management of Pa-
tients with Valvular Heart Disease, in 2006, made no specific recommenda-
tions for prosthesis selection in dialysis patients but noted difficulties in
maintaining anticoagulation in these patients [10].

The University of British Columbia experience was published jointly
with Westchester Medical Center, New York, by Chan and co-investigators
[11] in 2006. The series comprised 69 patients, 47 with bioprostheses and
22 with mechanical prostheses. The overall survival was 31.4% at 5 years,
not different by prosthesis type. There was one case of structural valve de-
terioration in the bioprosthesis group at 95 months after surgery. The free-
dom from valve-related complications, at 5 years, for thromboembolism
plus thrombosis plus hemorrhage was 93.0% for bioprostheses and 76.4%
for mechanical prostheses (Fig. 4). The five-year freedom from all valve-re-
lated complications was 82.8% for bioprostheses and 76.4% for mechanical
prostheses (Fig. 5).

The conclusions of the manuscript documented that overall survival was
poor [11]. Differences between populations were related to age at operation
and coronary artery disease. Structural valve deterioration was not accentu-
ated with bioprostheses. Considering lack of homogeneity between pros-
theses groups there was no superiority of mechanical prostheses over bio-
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prostheses in terms of freedom from composites of complications. Bio-
prostheses should be considered in the management of valvular disease in
end-stage renal disease patients.

This review of the literature, including the authors’ contribution, reveal
that bioprostheses should not be contraindicated in end-stage renal disease,
for valve replacement, given the observed rarity of accelerated calcification
and poor intermediate term survival. Bioprostheses offer distinct advantage
to circumvent long-term anticoagulation, important given issues of chronic
care related to routine dose adjustments and nonmorbid bleeding events.
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Introduction

The epidemiology of valvar heart disease is changing with decreasing num-
bers of patients with “rheumatic” lesions and increasing numbers of pa-
tients with “degenerative” lesions (mainly calcific aortic valve stenosis (AS)
and mitral regurgitation), which is accompanied by the constant increase
in patient age at the time of surgical intervention [1, 2].

Valve replacement (AVR) is frequently not performed in due time in
octogenarians with symptomatic AS, because the prognostic benefit is
often underestimated and perioperative morbidity and mortality are over-
estimated [3–7]. The severely impaired prognosis and quality of life after
myocardial decompensation then urges AVR with a significantly increased
perioperative risk [8–10].

It was the aim of this prospective study to assess peri- and postoperative
morbidity and mortality in octogenarians with severe AS and to compare
the outcomes for patients with myocardial compensated versus chronically
decompensated AS.

Methods

z Study patients

We prospectively included 83 consecutive octogenarians (32 men, 51 wom-
en; age range 80–93 years, mean 83.5 ±2.8 years) with isolated sympto-
matic AS (aortic valve opening area <0.5 cm2/m2) in our survey during a
3-year period (2003–2006). All patients had echocardiography and right
and left heart catheterization prior to surgery. According to hemodynamic
parameters, the patients were divided into two groups: 38 patients (46%)
with signs and symptoms of chronically myocardial decompensation had
dilated left ventricle (left ventricular end-diastolic diameter (LVEDD)
>55 mm) and/or impaired left ventricular function (ejection fraction (EF)

Predicted outcomes after aortic valve
replacement in octogenarians
with aortic stenosis
C. Piper, D. Hering, G. Kleikamp, R. Körfer, D. Horstkotte



<55%) (group A). The remaining patients (group B) had normal left ven-
tricular dimensions (LVEDD ≤55 mm), normal left ventricular ejection
fraction (EF≥55%), and no clinical episodes of myocardial decompensa-
tion. The clinical and hemodynamic characteristics of both groups are
given in Table 1. All patients underwent AVR, and 23 (27.7%) underwent
simultaneous coronary revascularization (Table 2). Follow-up was 100%
and ranged from 7 to 46 months.

z Statistics

Data are given as mean ±SD. For comparison of the two groups the Mann-
Whitney U test was applied. Categorical variables were compared using the
Chi square test. Kaplan-Meier survival curves were computed for patients
with and without myocardial decompensation and differences compared
using log-rank statistics. All analyses were performed using StatView 4.0.
P values <0.05 were considered significant.
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Table 1. Clinical and hemodynamic characteristics of consecutive octogenarians presenting with
symptomatic severe aortic stenosis before surgery. Group A: patients with chronic myocardial
decompensation (ejection fraction (EF)<55% and/or left ventricular enddiastolic parameter
(LVEDD)>55 mm); group B: myocardial compensated patients (EF≥55% and LVEDD≤55 mm).
(Modified from [3])

Group A Group B p

z Patients (n) 38 (45.8%) 45 (54.2%)
z Gender: m/f (n) 12/26 20/25
z Age (years) 83.7±2.3 [80–91] 83.3 ±3.2 [80–93] n.s.
z NYHA 3.3±0.5 2.8±0.5 <0.01
z AVA (cm2/m2) 0.35±0.08 0.40±0.08 0.01
z EF (%) 43±8 [25–53] 59±4 [55–71] <0.01
z LVEDD (mm) 57±8 [38–73] 47±5 [36–55] <0.01
z Patients with syncope (n) 11 (29%) 0 <0.01

AVA aortic valve opening area

Table 2 Presents perioperative data of the two patient groups. (Modified from [3])

Group A Group B p

z Ring enlargement (pericardial tissue) (n) 8 (21%) 12 (27%) n.s.

z Prosthesis’ size (mm) 23 [19–25] 23 [19–25] n.s.

z Concomitant CABG (n) 11 (29%) 12 (27%) n.s.



Results

Patients without myocardial decompensation (group B) had a 30-day mor-
tality rate of 2.2% (1 out of 45). Two of the 38 octogenarians with sympto-
matic severe AS and chronically myocardial decompensation (group A)
died perioperatively, resulting in a 30-day mortality rate of 5.3% (n.s.). The
incidences of major postoperative complications, namely reversible acute
renal failure (10.5% vs. 4.4%; n.s.), stroke (5.3% vs. 2.2%; n.s.), and myo-
cardial failure requiring mechanical circulatory support (intraaortic balloon
counterpulsation (n=5) and ventricular assist device (n=1)) (10.5% vs.
2.2%; n.s.), were higher in patients of group A. Due to the relatively low
number of patients enrolled in the study, we also calculated the signifi-
cance between the two groups for the composite endpoint renal failure,
stroke plus indication for mechanical circulatory support, which was
<0.05. Octogenarians not operated in due time demonstrated a higher
postoperative morbidity (Fig. 1). More patients with chronic myocardial
decompensation required mechanical circulatory support postoperatively
(4 patients in group A vs. 1 in group B). During late follow-up (24.2 ±12.8
months), another 4 (11.1%) patients of group A and 5 (11.4%) of group B
died. The cumulative survival rates after 24 months were 78% and after 36
months 68% for group A. Octogenarians of group B had a significantly
(p<0.01) higher cumulative survival rate (87% after 24 months and 81%
after 36 months) (Fig. 2). Six months after AVR, symptoms had improved
in most patients. However, octogenarians with preoperative normal myo-
cardial function (group B) according to NYHA classes performed better
(Fig. 3). Figs. 4 and 5 demonstrate the negative influence of preoperative
reduced ejection fraction and left ventricular dilation on the outcome.
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Fig. 3. Six months after AVR clinical outcome in octogenarians with severe AS: comparison of
alterations in NYHA classes between patients with chronically myocardial decompensation
(group A) and compensated myocardial function (group B) before AVR. (Modified from [3])
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Discussion

Surgery in octogenarians should not be postponed until chronic myocar-
dial decompensation finally convinces patients, relatives, and physicians
that AVR is inevitable. In our survey, almost half of the consecutive pa-
tients (45.8%) with severe AS already suffered from chronic myocardial
decompensation, which reflects that the benefits of AVR surgery in elderly
patients are not really appreciated. With regard to patients’ decision-mak-
ing, Charlson et al. reported that 25% of their octogenarians with severe
symptomatic AS had AVR surgery, 35% declined AVR surgery, while AVR
surgery was not offered to 40% [9]. In the Euro Heart Survey on valvular
heart disease, despite severe AS and significant symptoms, AVR surgery
was refused in as many as 33% of elderly patients (≥75 years). Older age
and left ventricular dysfunction (EF<50%) were the most striking charac-
teristics of patients being refused, while comorbidities played a less impor-
tant role [1].

There are also many reports documenting the safety of cardiac surgery
in octogenarians [6–8, 10–14]. Presently, the largest series of 1100 octogen-
arians undergoing AVR reported a 30-day mortality of 6.6% with actuarial
survival of 89% at 1 year, 79% at 3 years, 69% at 5 years, and 46% at 8
years [11]. Conservatively managed patients with severe AS and a mean
age of 75±13 years had a grave prognosis. It was even worse in the pres-
ence of advanced age, left ventricular dysfunction, heart failure, and/or re-
nal failure. The survival at 1, 5, and 10 years was 62%, 32%, and 18%, re-
spectively [2]. In our survey, octogenarians with severe AS who were oper-
ated in due time had a low 30-day mortality rate (2.2%). The 30-day mor-
tality rate, however, was more than twice as high (5.3%) in patients of the
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same age being operated in a stage of chronically myocardial maladapta-
tion. Their long-term prognosis was significantly poorer. The cumulative
survival rates at 46 months differed significantly between the two groups
(68% vs. 81%). Similar results were obtained by Vaquette et al. who re-
ported an operative mortality of 12% and a 5-year survival of 71% in el-
derly patients with severe AS and myocardial maladaptation [8]. In the sur-
vey of Langanay et al., the overall operative mortality rate of octogenarians
with severe AS was 7.5%, though it increased dramatically from 5.6% to
42.9% if left ventricular EF was below 30%. This was partially due to the
fact that mechanical circulatory support was refused in old age [7]. In our
cohort, five patients required perioperative mechanical support, of whom
only one died during the hospital stay. These data emphasize that AVR be
performed in octogenarians with severe AS before the onset of myocardial
maladaptation to chronic pressure overload.

AVR in this age group also results in significant clinical improvement [6,
7, 11–17]. Chiappini et al. reported that the mean NYHA functional class
in their 84 long-term survivors improved from 2.9±0.6 to 1.6±0.6 after
AVR [15]. In our cohort, the mean NYHA functional class improved during
the first 6 months of AVR from 2.8±0.5 to 2.0±0.6, and from 3.3±0.5 to
2.4±0.5, if the patient already presented with chronic myocardial decom-
pensation.

The incidence of stroke after AVR in octogenarians may be as low as
0.8% [15], while the average perioperative stroke rate was reported to be
6.5% [6, 16, 17]. The low incidence of nonfatal cerebral complications in
our cohort is due to the meticulous removal of all debris and use of ad-
vanced perfusion techniques, including the use of arterial filters as well as
short perfusion times [10].

Conclusion

In octogenarians, AVR can be performed with low mortality and morbidity,
but it is important not to postpone the intervention until the onset of myo-
cardial decompensation. Unfortunately, 46 of our consecutive series of pa-
tients with severe AS were referred only after manifestation of chronic myo-
cardial decompensation. With respect to the poor natural history, the perio-
perative mortality even of these patients was acceptable but more than twice
as high as in octogenarians being operated in due time. Patients not operated
in due time also experienced a higher perioperative complication rate. Late
survival was significantly lower in octogenarians, who suffered from myocar-
dial decompensation before AVR. The indication for AVR may consider life-
limiting comorbidities but should be made independent of patient’s age.

As the average age of the western population continuous to increase, the
frequency of degenerative AS requiring surgical or percutaneous interven-
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tions in the elderly will also increase. To further improve the prognosis of
these patients, they should be referred early to a cardiologist for diagnostic
and therapeutic decision making.
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Determinants of survival after AVR

Multiple interrelated factors (patient-, physician-, and prosthesis-related)
affect patient survival after aortic valve replacement. Every aortic valve re-
placement is associated with a risk of death due to the surgical procedure.
This risk may vary with the type of prosthesis that is implanted, and ob-
viously increases with patient age and with each reoperation. In addition,
the etiology of the valve lesion, concomitant procedures, and other well-
known risk factors may also affect operative mortality. Late survival of pa-
tients after aortic valve replacement differs considerably from survival of
age-matched individuals in the general population. Fig. 1 shows that life
expectancy of male patients after aortic valve replacement is significantly
reduced compared to the age-matched population life expectancy. This dif-
ference in life expectancy is particularly evident in young adult patients.
Operative mortality and the occurrence of valve-related events [1] (valve-
related mortality) can only in part explain this difference, as is illustrated
in Fig. 1 by the life expectancy of a patient who receives the – thus far hy-
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pothetical – perfect valve substitute, i.e., a valve substitute that has no as-
sociated valve-related complications. The remaining loss in life expectancy
compared to the general population is depicted by the term excess mortal-
ity.

For older patients after aortic valve replacement, survival is only slightly
worse than observed survival in the general population. This is most likely
due to the selection process that takes place prior to aortic valve replace-
ment: recent studies have shown that a considerable proportion of older
patients who require aortic valve replacement according to the current
guidelines [4, 18] do not undergo surgery [3, 5, 7].

What are the causes of excess mortality after aortic valve replacement?
Aortic valve disease is not limited to the aortic valve itself: it affects the en-
tire heart. One can imagine that the strain posed on the myocardium by
aortic valve disease will result in damage of the myocardium. Therefore,
cardiac death is more common in patients with heart valve disease com-
pared to the general population. Also, sudden unexplained unexpected
death is probably more common in the former group. These may partly ex-
plain the observed differences in mortality. A landmark study by Kvidal et
al. [12] investigated factors associated with observed and relative survival
in a large patient cohort after aortic valve replacement. Risk factors asso-
ciated with increased observed late mortality after aortic valve replacement
included older patient age, pure aortic regurgitation, preoperative atrial fi-
brillation, advanced New York Heart Association class, and the presence of
coronary artery disease. Interestingly, relative late survival (the ratio of ob-
served late deaths in aortic valve replacement patients and expected deaths
in the general age-matched population) was significantly greater in younger
adult patients compared to older patients confirming the findings depicted
in Fig. 1. In addition, pure aortic regurgitation, preoperative atrial fibrilla-
tion, and advanced New York Heart Association class were important fac-
tors associated with increased relative survival.

After AVR, life expectancy, total event-free life expectancy and reopera-
tion-free life expectancy are highly dependent on the mortality in the gen-
eral (reference/source) population. This ‘background mortality’ differs be-
tween countries and is different over time periods (life expectancy around
the world has increased dramatically during in recent decades). Fig. 2 illus-
trates that even between developed countries, there are marked differences
in population mortality that complicate the comparison of survival after
aortic valve replacement between those countries. As can be seen in Fig. 2,
the life expectancy of, for example, a 60-year-old individual in the Cana-
dian population is approximately 21 years, about 4 years longer compared
to a 60-year-old in the US population. This will result in a 2–3 year differ-
ence in life expectancy after aortic valve replacement between patients re-
siding in Canada versus the US and may have implications for valve selec-
tion. The observed differences in general population mortality and their ef-
fect on survival after aortic valve replacement complicate the comparison
of outcome after aortic valve replacement with different valve substitutes,
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and it therefore remains a challenge to study the possible survival advan-
tage of certain biological valve substitutes (stentless bioprostheses and the
Ross procedure). The following paragraphs provide an overview of re-
ported patient outcome with different biological valve substitutes.

Predicted patient outcome after AVR

A microsimulation model was designed at Erasmus University Medical
Center, Rotterdam, The Netherlands, to predict specific outcome of patients
after AVR [17]. This computer model simulates a representative population
at the individual patient level and offers a complementary tool to standard
(e.g., Kaplan-Meier) methods of outcome analysis: it simulates the lives of
virtual patients until death and takes into account all complications that
may occur over time. The model can provide insight into age- and sex-
specific life expectancy, event-free and reoperation-free life expectancy, and
provides detailed information on the lifetime risk of valve-related events.
Detailed descriptions on how to construct, test, and run this model have
been published [14, 19]. The model including detailed instructions for use
can be downloaded at www.cardiothoracicresearch.nl.

For conventional aortic valve surgery, one can choose between mechani-
cal prostheses, biological stented or stentless prostheses, autografts and
allo- (or homo-) grafts. The mechanical prosthesis has the major advantage
of great durability and virtually zero technical valve failures. However, to
prevent valve thrombosis and thromboembolism, lifelong coumadin anti-
coagulation is absolutely necessary. Unfortunately, this results in a higher
bleeding risk, especially in the elderly. Limited availability of coumadin
therapy and appropriate INR control in poorly developed countries result
in a contraindication for the use of a mechanical prosthesis.
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The main advantage of biological prostheses including allografts and
autografts lies in the fact that there is no need for long-term anticoagula-
tion, and the risk of bleeding approximates that of the normal population.
The major downside of these biological valve types is structural deteriora-
tion of the valve apparatus which can lead to either regurgitation or steno-
sis of the valve leaflets, or root dilatation in case of autografts. This process
of structural valve deterioration (SVD) increases with advancing time after
implantation, decreases with age, and often – and in particular in younger
adult patients and children – necessitates a reoperation.

In the following sections, microsimulation will be used to calculate pa-
tient outcome after aortic valve replacement with different biological valve
substitutes.

z Stented bioprostheses

Stented bioprostheses are the most commonly used biological valve substi-
tutes. This prosthesis type is composed of a sewing ring and an artificial
frame in which three porcine, bovine or equine pericardial leaflets are sus-
pended. The prosthesis is relatively easy to implant and since it has been
widely used large numbers of studies with long-term follow-up are avail-
able.

As mentioned before, the major downside of a (stented) bioprosthesis is
the risk of SVD. This risk decreases as life-expectancy decreases (patients
die before SVD develops). Therefore, current guidelines state that a bio-
prosthesis is generally preferable in patients over 65 years (without another
indication for anticoagulation such as atrial fibrillation) [4]. However, from
our microsimulation studies and the work of Jamieson and others [6], it
seems this age-threshold could be lowered to around 60 years: compared
with mechanical valves, around this age the risk reduction of bleeding that
can be achieved with a bioprosthesis outweighs the increased risk asso-
ciated with SVD. This results in a better event-free life expectancy,
although total life expectancy after AVR remains comparable for mechani-
cal and bioprosthesis patients. For a 60-year-old man, simulated life ex-
pectancy in years for biological versus mechanical prostheses was 11.9 ver-
sus 12.2, event-free life expectancy was 9.8 versus 9.3, and reoperation-free
life expectancy was 10.5 versus 11.9. Lifetime risk of reoperation was 25%
versus 3%. Lifetime risk of bleeding was 12% versus 41% [20].

z Stentless bioprostheses

One of the downsides of the stented bioprosthesis is the relative obstruc-
tion that remains after the native valve has been replaced. This is caused
by the valve opening, the sewing ring and its frame and could cause a ‘pa-
tient-prosthesis mismatch’ especially when the surgeon is forced to use a
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prosthesis of the smaller sizes (diameter 17–21 mm). Stentless biopros-
theses have a larger effective orifice area (EOA) which provides lower
transvalvular gradients, better hemodynamics and, therefore, more reduc-
tion of left ventricular hypertrophy. Furthermore, some consider stentless
bioprostheses to be more durable than conventional stented bioprostheses,
all contributing to a possible survival advantage. A disadvantage is they
are more difficult and time-consuming to implant. A recent randomized
trial comparing 96 patients who received a stented bioprosthesis versus 127
patients who received a stentless bioprosthesis showed that there was a late
survival advantage for stentless valve recipients [13]. However, no cause-
effect relationship between lower transvalvular pressure gradients and im-
proved survival was found, and the need for additional trials studying this
subject remains.

Microsimulation studies of the Medtronic stentless Freestyle valve pre-
dicted for a 65-year-old male a life expectancy of 13.1 years, which is close
to that of the general population. The reoperation-free life expectancy was
11.2 years and the event-free life expectancy was 8.4 years [8].

z Allografts

The human donor valve (allograft) has excellent hemodynamics, low occur-
rence of thromboembolic events and endocarditis, and does not require
anticoagulation. It is most often used in aortic root disease or destructive
endocarditis, because it has redundant tissue attached and provides more
possibilities for reconstructive surgery than bio- or mechanical prostheses.
On the other hand, the allograft is not an ‘off the shelf ’ item and requires
special preparation, storage, and considerable surgical skills. The number
of studies on long-term allograft outcome is limited and affected by a con-
siderable amount of bias/selection, since it is mostly used in a highly se-
lected patient group. Microsimulation enabled multiple studies to be com-
bined and predicted for a 65-year-old male a life expectancy of 12 years,
a reoperation-free life expectancy of 10 years, and an event-free life ex-
pectancy of 9.7 years [15].

Finally, a microsimulation study that compared outcome after aortic
valve replacement with either stented bioprostheses (Carpentier-Edwards
supraannular and pericardial), stentless bioprostheses, or cryopreserved al-
lografts showed that when assuming uniform patient characteristics and
excess mortality, the difference in performance between the four biological
valve types is small [9]. Patient selection and the timing of operation may
explain most of the observed differences in prognosis after aortic valve re-
placement with biological prostheses.
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Predicted patient outcome after the Ross operation
in young adults

The Ross operation or autograft procedure is mainly performed in children
and young adult patients. In this operation, the patient’s pulmonary valve
is used to replace the aortic valve either as a subcoronary implantation or
as a full aortic root replacement, while the pulmonary valve is replaced
with an alternative prosthesis, usually a pulmonary homograft. The poten-
tial advantages of the autograft or Ross procedure are the use of the pa-
tient’s own living valve with favorable hemodynamic characteristics, low
endocarditis risk, low thrombogenicity, avoidance of anticoagulant therapy,
and autograft size increase in children. However, the Ross procedure is a
technically demanding operation and both the autograft in aortic position
and the valve substitute in the right ventricular outflow tract may develop
structural failure over time. The Ross operation has been performed in
small numbers, and long-term follow-up studies have been inconsistent,
which makes analysis of long-term advantages and disadvantages difficult.

Although survival of young adult patients after this procedure is almost
uniformly excellent and comparable with the general population, autograft
durability is in some centers clearly superior to other biological valve con-
duits, while other centers report worrisome autograft reoperation rates. It
remains unclear why these results diverge so much. A very recent systemat-
ic review and meta-analysis of reported outcome after the Ross procedure
[16] shows that in young adult patients (mean age 39 years; range 11–71
years) the late survival pattern runs parallel to the general age-matched
population (Fig. 3). Early pooled mortality was 3.24% (95% CI 1.47–
6.58%), while the late mortality rate was 0.64%/patient year (95% CI 0.32–
1.26%/patient year). Fig. 3 illustrates pooled estimated survival after the
Ross operation in adults including 95% confidence intervals (best and
worst case scenario). The review also illustrates that although the occur-
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rence rates of most valve-related complications are very low, the durability
results of in particular the pulmonary autograft diverge considerably, espe-
cially 10 years postoperatively (95% CI for freedom from autograft failure
at 10 years 86–96%). The question remains whether it is possible to opti-
mize autograft durability through better patient selection, more optimal
application of the root replacement technique, and perhaps postoperative
antihypertensive treatment.

Remarkable is the excellent reported survival after the Ross operation in
young adult patients, which appears to run parallel to the general popula-
tion. This is in contradiction to the observed impaired relative survival in
young adult patients after aortic valve replacement that was discussed in
the first section of this chapter. It seems that excess mortality is virtually
absent in patients after the Ross operation, and some authors suggest that
this excellent survival advantage may be caused by the fact that the auto-
graft provides a living and hemodynamically superior valve substitute [in-
sert ref]. An update of the ongoing randomized trial in the United King-
dom (Harefield) between allograft and autograft aortic root replacement
(personal communication) suggests indeed that autograft patients have
superior survival compared to patients who receive an allograft [2]. On the
other hand, the Ross operation is performed in a select group of patients,
and their characteristics may also explain the observed survival pattern.
For example, a single center observational study by Klieverik et al. [11] in
young adult patients who underwent aortic valve replacement found that in
a univariable Cox regression model for late survival the Ross procedure
appeared to carry a survival advantage over allografts and mechanical
prostheses. However, in a multivariable Cox regression model that also in-
cluded preoperative renal impairment, preoperative impaired left ventricu-
lar function, concomitant mitral valve surgery, prior aortic valve surgery
and patient age, the factor implanted valve substitute was no longer of in-
fluence on late survival. Another study by Klieverik et al. [10] that com-
pared outcome after allograft or autograft aortic root replacement in young
adult patients with congenital aortic valve disease showed no difference in
survival between the two groups. These observations suggest that patient
characteristics are important determinants of late survival and that the im-
planted valve type is of minor importance.

Summary and conclusions

Late patient survival after aortic valve replacement is impaired compared
to the general population. This difference can only in part be explained by
the occurrence of valve-related complications. In particular in younger
adult patients there is a considerable amount of excess mortality that is
due to patient-related factors. Regional differences in population mortality
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hamper studies on survival after aortic valve replacement and should be
taken into account when assessing evidence on outcome after aortic valve
replacement.

Microsimulation studies show that patient outcome after implantation of
stented and stentless bioprostheses or cryopreserved allografts is acceptable
and that differences in patient outcomes are most likely explained by pa-
tient selection and the timing of operation, rather than differences in the
performance of these valve substitutes.

The pulmonary autograft appears to be the only biological valve sub-
stitute that carries a survival advantage. However, this survival advantage
may very well be caused by patient selection. A randomized trial or a pro-
pensity score matching study of young adult patients who received either
an autograft, allograft or mechanical prosthesis will elucidate whether there
truly is a survival advantage. Durability of the autograft varies widely be-
tween reported series and may be optimized through through better patient
selection, more optimal application of the root replacement technique, and
perhaps postoperative antihypertensive treatment.
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Following the implantation of a mechanical heart valve, permanent oral
anticoagulation is a must. Despite progress in the development of artificial
heart valves, thromboembolisms, and Marcumar-induced hemorrhages re-
main frequent complications after mechanical heart valve replacement. In
the studies ESCAT I and II, we were able to show that INR self-manage-
ment in conjunction with low-dose anticoagulation is able to reduce the
rate of thromboembolism to 0.2% per patient/year and of hemorrhaging to
0.56% per patient/year [1]. The INR values measured by patients can now
be monitored using telemedicine.

Of all the various cardiac diseases, chronic heart valve defects are par-
ticularly significant due to the severe hemodynamic changes they involve,
leading in turn to reduced physical performance.

Since 1960, it has been possible to replace hemodynamically significant
vitia using artificial heart valves, positively influencing prognoses in the
process. Today, replacement of a diseased heart valve is the second most
frequent cardiosurgical intervention, with approx. 18000 patients per year
receiving surgery for heart valve diseases in Germany alone. The peri-
operative mortality in experienced cardiosurgical centers for elective sur-
gery on individual heart valves is currently 1–2% [2]. This means an ex-
pected 2–3 cases of valve-related complications per year [3].

Great efforts have been made in the field of heart valve development.
After more than 30 years of continual improvements in hemodynamic
function, numerous mechanical and biological valves are now available,
and yet the question of biocompatibility regarding the materials used and
the complications which can ensue still lacks an ultimate answer. Not all
the demands made of an ideal replacement for defective human heart
valves are currently being fulfilled.

Anticoagulation and general complications

Current biological heart valves display satisfactory hemodynamics; they are
less thrombogenic and do not require permanent anticoagulation. They do
have the disadvantage of degeneration, however, meaning that more than

Anticoagulation and self-management
of INR: mid-term results
H. Körtke, J. Gummert



50% of biological heart valve recipients are required to undergo reopera-
tion after 12 years, in turn harboring a renewed perioperative risk. The
vast majority of implanted heart valves are still so-called mechanical repla-
cements and, despite progress in the development of these artificial valves,
thromboembolism and hemorrhaging are still frequent complications fol-
lowing their implantation. Although this risk can be reduced through treat-
ment with oral anticoagulants, the thromboembolism risk in conjunction
with the new generation of valves is still approx. 1.5% per patient/year in
the aortic position and 3% per patient/year in the mitral position. A
hemorrhaging rate of varying severity has been recorded at 4.2 to 15.4%
per patient/year, depending on the quality of the anticoagulation. The inci-
dence of fatal hemorrhaging complications is recorded at approx. 0.2 per
patient/year [4].

In 1991, Butchart et al. [5] were the first to introduce the concept of
risk-adjusted anticoagulation intensity. They accepted that the thrombo-
embolism risk is dependent on many factors. There are patient-related risk
factors (the quality of postoperative anticoagulation required), cardiac-re-
lated and valve-specific risk factors. Butchart could show that postoperative
oral anticoagulation following mechanical heart valve replacement was not
usually adjusted to the levels required. He observed his patients for 88
months. The INR range, a measurement for anticoagulation control, was
defined as between 3.0 and 4.5. Over the period in question, more than
60% of values were not within the predefined therapeutic range.

In addition, a high INR variation represents an increased risk factor for
hemorrhaging or thromboembolic events. The number of hemorrhaging
and thromboembolic complications in patients with anticoagulation – a
permanent requirement in patients with mechanical heart valve replace-
ment – is crucially bound to the stability of levels within the individually
predefined therapeutic range. Following mechanical heart valve transplan-
tation, permanent and stable anticoagulation is imperative and remains
one of the chief causes of (thromboembolic or hemorrhagic) complications.
Within the framework of secondary prophylaxis, anticoagulation with cou-
marin derivates has become established medical therapy.

Patient autonomy

Self-control and self-therapy in conjunction with chronic disease are not
fundamentally new. Regular metabolism controls and autonomous adjust-
ment of insulin dosage and diet are globally accepted measures for well-
instructed diabetics and a crucial part of their diabetes therapy. Analogous
to diabetics patients, anticoagulation patients are also capable of self-con-
trol or self-management for their long-term INR therapy. Thromboplastin
time can currently be determined by more than 20 different thromboplas-
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tins. Due to the different thromboplastins various Quick values often de-
scribe the same coagulation state, making the many recordings still made
using Quick values susceptible to a certain degree of error. For this reason,
anticoagulation self-controls or self-management results should be given as
INR (International Normalized Ratio) values. In Germany, approx. 120000
people with permanent oral anticoagulation currently perform INR self-
management.

Self-management

In 1994, we began a new program at the Heart and Diabetes Center NRW
(HDZ NRW) in Bad Oeynhausen for patients who have undergone me-
chanical heart valve replacement. For these patients the postoperative
phase now begins with instruction about anticoagulation. About 7–10 days
after surgery, INR management is taught to the patients. Instruction takes
place in small groups of 3–5 patients and lasts for two 2-hour lessons, in-
cluding an appropriate break. The patients are shown how to use the de-
vice, how to handle the test strips and how to transmit telemedical data.
They are also told in simple terms how anticoagulation therapy (in this
case phenprocoumon/Marcumar) works. Patients have to know that over-
dosing can lead to hemorrhaging, whereas underdosing can result in
thromboembolic complications. They are encouraged to record their ac-
tions carefully and, should their lifestyle change or should they start to
take any additional medication, to perform the tests not just once, but two
or even three times per week. This will provide clear information about
how the new medication is influencing anticoagulation. Patients are also
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told that they do not have to make any significant changes to their rou-
tines. On the contrary, anticoagulation treatment should be adjusted to suit
their lifestyle. Finally, provided that their cardiac condition permits it,
patients are encouraged to include exercise and sport (except competitive
sport) in their leisure-time activities. We know that this strongly influences
quality of life (Fig. 1), also in conjunction with anticoagulation therapy.

Handing over some of the necessary medical competence to patients is
our attempt to answer the following question: “Does patient autonomy im-
prove the quality of permanent oral anticoagulation and thus considerably
reduce complications?” INR self-management is the first step towards im-
proving postoperative anticoagulation. Nevertheless, there will always be at
least some patients who require long-term medical help with their INR
self-control. For this reason we began to experiment with telemedicine to
assist this type of chronic disease therapy.

Telemedical monitoring

The term “telemedicine” covers all forms of medical information which can
be exchanged long-distance using modern data transfer methods. In Decem-
ber 2003, we founded the Institute for Applied Telemedicine (IFAT) (Fig. 2).

Since then, IFAT has registered and medically monitors more than 900
Marcumar patients. They are instructed in INR self-control or self-manage-
ment 7–10 d after surgery. They then receive a home monitor, in this case,
a CoaguChek XS. Our own development team created a module which can
read the INR self-control data as soon as the test has been performed and
transmit it automatically to IFAT using SMS technology. There the data is
matched to the corresponding electronic patient file. Physicians and
trained staff monitor the incoming results and inform patients about
further anticoagulation measures. The Institute works around the clock,
24 h/d and 7 d/week. The following safety requirements are fulfilled:
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z Availability: smooth functioning of technical equipment (regular mainte-
nance and check-ups), as well as back-up systems for emergencies must
be guaranteed.

z Addressed confidentiality: only addressed recipients can access and use
information.

z Non-deniability: transmitter and recipient must be unequivocally identi-
fiable.

z Pseudonyms: reestablishing the identity of a patient via a pseudonym
must be possible (re-identification).

z Anonymity: patient master data must not be passed on.
z Originality: the source and time of creation must be discernible.
z Authenticity and authentication: medical staff must be able to be authen-

ticated for (recognized by) the systems. Access rights must be allocated
for particular roles.

z Data integrity: data must be transmitted without error or manipulation,
or any error or manipulation must be detectable (routine check-ups and
calibration).

z Auditability: establishing who has done what to which data and when
must be possible.

Low-dose anticoagulation

Maintenance of the anticoagulation therapy required after mechanical heart
valve replacement used to be very unsatisfactory, also in Germany. A study
called ESCAT (Early Self-Controlled Anticoagulation Trial) was able to
show that patients are capable of learning INR self-management and that
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they treat their autonomous handling of anticoagulation therapy carefully.
Fig. 3 shows that the qualitative improvements achieved by INR self-man-
agement are highly significant.

It was important not only to achieve high-quality adjustments, but also
to reduce the variability of INR values. In a follow-up study called ESCAT
II, patients agreed to very low-dose anticoagulation. This enabled the sta-
bility of the anticoagulation therapy to be maintained, while at the same
time reducing variability. Further reductions in thromboembolic and espe-
cially hemorrhaging complications were convincing (Table 1). These figures
illustrate the superiority of INR self-management over conventionally man-
aged patients, which is also true concerning low-dose anticoagulation with
self-management. The patients were controlled by their family doctors.

Self-management led to the therapy ranges and target values shown in
Table 2 – differentiated according to valve position and risk factors – which
have become established as standards.

Patients with permanent anticoagulation sometimes encounter situa-
tions, even in their everyday routines, in which they feel unable to cope
with this form of therapy. In such cases, it is of course imperative to renew
medical supervision. Performing INR self-controls, possibly with the aid of
family members or nurses, with added medical advice given telemedically
could be a viable alternative. It makes INR self-control an option even to
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Table 1. Proportion of thromboembolisms and hemorrhages (% per patient/year): ESCAT-I,
n=1155; ESCAT-II interim analysis, n=1816

Adverse events ESCAT-I ESCAT-II low-dose
(Level III) (1616 pat.-yr)

Conventional
(1135.5 pat.-yr)

Self-management
(1116 pat.-yr)

z Overall 66 (5.8%) 58 (5.2%) 16 (0.76%)
z Hemorrhages 34 (3.0%) 42 (3.7%) 13 (0.56%)
z Thromboembolisms 32 (2.8%) 16 (1.5%) 3 (0.2%)

Table 2. INR target values according to valve position

Valve position Risk factors and/or additional
underlying cardiac diseases

INR range Target value

z Aortic – 1.8–2.8 2.3
z Mitral – 2.5–3.5 2.8
z Tricuspid/pulmonary – 2.5–3.5 3.0
z Aortic ± 2.0–3.0 2.5
z Mitral ± 2.5–3.5 3.0
z Tricuspid/pulmonary ± 2.5–3.5 3.0



patients who have become immobile or who cannot or will not practice
autonomous anticoagulation management. Using the above plan, patients
or their families can now record coagulation values using a home monitor.
The values are then sent via an automatic connection to IFAT. Special staff,
in particular trained physicians, can view the results by accessing the rele-
vant electronic patient file. The results cannot be tampered with because
automatic and immediate transmission prevents any intervention by pa-
tients or third parties. Regular weekly recommendations regarding adjust-
ments to dosage are then sent to patients and their families, upholding the
high quality described above.

Our evaluation of more than 900 patients (Fig. 4) shows that there are
no significant differences between patients who are telemedically moni-
tored and those practicing self-management.

INR self-control with telemedical transmission achieves comparable re-
sults to INR self-management, thus, making this an option for all patients.
Even those patients who have become immobile can take advantage of this
system, which is both high quality and readily available. Within the frame-
work of a telemedical thrombosis service, INR self-control is already being
practiced as an integrated care module in the German states of Saxony and
Saxony-Anhalt.
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Conclusion

The combination of medical autonomy coupled with telemedical service
can achieve the highest qualitative improvements in oral anticoagulation
following mechanical heart valve replacement. Therapy is now possible in
close cooperation with local practitioners. Quality stabilization is guaran-
teed by data protection, as well as a transparency of data for treating phy-
sicians. Patients can discuss any problems they may have with this form of
therapy with their local physicians. Documentation also gives physicians
the opportunity to show patients their ongoing involvement in the treat-
ment. The result is a minimum-risk anticoagulation therapy which can be
practiced by and offered to nearly any patient with the relevant indication.
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Heart valve tissue engineering

Fabrication of a viable heart valve with lifelong durability and growth po-
tential during childhood is the common goal of all heart valve tissue engi-
neering strategies. Despite significant improvements in valve design, pa-
tients carrying conventional prostheses remain burdened by the lifelong
need for anticoagulation or the inevitable degeneration of nonvital biologic
valve tissue. Research on tissue engineering of heart valves commenced in
the 1990s, and several strategies have evolved ever since [29, 30]. Initially,
biodegradable polymers were used as scaffolds to be seeded with the reci-
pient’s autologous cells. This approach is feasible with a wide variety of
adult, neonatal, and prenatal cell types, but requires extensive in vitro con-
ditioning to facilitate the adhesion of cells on the polymer surface and to
induce the deposition of biologic extracellular matrix components prior to
implantation [21, 22, 32, 33]. A similar strategy is the production of viable
heart valves based on cells embedded in biological hydrogels, which also
require elaborate technology for in vitro tissue growth [18]. Alternatively,
the allogenic or xenogenic extracellularized heart valve matrix has been
suggested as a conveniently preformed scaffold [24, 26, 36]. Here, the idea
is to remove all cellular components by enzymatic digestion, physical de-
struction, or chemical detergents, and without using glutaraldehyde tan-
ning and tissue fixation [2, 13–15]. The antigencity of cellular epitopes is
thereby eliminated, while the biological integrity of extracellular matrix
components is preserved. Originally, such decellularized matrix valves were
designed to be reseeded with the recipient’s cells in vitro. More recently,
however, decellularized valves are nearly always being implanted as-is,
without prior cell seeding, since it has become clear that spontaneous re-
population with circulating endothelial progenitor cells occurs rapidly and
effectively in situ after implantation. However, there are at least two major
problems: first, the mechanical tissue properties deteriorate when cells are
removed and the tertiary structure of fibrous valve tissue constituents is
altered during the decellularization process. Such valves do not withstand
hemodynamic forces in the systemic circulation and have so far only been
used for pulmonary valve replacement. Second, exposed collagen surfaces
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are highly thrombogenic, since collagen directly induces platelet activation
as well as coagulation factor XII. To solve these problems, we developed
biomaterial/polymer composite materials based on decellularized vascular
matrix scaffolds that are coated with biodegradable polymers, and tested
the hypothesis that such hybrid tissues exhibit improved the biocompatibil-
ity in vitro and in vivo [20, 34].

Hybrid tissue fabrication

z Decellularization process

Enzymatic removal of cells without altering the biochemical characteristics
of the extracellular matrix by exposure to chemical fixatives was performed
as previously described by Steinhoff et al. [36]. Hearts were harvested from
porcine cadavers; the aortic root was prepared, washed in phosphate buf-
fered saline (PBS) and incubated in 0.05% trypsin solution for 48 h at
37 �C, followed by 3 washing steps for 1 h each. For longer storage, the
specimens were lyophilized (at –40 �C and 0.05 mbar) and rehydrated prior
to further use, but for implantation in sheep the valves were processed im-
mediately. Biocompatibility tests in vitro and in rabbits were performed
using human aortic wall tissue, which was obtained during routine CABG
operations and was processed in identical fashion. The decellularization
process removed all cellular components of the porcine aortic valve leaflets
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and the aortic wall (Fig. 1). After enzymatic removal of the endothelial cell
layer and cellular components of the media, the fibrous network of col-
lagen, elastin and proteoglycans forms the luminal surface of the valve
scaffold.

z Polymer coating

Polymers from the family of polyhydroxyalkanoates (PHA) were selected to
investigate their structural performance in hybrid valve tissue: poly(3-hy-
droxybutyrate) (P3HB), poly(4-hydroxybutyrate) (P(4HB), also known as
PHA4400), and the co-polymer poly(3-hydroxybutyrate-co-4-hydroxybuty-
rate) (P(3HB-co-4HB), also known as PHA3444) with a composition of
82% 3HB and 18% 4HB. Polymers in powder form were dissolved in
chloroform at 50 �C according to the chosen concentration. Initially, a dip-
coating process was used for fabrication of biomatrix/polymer hybrid tis-
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The insert shows a positive Nile Red stain, indicating that PHB is indeed present



sue: decellularized and lyophilized tissue was repeatedly immersed in 2–6%
(w/v) polymer solution followed by solvent evaporation for two weeks until
the chloroform content was <0.2%. Prior to further use, the tissue was
rehydrated in cell culture medium (in vitro experiments) or in phosphate
buffered saline (in vivo experiments). When it became evident that this
coating may not withstand systemic hemodynamic forces (see section
Valve testing), we developed a polymer impregnation process: freshly decel-
lularized valve tissue was subjected to a wet dehydration process, replacing
water with ethanol. Then, the specimens were immersed in 1% (w/v) poly-
mer solution for 30 min, followed by rehydration and wet solvent elimina-
tion in PBS. As opposed to the initially used dip-coating procedure, the
modified polymer penetration protocol did not alter the surface morphol-
ogy of the decellularized matrix, preserving the tissue native texture and
microporosity, hypothetically facilitating adhesion and migration of recipi-
ent cells (Fig. 2).

In vitro testing of hybrid valve tissue

z Toxicity and cell proliferation

Whether biomatrix/polymer hybrid valve tissue can be repopulated with
viable cells, without exhibiting cytotoxicity, was tested in series of in vitro
experiments. Tissue samples were prepared as described above, seeded
with L929 mouse fibroblasts and incubated under standard cell culture
conditions for at least 72 h. Cell viability was then assessed using the Cell-
Titer96® fluorescent cell proliferation assay (MTS test). Since cellular adhe-
sion, proliferation, metabolic activity, and resistance to toxin are highly
dependent on species and cell type, similar tests were performed using a
mixed population of human vascular myofibroblasts and endothelial cells,
which were prepared from saphenous vein samples of CABG patients. The
MTS tests were performed in decellularized matrix treated with various
polymer preparations, but also with pure polymer samples as well as with
hydrid tissues following several sterilization and storage protocols such as
lyophilization, plasma sterilization, FAD sterilization, ethylene oxide steril-
ization, and gamma sterilization. Initially, it appeared that P3HB almost
completely inhibited murine cell growth on the matrix. These experiments
were then repeated using human endothelial cells and myofibroblasts, and
we now found that they proliferate very well on all matrix/polymer combi-
nations. Hence, decellularized biomatrix/polymer hybrid tissue has the po-
tential for repopulation even in the xenogenic setting.
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z Hemocompatibility

In addition to standard biocompatibility testing, hemocompatibility tests
that specifically assess interference with the coagulation system need to be
performed when implants are to be placed in the blood stream. Comple-
ment and coagulation system activation in response to different hybrid tis-
sue preparations were studied in several in vitro assays. Activation of com-
plement factor C3 was assessed by ELISA for C3a-des-Arg, the stable meta-
bolite of activated C3, following incubation of human plasma with hybrid
tissue samples. Representative for activation of the plasmatic clotting sys-
tem, the concentration of the prothrombin fragments F1 and F2 was also
measured by ELISA, again after incubation of human plasma with hybrid
tissue. Finally, the response of the cellular clotting system to biomatrix/
polymer hybrid tissue was studied by measuring the activation of platelet
factor 4. Matrix impregnation with P3HB attenuated the activation of plate-
let factor 4 in human plasma, indicating less activation of the cellular clot-
ting system. With P3/4HB co-polymer there was still some attenuation of
PF4 release, while P4HB alone appeared not to change the matrix-induced
PF4 activation. Activation of the plasmatic clotting cascade as assessed by
the concentration of prothrombin fragments F1 and F2 was partially sup-
pressed when the matrix was coated with biodegradable polymer, irrespec-
tive of the PHB-type used. Finally, activation of the complement system in
response to hybrid tissue was estimated. Again, attenuation of C3a-des-Arg
production in the presence of polymer-coated matrix compared to un-
treated decellularized matrix was observed.

Mechanical tissue properties

From the biomechanical point of view, the predominant problems of heart
valve substitution arise from the enormous dynamic in vivo loads on the
implant, even more so in the systemic circulation. Tissue engineered heart
valves have to bear these loads during the time span of complete auto-
logous tissue restoration in situ. As has been previously reported, the enzy-
matic digestion process inevitably weakens the mechanical characteristics
of the valve, so that it may not be able to withstand hemodynamic forces
in the systemic circulation [10, 20]. The mechanical properties of P(4HB),
such as pliability and elasticity, compared to P(3HB) which is rather stiff
and brittle, make it very suitable for applications in soft tissue engineering.
We hypothesized that the polymer impregnation process would lead to im-
proved physical properties, and investigated biomechanical tissue and valve
performance in a series of mechanical in vitro tests. During the material
selection process we analyzed selected mechanical and thermomechanical
properties of P(4HB) and P(3HB-co-4HB) in comparison to P(3HB). In
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contrast to P(3HB), P(4HB) exhibits a tremendous ductility and appears
far more pliable, and incorporation of relatively small amounts of 4HB into
the copolymer (in our case 18% 4HB) results in major improvements of
the material characteristics regarding the suitability for applications in soft
tissue replacement.

z Suture retention strength

Specimens of the aortic conduits adjacent to the valves were placed in a
tensile testing machine. The crosshead speed was set to 100 mm/min, and
monofilament 4/0 suture material was used. The mean suture retention
strength for native valve (aortic wall) specimens was 630 g, and this level
was maintained or exceeded by all other specimen types tested. While de-
cellularized and coated specimens showed values in the same range, suture
retention strength was almost doubled in the impregnated specimens
(1150–1190 g). Due to the cross-linking of collagen during glutaraldehyde
fixation, the mechanical properties of glutaraldehyde-fixed control tissue
were enhanced under multiaxial loading. This led to an intermediate suture
retention in GA-fixed specimens of 1020 g.

z Leaflet testing

To assess the biomechanical behavior of the hybrid valves as compared to
native and decellularized valves, leaflet specimens were subjected to tensile
testing. Specimens, 1.5 mm wide, were cut out from the valve leaflets in the
circumferential fiber direction. The tensile tests were performed at ambient
temperature, and in controlled force mode with a force ramping of 1 N/
min. Tensile strength, elongation to break, and the linear elastic modulus
(tangent modulus) as the slope of the stress-strain curve in the linear elas-
tic portion of the stress-strain curve were assessed. The latter parameter
describes the biomechanical behavior of soft tissue, which is comprised of
three distinct load corresponding stages. We found that decellularization
led to a stiffening of the tissue (tangent modulus=128 MPa) along with an
increase of tensile strength (17 MPa) compared to the native state (74 MPa
and 11 MPa, respectively). This effect may be attributed to the absence of
cellular compartments and ground substance, which in native tissue act as
water filled cushions and thereby decrease stiffness under uniaxial loading.
It can further be assumed that in native tissue, cellular compartments add
to the tension and crimp in the elastic network, leading to a preload of the
fibers. This multiaxial preload is absent in the decellularized state leading
to slack fibers in the unloaded state and an increase of tensile strength un-
der load. Polymer impregnation further added to the stiffening effect and
increased tensile strength. The coated specimens, however, exhibited a con-
verse behavior with diminished stiffness and tensile strength. We conclude
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that lyophilization and the associated shrinking processes lead to an im-
pairment of the three-dimensional fiber architecture and thereby alter the
structural properties of the decellularized matrix (Fig. 3).

z Valve testing

Valve testing was conducted under physiological hemodynamic load condi-
tions in a pulse duplicator system. The pulse rate was set to 60 bpm, systo-
lic fraction was 32%, diastolic and systolic pressures were 80 mmHg and
130 mmHg, respectively. In addition to video morphometry recordings,
transvalvular pressure gradient (TVP), closing volume fraction (Vclose),
leakage volume fraction (Vleak) and total regurgitation volume fraction
(Vreg%) were evaluated to characterize valve performance. A decrease of
TVP was seen in both decellularized valve groups (before and after lyophi-
lization). This effect, which was even more pronounced after lyophilization
and the associated shrinking, was found to be caused by an easier opening
of the leaflets due to a thickness reduction induced by the decellularization
process. After polymer coating of the specimens, however, the TVP in-
creased. The TVP increases with higher polymer solution concentration,
since a thick polymer layer constricts valve opening. Due to leaflet stiffen-
ing, the effective orifice area (EOA) of coated valves also was reduced and
the valves appeared stenosed. In the impregnated specimens, however, TVP
was comparable to native valves. Regurgitation was found to be low in na-
tive and in decellularized specimens before lyophilization. Decellularized
specimens after lyophilization showed increased regurgitation due to insuf-
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Fig. 3. Stress-strain relationship (SSR) in isolated heart valve leaflets. The tensile tests were per-
formed on a Dynamic Mechanical Analyzer DMA 2980 (TA-Instruments, New Castle, Delaware,
USA) in controlled force mode with a force ramping of 1 N/min until specimen fracture. Com-
pared with a native valve leaflet (“native”), SSR is significantly altered in decellularized valves
(“decellularized”), but partially restored by polymer impregnation (“penetrated”)



ficiency caused by leaflet shrinkage. This effect was also apparent in the
coated valves. Coating further affected the closing behavior as a result of
the stiffness of the leaflets. Video morphometry of the working valves
showed that in coated specimens the integrity of the polymer layer was dis-
rupted, and the polymer coating of the leaflets partially peeled off the ma-
trix when subjected to flexure under physiological loading. In contrast, the
impregnated specimens functioned well and showed excellent structural in-
tegrity and low regurgitation.

In vivo biocompatibility testing

Intravascular biocompatibility of various hybrid tissue preparations was
tested in a rabbit model. Adult New Zealand White rabbits were anesthetized,
heparinized, intubated, and ventilated. The abdomen was opened, and then
the abdominal aorta was dissected, clamped, and incised longitudinally. A
patch of biomatrix/polymer hybrid tissue measuring approximately
5×3 mm was sutured in place using nonresorbable suture. After 1, 3, or 6
months, the animals were sacrificed and the aortic segment containing the
patch was explanted and prepared for histology. Sections were stained with
H&E and/or antibodies for immunohistology, and examined by light micro-
scopy. A scoring system was designed to facilitate comparison of histologic
findings. The following histologic characteristics were studied:
z endothelialization of the luminal patch surface,
z intima proliferation,
z inflammatory infiltration,
z calcification,
z cellular migration into the patch material,
z thrombus formation,
z formation of a neoelastica interna.

At follow-up, all rabbit aortas were patent, free from blood clot formation,
except in one animal with a P4HB-treated patch. There were no patch an-
eurysms despite implantation in the high-pressure system. There was some
early inflammatory cell infiltration (4 weeks) that later resolved in all
patches (12 weeks). Recipient blood vessel cells had migrated into patch
material in both the P3HB and P4HB coated matrices. Importantly, very
little or no calcification occurred in the decellularized and P3HB-coated
matrices, in contrast to autologous blood vessel control patches and some
P4HB-coated matrices. Intimal thickening with formation of a neoelastica
interna occurred in all hybrid tissue patches, but the vessel lumen was not
narrowed in any of the P3HB-coated patches. As confirmed by immunohis-
tology staining for CD31, there was complete endothelial cell lining of the
luminal surface of matrix/polymer hybrid patches.
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Large animal testing

The biocompatibility and mechanical screening tests of various hybrid
material preparations indicated that P3HB-treated xenogenic matrix tends
to exhibit better biocompatibility but is rather stiff and brittle, while the
P4HB-coated matrix is soft and pliable, but probably at the cost of earlier
calcification in vivo. Based on these results, we chose to prepare porcine
hybrid tissue valves produced by decellularization followed by penetration
with poly(3-hydroxybutyrate-co-4-hydroxybutyrate) consisting of 82%
P3HB and 18% P4HB for further testing in a xenogenic large animal mod-
el. Two valves were implanted so as to replace the native pulmonary root
in sheep, and three valves were implanted as freestanding aortic root re-
placement with coronary reimplantation. One animal died while under-
going aortic valve surgery and was excluded from the analysis. Three
months after implantation, the animals underwent echocardiography and
cardiac catheterization before they were sacrificed. Morphologic analysis of
the hybrid valve was carried out before the valve tissue was divided in
three parts and prepared for further analysis by light microscopy, immuno-
histology, and electron microscopy. The first valve implanted in pulmonary
position was severely obliterated, with severe diffuse piogranulomatous
valvular endocarditis, chronic lymphohistocytic and necrotizing biopros-
thetic periarteritis, and intimal fibrous hyperplasia. Although microbiology
at the time of sacrifice was negative, bacterial endocarditis was probably
the cause. The second valve was in excellent condition, with near-normal
gross morphology (Fig. 4). On histology, there was complete endothelial
cell lining and moderate multifocal granulomatous inflammation limited to
the leaflet hinge point. Particular attention was paid to the two valves im-
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Fig. 4. Porcine biomatrix-polymer hybrid valves 3 months after implantation in a sheep model.
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fying. This was also mirrored by normal valve function on echocardiography. On histology, the
valves were completely re-endothelialized, but cellular repopulation of the media was still
scarce



planted in aortic position. At the time of sacrifice, both animals were in
good condition without clinical signs of valve dysfunction. There were
focal fibrinous deposits on the leaflets, and the leaflets contained homo-
geneous eosinophilic bundles of collagen, expanded by moderate multifocal
granulomatous inflammation. There was some intimal thickening particu-
larly of the luminal surface of the otherwise delicate leaflets. By immuno-
histology, complete endothelial cell lining of the leaflets and the conduit
wall was found. Smooth muscle cells had migrated into the media of the
leaflets, but there was very little cellular infiltration of the conduit wall.

Interpretation

It has recently been shown that mismatch of HLA-DR and ABO antigens
on endothelial cells in unmodified valve allografts is associated with accel-
erated valve failure [3, 23]. Therefore, it appears preferable to reduce or
eliminate donor cell immunogenicity by tanning or by decellularization
[11]. In contrast to aldehyde-fixed tissue, enzymatically decellularized ma-
trix without tanning-induced crosslinks possesses epitopes for cellular ad-
hesion receptors, facilitating repopulation with tissue-specific cell types but
also with inflammatory cells [2, 9]. Allogenic matrix constituents such as
collagen, elastin, and proteoglycans have little immunogenicity, given that
cellular components are entirely removed [37]. However, in the xenogenic
setting or during immunologic stimulation (i.e., surgical stress, autoim-
mune disease, sepsis), exposed decellularized matrix can elicit a significant
local immune response [8, 35]. Uncoated decellularized matrix valves are
commercially available and have been implanted in the pulmonary position
in hundreds of patients. Those include patients with congenital heart de-
fects that require implantation of a valved conduit between the right ventri-
cle and the pulmonary arteries [6, 31], as well as patients with aortic valve
disease who undergo a Ross procedure [5, 7, 25]. However, their use with
or without in vitro autologous preseeding for heart valve replacement re-
mains controversial [28]. Preclinical large animal testing in the xenogenic
and allogenic setting was very promising, with good hemodynamic func-
tion, morphologic reconstitution, and little calcification for almost one year
[1, 12, 16, 19, 26, 27]. The initial enthusiasm has been muted, however, by
reports of early failure decellularized xenogenic valves in humans [18, 19].
Decellularized homografts, i.e., allografts, appear to cause less problems in
humans, but the actual long-term benefit remains to be determined [4, 17].
Moreover, aggressive decellularization weakens the valve tissue, so that the
mechanical properties do not allow for implantation in the high pressure
system [10]. Therefore, we sought to combine the advantageous properties
of the native extracellular matrix scaffold with those of an artificial poly-
mer, and we found that polymer-treated valve scaffolds indeed exhibit im-
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proved resistance to hemodynamic forces. Such impregnated hybrid valve
structures are functional and readily implantable tissue engineering scaf-
folds with excellent biomechanical and structural characteristics [20]. Hy-
brid tissue heart valves can be produced and distributed as off-the-shelf
items, and will are readily “revitalized”, i.e., repopulated by recipient endo-
thelial cells. The polymer coating is then degraded, while cells migrate into
the extracellular matrix scaffold, restore the natural tissue structure of the
native heart valve, and initiate the physiologic turnover of extracellular ma-
trix components. Once these processes have been completed, the neovalve
should have biological and mechanical characteristics identical to those of
the native valve. The coating process also serves to attenuate the procoagu-
latory activity of bare matrix components. As long as re-endotheliazation is
incomplete, platelets directly adhere by binding of platelet collagen receptor
to integrins on exposed collagen, and the intrinsic clotting cascade is also
initiated when prekallikrein, kininogen, factor XI, and factor XII are ex-
posed to collagen. In the in vitro screening tests, we found that activation
of both the cellular and the plasmatic coagulation system is indeed attenu-
ated by polymer coating of decellularized matrix, reducing the risk of
thrombembolic events after implantation.

In conclusion, we believe that decellularized heart valve matrix holds
great potential for the creation of viable, long-lasting replacement valves,
and that many of the problems in the xenogenic setting, including im-
paired biomechanics and residual antigenicity can be overcome by pre-
treatment with biodegradable polymers. However, more extensive long-
term studies are clearly needed before clinical use can be considered.
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Background

The most common therapy for end-stage valvular heart disease is valve
replacement. Currently, 300 000 procedures are performed annually world-
wide. Furthermore, 8 of 1000 children are born with congenital cardiac de-
fects. Every fifth of these needs a heart valve replacement. Clinically avail-
able heart valve substitutes, including biological prostheses such as xeno-
grafts and homografts, and mechanical prostheses have satisfactory hemo-
dynamic properties and function well but have several limitations in com-
mon, for example, an increased risk of infection and, particularly in pedia-
tric patients, an increased potential for degeneration and calcification [1–
3]. Furthermore, these substitutes consist of foreign, nonviable materials
which entail the risk of thromboembolism and the lack of ability to re-
model, repair, and grow. Pediatric patients are of particular interest in this
context because they “outgrow” the prostheses so that multiple reopera-
tions and considerable suffering for the patients and their families are the
consequence [4]. Tissue engineering could be an alternative in overcoming
these disadvantages. The interdisciplinary approach of tissue engineering
combines principles of engineering and material science with biology and
vascular surgery to fabricate viable and functional prostheses from auto-
logous, living cells with the aim of long-lasting replacement or reconstruc-
tion of the dysfunctional native tissue. In the early 1990s tissue engineer-
ing emerged as a field of research with multiple clinical applications in-
cluding reparative cartilage [5], trachea [6], skin [7], blood vessels [8], and
heart valves [9, 10]. Research into producing a successful tissue engineered
cardiovascular substitute has concentrated on three areas:
z a suitable 3-dimensional scaffold;
z the evaluation of suitable cell sources, if possible of autologous origin;

and
z the cell seeding and in vitro conditioning process conducive of fabrica-

tion of the cell-matrix construct before implantation.

Standards for the in vitro fabrication
of heart valves using human umbilical
cord cells
C. Lüders-Theuerkauf, R. Hetzer



Scaffold materials

Several research experiments have demonstrated the possibility of fabricat-
ing a tissue-like structure in vitro, which remodels into functional tissue in
vivo. The major problem is the composition of the scaffold. The scaffold
serves as a physical and structural support and template for cell adhesion
and tissue development. In recent years much effort has been expended on
analyzing the optimal chemical and physical configuration of different bio-
materials and their interaction with living cells to produce a functional tis-
sue engineered construct. Therefore, the selection of an optimal scaffold is
of particular interest. Several scaffold materials of different origin have
been analyzed in vitro or are currently available for clinical application. All
these biomaterials require a 3-dimensional structure and can be permanent
or biodegradable. They can be of natural or biological origin, synthetic
materials or hybrids. All these materials should be compatible with living
cells in vitro and in vivo, should be without cytotoxic degradation products
or immune response reactions, and should have adequate hemodynamic,
biological, and mechanical functions and therefore life-long durability.

z Natural scaffolds

For the tissue engineering of blood vessels, collagen-based matrices have
been investigated in several approaches over the past 20 years [11–15]. The
use of fibrin gel isolated from the patient’s own blood as an autologous
matrix has also been investigated [16]. One advantage is the homogenous
distribution of cells within the gels from the beginning caused by the fast
immobilization of the cells during polymerization of the gel.

z Biological scaffolds

Biological scaffolds consist of decellularized material from animal donors
(xenografts) or from human donors (homografts). Decellularization is
achieved by enzymatic or detergent reactions [17]. The decellularized ma-
trices offer the extracellular matrix (ECM), a mixture of functional proteins
such as collagens, fibronectin, elastin and others, glycoproteins, and pro-
teoglycans [18]. Theoretically, decellularized matrices are biodegradable
but they will not work for all applications. They all have a heterologous
origin, which makes immunosuppression therapy necessary. Several biolog-
ical scaffolds are available for heart valve replacements, and the results so
far have been satisfactory [19–24].
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z Synthetic scaffolds

Alternatively, synthetic biodegradable polymers such as polyglyclic acid
(PGA), polylactide acid (PLA) or poly-4-hydroxy-butyrate (P4HB) have
been demonstrated to be applicable in cardiovascular tissue engineering
[25–28]. PGA was the first polymer used for the successful fabrication of a
tissue engineered tissue. The original PGA is approved by the US Food
and Drug Administration (FDA). It consists of a fibrous structure with sev-
eral properties appropriate for cardiovascular tissue engineering. In our
laboratory we use a 3-dimensional non-woven PGA structure fabricated ex-
clusively for our applications. Due to its hydrophobic nature, it is abso-
lutely necessary to precoat the scaffold with extracellular matrix proteins
to improve the attachment of cells to the surface. PGA samples seeded with
vascular human umbilical cord cells showed, after 5 weeks of incubation, a
dense tissue-like structure. A large number of cells adhered to the surface
and migrated into the polymeric structure (Fig. 1).

These data are reproducible but the PGA has to be modified and further
optimized in working towards successful clinical application in the future.
Recent studies have demonstrated the feasibility of combinations of differ-
ent polymers resulting in copolymers which provide thermoplasticity and
better mechanical properties [29, 30]. Major advantages of synthetic ma-
trices are their controllable biodegradation properties and their high elasti-
city.

So far the fabrication of synthetic scaffolds for heart valve tissue engi-
neering is reproducible but does not conform to good manufacturing prac-
tice (GMP) guidelines. For a prospective clinical application, it is important
to set standards for the scaffold material itself and to establish a GMP pro-
tocol and quality control for a standardized fabrication technique. A basic
requirement is the biocompatibility of the polymeric scaffold material. The
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degradation process should not be attended by inflammation or immune
response reactions. Furthermore, it is necessary to avoid cytotoxic degra-
dation products when the seeded scaffold is implanted. The fabrication
process needs to be reproducible and standardized with the aim of obtain-
ing permission for fabrication according to the pharmaceutical laws.

Cell sources

Several potential cell sources for the tissue engineering of cardiovascular
structures have been evaluated in recent years. The ideal cell source should
be autologous and cells should be available in large quantities. Using auto-
logous cells, the fabricated viable heart valve prostheses should have the
potential to integrate, grow, remodel, and repair, thus, conceivably making
reoperations unnecessary.

There are two major questions: which cell types and which cell source
are feasible? With regard to heart valve substitutes, two cell types are re-
quired for the tissue engineered constructs:
z myofibroblast-like cells which have the potential to differentiate into fi-

broblasts and smooth muscle cells. These cells produce the extracellular
matrix and are responsible for the development of tissue with the me-
chanical properties of native heart valves.

z Endothelial cells are necessary to cover the surface of the tissue engi-
neered valves. These cells represent a blood compatible layer, thus, en-
abling thrombotic complications to be avoided.

There are a variety of approaches to harvest autologous cells, such as, biop-
sies from organs or segments from vascular vessels. During the past de-
cade, venous and aortic human fibroblasts [31], human marrow stromal
cells [32], and amniotic fluid-derived cells [33] have been investigated in
intensive experiments. In recent years, interest in the use of stem cells has
rapidly grown. Human stem cells and progenitor cells have been isolated
from a variety of sources, e.g., human bone marrow, adipose tissue, umbili-
cal cord blood and amniotic derived cells. Their autologous origin, high
proliferation capacity, and potential for differentiation into vascular pheno-
types make this cell type suitable for the tissue engineering of cardiovascu-
lar structures, such as heart valves. In comparison to embryonic stem cells,
adult stem cells are less controversial and are associated with fewer ethical
concerns. The human umbilical cord is of particular interest due to its pos-
sibility of originating different cell lines. The umbilical cord contains three
vessels: two arteries and one vein (Fig. 2).

These vessels are a rich source of vascular cells and their progenitors for
several potential clinical applications [34, 35]. The isolated cells could be
used as a potential cell source of autologous origin, particularly for pedia-
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tric patients and young adults with congenital heart defects. Naturally, har-
vesting autologous cells requires an invasive operation, to remove for ex-
ample a small segment of an artery or vein. Using vascular cells from um-
bilical cords avoids the excision of pieces of vessels and, therefore, the risk
of infectious complications. In view of all these advantages, our laboratory
has focused on human vascular umbilical cord cells [34]. The ethics review
board of the University Hospital Charité, Humboldt University of Berlin,
Germany, approved the protocol and the human umbilical cords were col-
lected after obtaining the written informed consent from each woman. Vas-
cular cells were isolated, cryopreserved and afterwards thawed prior to use.
These cells were cultured and expanded to achieve an appropriate cell
number for seeding onto the scaffolds. After in vitro conditioning the cell-
matrix construct should be implanted into the same patient from whom
the cell material was isolated.

Cell seeding and in vitro conditioning

The cell seeding process is a critical procedure in fabricating tissue engi-
neered constructs. First, it raises the question of whether a static or a dy-
namic cell seeding process is the better alternative. It is essential to obtain
uniform distribution of the cells on the surface of a polymeric scaffold
(Fig. 3).

After attachment to the surface, the cells start to migrate into the fibrous
or porous structure of the polymer. It is absolutely necessary to supply the
cells with nutrients to guarantee appropriate development of tissue-like
structures. A prerequisite to achieve uniform distribution of the cells is
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that they be rotated together with the scaffold material. In our laboratory,
we have developed various cell seeding devices. A few years ago, we started
by developing a bowl which rotated with undirected movements [36]. The
promising data in terms of cell distribution encouraged us to develop a
new device that was to overcome some disadvantages of the bowl (Fig. 4).
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In principle, the bowl was completely closed without any gas exchange.
The new device consists of two individual cylindrical chambers rotating in
one direction, the x-axis. These chambers are connected to a wheel that ro-
tates in another direction, the y-axis. Gas permeable tubes are connected
to seals which are able to rotate and this principle avoids twisting of the
tubes. Previous studies have demonstrated that cells seeded onto biomater-
ials need specific cell culture conditions, so-called “in vitro conditioning”
[37]. Before implantation the cells have to be “trained” for their intended
function. The new device combines the cell seeding procedure and the in
vitro conditioning process. It is not necessary to transfer the cell-matrix
construct from one device to another, and therefore the risk of contamina-
tion is minimized. Thus, the cell culture conditions have to be optimized
to guarantee a functional in vitro fabricated cardiovascular substitute. Tak-
ing supernatant samples helps to control and manage the in vitro condi-
tioning process. Via a measuring unit, several parameters were monitored
during the whole fabrication process to give an overview of the developing
tissue inside the cylindrical chambers. This new principle set the first stan-
dards in fabricating tissue engineered heart valves independent of the cell
source and the scaffold material.

Conclusion and perspectives

Progress has been made in engineering components of the cardiovascular
system, i.e., blood vessels and heart valves. Tissue engineering could repre-
sent an alternative therapy to mechanical or biological heart valves pros-
theses. Recently, different human cell sources have been characterized and
analyzed, and knowledge of biocompatible scaffolds and the in vitro condi-
tioning process has rapidly increased. With the use of autologous cells, the
tissue engineered constructs are very similar to native tissue and, thus, the
risk of inflammation and rejection is minimized. The cell seeding and in
vitro conditioning process function well but conditions need to be im-
proved. There are still open questions: How many cells are needed? What
is the optimal duration of incubation? Therefore, we need to further inves-
tigate manageable and controllable cell seeding processes. Each fabrication
of tissue engineered heart valves using polymeric scaffolds is individual
and does not yet conform to GMP. We need to set standards by establish-
ing GMP protocols and quality control for the cell isolation, cryopreserva-
tion, cell seeding, and in vitro conditioning. Establishing standardized
methods with controllable parameters is the basic requirement. It is neces-
sary to monitor the whole process with concomitant in vivo studies and
preclinical and clinical tests with the aim of obtaining the permission of
regulatory boards for the fabrication of tissue engineered heart valves. Cur-
rently, the German guideline on human cell-based medicinal products from
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September 1, 2008 is very strict. Furthermore, the characteristics of cell-
based pharmaceuticals, such as tissue engineered heart valves, are regu-
lated by EU edict 1394/2007. This means that for the first time, tissue
engineered products have been defined in pharmaceutical legislation which
stipulates GMP fabrication, quality control, and preclinical and clinical
studies. A central element of EU 1394/2007 is EU-wide permission by the
European Medicinal Agency (EMEA) from January 1, 2009. In summary, if
it proves to be feasible to fabricate tissue engineered heart valves consisting
of biodegradable polymers and human autologous cells according to the
EU edict 1394/2007, tissue engineering will be on its way to becoming an
alternative therapy to conventional therapies and is expected to play an im-
portant role in future human clinical applications.
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Tissue engineering requires scaffolds, which are of biologic or synthetic
origin. Synthetic scaffolds have the advantage of sterility and no occur-
rence of immunologic barriers; however, the degradation process is unpre-
dictable and thus the hemodynamic behavior is also unpredictable. Biolog-
ic scaffolds have the advantage that suitable animals, e.g., pigs, are abun-
dant, the macroarchitecture is close to human anatomy which eases surgi-
cal handling and implantation, and their microarchitecture is adapted to
load conditions. Disadvantages are the threats of rejection and infection,
which also implies transmission of specific viruses. These drawbacks can
be overcome only by complete decellularization.

In 1995, we started developing valve scaffolds. The first issue was to de-
cellularize porcine tissue in order to:
z kill all cells
z preserve perfectly the extra decellular matrix and
z remove almost all cellular debris.

These goals can not be achieved with the implementation of enzymatic
processes. A graft prepared in this manner came into clinical practice with
the Synergraft® technology. This method showed suboptimal results with
decellularized allografts [1] and catastrophic results with decellularized
xenografts [2]. We used deoxycholate (DOA) for decellularization and were
able to show a well-preserved collagen matrix and complete decellulariza-
tion. The evaluation of the material was published previously [3]. In brief,
the pulmonary valve was dissected free from hearts obtained from the
slaughterhouse. Fine trimming was performed and the heart was exposed
to an antibiotic solution for 24 h. Exposure to DOA for 14 h was followed
by a validated physicochemical sterilization process including additional
detergent and alcohol. In vitro evaluation of this tissue included quantita-
tive real-time PCR to determine PERV-cDNA and PERV-DNA, radioligand
binding for �2-adrenoreceptors, electron microscopy, fluorescence micro-
scopy, measurements of heart valve burst pressure, and other mechanical
parameters. Preclinical in vivo evaluation was performed in a juvenile
sheep model by Dohmen et al. [4]. These experiments showed that the de-
cellularized xenografts were repopulated by host cells, where an overgrowth
of endothelial cells on the inner surface of the implant and ingrowth of in-
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terstitial cells into the scaffold occurred over time, and the interstitial cells
start producing procollagen and collagen. We were also able to demon-
strate that additional blood supply to the implant is provided by vasa va-
sorum. Dohmen et al. were able to show that the valve grows in the animal
experiment [5]. Thus, one can say that tissue, which was cell free at the
time of implant, will be repopulated by the host over time and thus turns
into living autologous tissue.

After extensive preclinical in vitro and in vivo experimentation in 2000,
a trial with decellularized allografts was initiated, and the first operation
was performed on May 20, 2000 [6]. During a Ross operation, a 43-year-
old man received a decellularized pulmonary allograft, which was seeded
in vitro with autologous endothelial cells. In 2001, we started to implant
allografts without in vitro seeding. These allografts performed well and
5-year results have been published recently [7]. In 2002, xenograft trials
were started with seeded and also with nonseeded implants. During this
trial, complications occurred, which we had been unaware of previously
and which were shown to be related to the porcine anatomy. In most pigs,
the vessel wall of the posterior sinus portion of the pulmonary valve is
extremely thin. In the presence of elevated pulmonary artery pressure, this
led to the formation of aneurysms at the site of the sinus. In some patients,
distal anastomotic narrowing also occurred. These complications were
treated by repeat implantation of decellurized xenografts or in the case of
anastomotic narrowing often simply by patch augmentation of the anasto-
mosis. Complications observed in the early xenograft trials prompted the
redesign of the valve with attached patches. This makes implantation
easier. Most importantly, graft selection was scrutinized. In the end, only 2
or 3 out of 100 pulmonary valves were suitable for further processing.

The AutoTissue company is a spin-off from the Charité and was founded
in 2000. The company worked intensively on the project and received the
CE certification for Matrix P after ISO certification for valve producing
facilities in 2004. The patch extended Matrix P plus was granted the CE
certification in 2005 (Fig. 1).

With pulmonary valves readily available off the shelf, the number of
Ross operations at our department increased tremendously (Fig. 2) Medi-

Tissue engineering with a decellularized valve matrix z 575

Fig. 1. Three sizes of Matrix P (left); patch extended Matrix P plus (right)



um term performance of the valve is currently very satisfying (Fig. 3). In
the year 2007, we performed the Ross operation in 91 patients. The pa-
tients’ ages ranged from 9 days to 74 years and associated procedures were
performed in 48% of the patients, most often CABG, mitral valve repair/
replacement, or repair/replacement of the ascending aorta. Two hospital
deaths occurred. One patient died early on the 5th postoperatively day from
sepsis, and the other died on the 69th day as the result of abdominal sur-
gery. Both deaths were not valve related. Mean gradient over the neoaortic
valve was 5.1±2.2 mmHg at discharge and 3.2±1.0 mmHg one year post-
operatively. Tissue engineered pulmonary valves showed a gradient of
2.8±1.6 at discharge and 2.7±1.2 one year postoperatively. No or trivial
aortic regurgitation was shown in 88% of patients, while 12% showed mild
I� aortic regurgitation. No patient had reoperation of the aortic valve. Two
patients had reoperation of the pulmonary valve. In both cases, anastomo-
tic narrowing had occurred 9 and 10 months postoperatively. In one case,
it was obviously due to external compression from an organized hematoma
that caused stenosis. In the other case, inappropriate selection of suture
material may have been the cause.
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The Matrix P plus heart valve was also used in pediatric implants at the
Charité. From July 2006 to September 2008, 23 pediatric patients received
the Matrix P plus. The mean age was 9.8 years (range 9 days to 22 years):
4 patients suffered from aortic stenosis, 10 tetralogy of Fallot, 1 neonatal
truncus arteriosus, and 8 presented with degenerated right ventricular out-
flow allografts. In this cohort, 1 death occurred after redo operation. This
patient died from nonvalve related bleeding from the ascending aorta. All
except one are living and well. One is suffering from mitral stenosis which
could be ameliorated only partially during initial neonatal surgery.

A 1-year follow-up echocardiography is available in 16 patients: 3
showed mild pulmonary regurgitation or stenosis and in 13 normal find-
ings could be obtained.

Similar results were presented by Kroll at al. from Herzzentrum Duis-
burg [8]. They studied the Matrix P plus in 33 patients from April 2006 to
April 2008. Patients had a mean age of 8.9 years (range from 11 days to 59
years): 8 patients suffered from aortic stenosis, 8 from TGA VSD PS, 14 pa-
tients had tetralogy of Fallot and 2 had hypoplastic left heart syndrome. In
this complex patient population, 3 nonvalve-related deaths occurred, and a
late follow-up showed that 11 patients had trivial pulmonary regurgitation
or stenosis. The other 17 patients showed normal findings.

Since CE certification to the end of 2007, 711 valves have been implanted
throughout Europe, including the countries of Germany, Italy, France, Great
Britain, Spain, Poland, Estonia, and Croatia (Fig. 4). Surgery with tissue
engineered heart valves is technically demanding. The valve has to be
trimmed to absolutely proper length, every valve that is too long causes
kinking and crimping with stenosis. A valve that is too short has too much
tension and may cause suture hole bleeding. The correct implantation tech-
nique is that the valve is implanted in a manner that it comes under gentle
tension once circulation is reestablished. Also the selection of the size (z-
score±1) is absolutely important as oversizing may also result in distal
anastomotic narrowing. Oversizing is a temptation especially for pediatric
surgeons, who tend to oversize valves in order to prevent too early of a re-
operation. As long as all technical demands of the implantation procedure
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are followed with Matrix P and Matrix P plus, we have perfect implants
which have shown resistance to calcification and durability in a 7-year fol-
low-up. Regeneration potential and potential for growth have been shown
in animal experiments, and to assess this in human implants is the aim of
ongoing international trials. In summary, this living tissue can be used for
the Ross operation, for congenital RVOT reconstruction, and for exchange
of calcified allografts or xenografts.
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Introduction

The clinical use of cardiac allografts has been a mainstay in cardiovascular
surgery for the past five decades for both the repair and reconstruction of
congenital and acquired defects and anomalies. In order to meet these clin-
ical needs, the tissue processors providing these tissues must comply with
evolving governmental regulations established to ensure the safety and
quality of the tissue. Generically considered as tissue for transplant, the
history of these tissues from a regulatory perspective is both convoluted
and complex. Though there are many general commonalities in the regula-
tory frameworks of two of the largest clinical markets for allograft cardio-
vascular tissue, the United States (US) and the European Union (EU), the
pathway allowing for their distribution onto these markets is distinctly dif-
ferent. This chapter examines the governmental regulatory requirements
for processed human cardiovascular tissue, with a specific focus on the
regulations of the US and the EU.

United States

The US regulatory status of human heart valves has changed considerably
in the past 20 years. Until 1991, there were no formal regulations for any
type of processed human tissue. That changed in June 1991, when human
heart valves became subject to regulation by the US Food and Drug Ad-
ministration (FDA), and the FDA published a notice stating that human
heart valves were to be de novo classified as a Class III medical device un-
der the Food Drug and Cosmetic Act [15]. The notice required a formal
regulatory application, i.e., investigational device exemption (IDE) or pre-
market approval (PMA) application, for continued distribution of human
heart valves for transplantation. During this time, heart valve allografts
were implanted under the control of a formal investigational clinical trial.
In October 1994, the FDA rescinded their earlier decision [17] and an-
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nounced that neither an approved application for PMA nor an IDE would
be required for processors and distributors who had marketed heart valve
allografts before June 1991. The revised notice further stated that allograft
heart valves were to be “down-regulated” to Class II medical devices, sub-
ject to 510(k) premarket notification (and quality system regulations), and
that any processor providing allograft heart valves prior to June 1991
would not be required to submit a premarket notification to continue their
distribution of valves.

In 1997, the FDA began regulating other (non-heart valve) human tissue
for transplantation under Section 361 of the Public Health Services Act to en-
sure the prevention of transmission of communicable diseases – 21 CFR 1270
[14]. The 1270 regulations focus on donor screening and testing procedures
to help mitigate communicable disease transmission risk, e.g., human immu-
nodeficiency virus and hepatitis virus. Though these regulations explicitly
excluded human heart valves to be regulated as “human tissue for transplant,”
all donors, including heart valve donors, were required to comply with the
screening and testing requirements of the 1270 regulations.

The FDA refined its rulemaking regarding human tissue intended for
transplant with the proposed regulations for human cells, tissues, and cel-
lular and tissue-based products (HCT/P) – 21 CFR 1271 [12]. These regula-
tions included rules on establishment registration, donor eligibility, and
good tissue practices (GTPs).

Through the 1271 regulations, the FDA further enhanced its efforts to
ensure tissue safety to reduce the risk of relevant communicable diseases
and disease agents. Human tissue donors are required to be screened and
tested for human immunodeficiency virus types 1 and 2, hepatitis B virus,
hepatitis C virus, and Treponema pallidum. Donors are further required to
be screened for other infectious diseases such as bacteria and fungi, para-
sites, transmissible spongiform encephalopathy agents, sepsis, disease risks
associated with xenotransplantation, vaccinia, and West Nile virus. The
FDA issued a Guidance Document to assist in the compliance with the
donor eligibility requirements associated with the 1271 regulations [18].

The development of the GTP regulations provided a regulatory goal to
further prevent the introduction, transmission, or spread of communicable
diseases by HCT/Ps by ensuring that the HCT/Ps do not become contami-
nated during manufacturing [9]. The GTP requirements provide a quality
system-like framework to govern the methods used in, and the facilities
and controls used for, the manufacture of HCT/Ps, including but not lim-
ited to all steps in recovery, donor screening, donor testing, processing,
storage, labeling, packaging, and distribution. In addition, GTPs also in-
clude requirements for adequate personnel training, development of stan-
dard operating procedures, process validations, process change control
procedures, record keeping and retention, tissue tracking, and complaint
handling. (In general, the GTP regulations would be akin to Good Manu-
facturing Practice/Quality System Regulation used in the manufacture of
pharmaceuticals and medical devices.)
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On May 25, 2005, in conjunction with the promulgation of the GTP final
rule, the FDA reclassified human heart valves, processed on or after that
date, as human tissue subject to that rule. Any human heart valve pro-
cessed prior to the implementation of the final rule, however, is still regu-
lated as a medical device [16].

Even with the HCT/P regulations, there is still a tiered system for the
regulation of human tissue. Tissue may be regulated as human tissue (i.e.,
an HCT/P), or, depending on the degree of its processing, its intended clin-
ical use, and its overall composition, it may be regulated as a medical de-
vice or pharmaceutical product. In order for human tissue, to fall solely
under the HCT/P regulations it must meet several criteria. Tissue that does
not meet these criteria would be classified as a drug or device. These crite-
ria [8] include:
z The tissue is minimally manipulated;
z the tissue is intended for homologous use only, as reflected by the label-

ing, advertising, or other indications of the manufacturer’s objective in-
tent; and

z the manufacture of the tissue does not involve the combination of the
cells or tissues with another article, except for water, crystalloids, or a
sterilizing, preserving, or storage agent, provided that the addition of
water, crystalloids, or the sterilizing, preserving, or storage agent does
not raise new clinical safety concerns with respect to the tissue.

As defined in the regulations, homologous use is the repair, reconstruction,
replacement, or supplementation of a recipient’s cells or tissues with an
HCT/P that performs the same basic function or functions in the recipient
as in the donor [10]. For structural tissues, such as heart valves, minimal ma-
nipulation is defined as processing that does not alter the original relevant
characteristics of the tissue relating to the tissue’s utility for reconstruction,
repair, or replacement [11]. Examples of minimally manipulated processes
are density gradient separation; selective removal of B-cells, T-cells, malig-
nant cells, red blood cells, or platelets; centrifugation; cutting, grinding, or
shaping; soaking in antibiotic solution; sterilization by ethylene oxide treat-
ment or irradiation; cell separation; lyophilization; cryopreservation; or
freezing [13]. Conventionally processed cardiac human tissue (i.e., antimi-
crobial decontamination with cryopreservation) meets the definition of mini-
mal manipulation, and thus, falls under the HCT/P regulation.

European Union

Throughout the 1990s, Europe recognized a need to implement a scheme
for placing EU-wide safety and approval requirements for medical prod-
ucts. The culmination of this activity was the implementation of two direc-
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tives describing methods to ensure medical device safety and to set up a
scheme for device approval, i.e., “placement on the market.” The first of
these two directives was the Active Implantable Medical Device Directive
(AIMD) [4]. This directive focused only on those medical devices that were
intended to be long-term implants and that used an internal power source
to function. The AIMD was implemented first due to the recognition of
these type of devices are more complex and are potentially a higher risk.
Soon afterwards, the Medical Device Directive (MDD) was implemented
[5]. This directive covered all other medical devices with a similar scheme
for assuring product safety and describing a product approval process. As
a result of the success with the Active Implantable and Medical Device
Directive, European authorities identified a similar need for human tissue
for transplantation.

The European Union Tissue and Cells Directives (EUTCD) were issued
by the European Council to bring Europe under one set of requirements
for control of tissue in order to provide comprehensive and umbrella cover-
age requirements. The first of these Directives [1] (also known as the “Par-
ent Directive”) lays down standards of quality and safety for the donation,
procurement, and testing of all human tissue and cells intended for human
applications. These standards in turn are further elaborated with two im-
plementing measures that spell out specific technical requirements in each
aspect of these activities in order to prevent the transmission of diseases
by human tissue and cells.

The first measure [2] covers tissue donation, procurement, and testing,
including factors such as staff training, facility design, and the creation of
procedures for recovery and testing. This directive sets the requirements
for screening and testing of donors for human immunodeficiency virus
types 1 and 2, hepatitis B virus, hepatitis C virus, and syphilis. This direc-
tive also establishes criteria for donor selection to exclude donors with
physical, medical, or behavioral evidence to include: death or disease of
unknown etiologies, malignant disease, prion-based diseases (i.e., Creutz-
feldt-Jakob disease, dementia), and systemic infection.

The second technical measure [3] establishes the provisions for process-
ing, preservation, storage, and distribution of human tissue. This directive
includes requirements for establishing a quality management system for all
processing activities, validation of processing procedures, traceability of
the tissues, and notification of serious adverse reactions and events.

Unlike the MDD, the EUTCDs do not describe a scheme for placement
on the market; there is no mechanism described for review and conformity
assessment by a single regulatory authority that is accepted by each of the
Member States. As with other European Directives, the concepts and re-
quirements found in the tissue directives must be transposed into local
law. Each Member State is obligated to place the tissue directives require-
ments within its own legal system. Each European country has its own reg-
ulatory authority responsible for administering and ensuring compliance to
the EUTCDs. Because there is no central scheme for “placement on the
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market,” this has caused a patchwork system to be in place for meeting the
requirements of the tissue directives within each individual country.

In the United Kingdom (UK), the governmental authority charged with
administering the requirements of the tissue directives is the Human Tis-
sue Authority (HTA). The HTA has been at the forefront of implementing
the tissue directive requirements. The EUTCDs were fully implemented into
UK law and set forth licensing requirements for establishments that pro-
cure, test, process, store, distribute, or import and export human tissue. In
Germany, the EUTCD requirements are administered by the Paul Ehrlich
Institute which is an agency under the Federal Ministry of Health with
oversight of biologic medicinal products, which include human tissue (re-
ferred to as tissue preparations). The Paul Ehrlich Institute is responsible
for processing of applications for marketing authorization for tissue pre-
parations to ensure they meet the requirements as promulgated in the Ger-
man Medicinal Products Act.

Decellularized cardiac tissues

The maintenance of donor cell viability has long been considered and ar-
gued as a potential immunologic source of both early and late tissue de-
generation for cardiac allografts. In hopes of addressing these deleterious
outcomes, numerous techniques have been developed to remove the donor
cells and cellular debris from the tissue, while leaving an intact structural
matrix. However, the development of these new decellularization technolo-
gies can result in changes to the regulatory status of these tissues.

In the US, human tissue falls only under the tissue regulations, if it is
not more than minimally manipulated, that is, processed in a manner that
does not alter the original relevant characteristics of the tissue relating to
the tissue’s utility for reconstruction, repair, or replacement. Should the
processing be considered more than minimal manipulation, the tissue
would be regulated as either a medical device or a drug and would require
a formal regulatory submission to allow for its commercial distribution.

The FDA has deemed that removing cells from cardiovascular tissue is
more than minimal manipulation in that the tissue’s original characteristic
of being populated with donor cells is relevant to the tissue’s utility for re-
construction, repair, or replacement [19]. This decision was predicated on
the opinion that the presence of donor cells in a graft relates to the tissue’s
antigenicity and to the fact that such donor cells may be foci for calcifica-
tion, and is relevant even if the characteristic may not be critical or pivotal
to the tissue’s functionality for reconstruction, repair, or replacement.
Therefore, decellularized cardiac allografts are regulated in the US as medi-
cal devices and require a premarket submission prior to commercialization.
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To gain market clearance, these products would require extensive preclini-
cal bench testing, animal testing, and possibly human clinical testing.

To date, two human cardiac tissue-based products have been introduced
onto the US marketplace via the medical device regulatory pathway by re-
ceiving FDA 510(k) market clearance:
z The decellularized SynerGraft®-processed CryoValve® SG human pulmo-

nary heart valve (CryoLife, Inc., Kennesaw, GA, USA) indicated for the
replacement of diseased, damaged, malformed, or malfunctioning native
or prosthetic pulmonary valves for both congenital and acquired valvu-
lar lesions, including use in the replacement of native pulmonary valves
when the Ross procedure is performed [20].

z The MatrACELLTM decellularized pulmonary artery patch allograft (Life-
net Health, Virginia Beach, VA, USA) indicated for repair of the right
ventricular outflow tract [21].

In the EU, the regulatory status of decellularized cardiac tissues is less clear
due to the promulgation of the Advanced Therapy Medicinal Products
(ATMP) regulation [7]. Similarly to the MDD, the ATMP sets up a scheme
for an approval process for these products. In the case of ATMPs, the Euro-
pean Medicines Agency (EMEA), specifically the Committee for Medicinal
Products for Human Use, reviews and approves products that are consider-
ed “advanced” such as gene therapy medicinal products, somatic cell thera-
py medicinal products, or tissue engineered products. Tissue engineered
products may contain cells or tissues of human or animal origin, or both.
Also, the cells or tissues may be viable or nonviable and may also contain
additional substances, such as cellular products, biomolecules, biomaterials,
chemical substances, scaffolds, or matrices [6]. Cardiac allograft tissues
that have solely been decellularized should not fall into the definition of
those products regulated by the ATMPs, since the definition of ATMP spe-
cifically excludes tissues “which do not act principally by pharmacological,
immunological or metabolic action” [6]. However, currently no commer-
cially available decellularized cardiac tissues have been fully vetted through
the process to verify their regulatory status in the EU.
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The excellent contributions in this volume have highlighted not only the
continuing success, but also the progress and innovations made in aortic
valve and root surgery during the past 50 years. Perioperative aortic root
imaging techniques (echocardiography, computed tomography, and mag-
netic resonance imaging) have become important diagnostic tools in the
planning and evaluation of surgical procedures in the aortic root. Aortic
valve and root surgery is now routine with low perioperative morbidity
and mortality as well as long-term improvement in survival and quality of
life. Risk-adjusted operative mortality for aortic valve replacement is 3.9%
and for aortic valve replacement with concomitant coronary artery bypass
grafting, it is 6.3% according to the database of the German Society for
Cardiothoracic and Vascular Surgery, whereas both operations carry a mor-
tality rate of 5% according to the Society of Thoracic Surgeons. Reopera-
tive mortality in many institutions did not differ statistically from that for
primary aortic valve replacement and ranges from 1.5–6%. Reoperative risk
for prosthetic valve endocarditis was 9–20%.

Despite more than 50 years of research and clinical application, the pur-
suit for the ideal valve substitute continues. This has led to the develop-
ment of numerous aortic valve and root procedures such as the valve-spar-
ing operations, the David and Yacoub operations, the relocation technique
by Hetzer, and aortic valve repair by Schaefer and El Khoury. Aortic allo-
graft and stentless bioprosthetic replacement, which were introduced in
1962 by Ross and Barratt-Boyes and in 1964 by Binet, Carpentier and
O’Brien, has been relatively durable and free of thromboembolic problems.
The allograft has an additional advantage over xenograft valves for aortic
valve replacement in the setting of endocarditis, with a lower probability of
recurrent endocarditis. Certainly, the mechanical valves with their require-
ment of anticoagulation and thromboembolic complications despite tech-
nology for home monitoring of the International Normalized Ratio (INR)
are far from ideal, and the stented bioprostheses have inferior hemody-
namics with a few exceptions, especially in the small valve sizes.

Bioprosthesis durability, expressed as freedom from structural valve de-
terioration or reoperation, is a great concern for any patient with a bio-
prosthesis especially in younger age groups. Many patients, particularly el-
derly patients, die before a biological valve requires replacement. Younger
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age at operation is a risk factor for the need for re-replacement of bio-
prostheses and cryopreserved allograft valves, and this effect is a result of
the competing risks of death and replacement, as well as a biological pre-
disposition to structural valve deterioration. Competing risk analysis pro-
vides the actual probability of requiring a re-replacement during the re-
mainder of the patient’s life after aortic valve replacement. This informa-
tion is different from that provided by the Kaplan-Meier estimate, which
reflects valve durability.

In patients older than 60 years at the time of aortic valve replacement,
the probability of re-replacement for any reason before death was no differ-
ent for bioprostheses and cryopreserved allografts. However, for patients
younger than 60 years, in terms of the probability of re-replacement before
death, the pulmonary autograft was superior to the cryopreserved allograft
and bioprostheses. Therefore, the pulmonary autograft in the aortic posi-
tion (the Ross operation) still comes close to meeting all the criteria for a
perfect replacement valve; however, the operation does require an allograft
or bioprosthetic replacement of the pulmonary valve and the right ventri-
cular outflow tract.

The recent development of transcatheter valve-in-valve aortic valve im-
plantation has contributed to the continued success of aortic valve surgery
and offers an option for patients with a high operative risk of >20%.

Research in tissue engineering has resulted in a potential valve tissue.
The SynerGraft and AutoTissue, the decellularized allo- and xenograft
valves may have some durability and biocompatibility, and therefore might
represent close approximation to the perfect valve.

In the near future, it is expected that the emphasis will be on new tech-
nologies to perfect transcatheter aortic valve replacement and to improve
the biocompatibility of bioprostheses for young patients.

Conclusion

Aortic valve replacement offers a wide range of choices for various age
groups, each with advantages and disadvantages. The primary operative
risk is similar to that of a second operation. Indications for aortic valve
and root surgery have been refined to suit the available surgical options.
Valve-sparing procedures have taken a significant role in the treatment of
patients with aortic valve diseases.

The Ross procedure has earned an important place in the treatment of
children and adolescents with aortic valve disease; however, it is associated
with concomitant pulmonary valve replacement and reconstruction of the
right ventricular outflow tract.

Transcatheter aortic valve implantation for dysfunctioned native and
bioprosthetic valve offers an option for patients with a high operative risk

Concluding remarks z 589



of >20%, and there is potential for improvement of the delivery technol-
ogy. Continuing research in the tissue engineering of biological valves to
improve their biocompatibility and durability may offer better prognosis
for young patients with valvular heart diseases. Improved technology for
perioperative aortic root imaging has contributed significantly to the con-
tinued success of aortic valve and root surgery.
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Carpentier-Edwards-Perimount
Magna (Edwards Lifesciences)
– 1984/2003

Carpentier-Edwards-Magna Ease
(Edwards Lifesciences) – 2007

Mitroflow (Sorin) – 1982 Soprano (Sorin) – 2003

Fig. 1. Stented bovine pericardial bioprostheses
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Hancock II (Medtronic) – 1982 Mosaic (Medtronic) – 1994 SJM Epic-Biocor
(St. Jude Medical) – 1981

aspire TM porcine valve
(Vascutek) – 1979

Epci supra (St. Jude Medical) – 2003

Fig. 2. Stented porcine bioprostheses

Fig. 3. BioValsalvaTM – porcine stentless aortic
valved conduit (Vascutek) – 2006
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Fig. 4. Stentless bovine pericardial bioprostheses
(Scalloped sinuses): Freedom Solo (Sorin) – 2004

CryoLife O’Brien (CryoLife) – 1992 elanTM (Vascutek) – 1999

Shelhigh stentless – pericardial-covered
(Shelhigh) – 1999

Prima Plus Baxter (Edwards Lifesciences) –
1991

Fig. 5. Stentless porcine bioprostheses (Scalloped sinuses)
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Edwards Prima Plus stent-
less (Edwards
Lifesciences) – 1991

St. Jude Medical Toronto
root (St. Jude Medical) –
1991

Freestyle stentless
(Medtronic) – 1992

elanTM Root (Vascutek) – 1999 Shelhigh composite pericardial
conduit – reinforced with
pericardium (Shelhigh) – 1998

3F SAVR (Supraannular valve
replacement) (ATS) – 2001

Fig. 6. Stentless porcine bioprostheses (Full root)
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First sutureless prosthetic
valve replacement: Magovern-
Cromie – 1962. This prosthesis
was explanted after 42 years
(by courtesy of Prof. Zlotnick,
Haifa, Israel)

Perceval bovine pericardial
aortic valve replacement
(Sorin) – 2007

3F Enable equine pericardial
aortic valve replacement
(ATS) – 2005

Fig. 7. Sutureless aortic bioprostheses for direct placement via ministernotomy in open
heart surgery. History has repeated itself. From a rapid sutureless mechanical fixation of a
mechanical prosthesis to a self-expandable sutureless fixation of a bioprosthesis
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Edwards Sapien (Edwards
Lifesciences): transfemoral
aortic valve replacement –
2002 (Cribier), transapical
aortic valve implantation –
2006 (Lichtenstein), and
transapical aortic valve-in-
valve replacement – 2007
(Walther)

CoreValve (Medtronic): transfe-
moral aortic valve replacement
– 2005 (Grube), and transapical
aortic valve replacement –
2007 (Walther)

Ventor Embracer (Medtronic):
transapical aortic valve
replacement – 2008 (Walther)

Locking mechanism

Adaptive™ Seal

Direct Flow aortic valve replace-
ment: transfemoral aortic valve
replacement – 2007
(Direct Flow Medical),
(Schofer/Reichenspurner)

Sadra Lotus: transfemoral aortic valve replacement – 2007 (Sadra Lotus Medical), (Grube). The
Sadra Lotus and Direct Flow Medical valves are undergoing safety and efficacy testing. They are
repositionable, retrievable, and have smaller diameter sheath sizes

Fig. 8. Transcatheter percutaneous and transapical sutureless self-expandable pericardial aortic
valve replacement
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all three aortic sinuses scalloped –
1962 (Barratt-Boyes technique)

two aortic sinuses scalloped with
retention of the noncoronary
sinus – 1962 (Ross technique)

Fig. 9. Aortic allograft (scalloped 2-3 sinuses of Valsalva)

full root aortic allograft with a short
segment of the ascending aorta
(harvested from a heart transplant
recipient)

full root aortic allograft with a
long segment of the ascending
aorta (harvested from a donor
heart which was unsuitable for
heart transplantation)

Fig. 10. Full root aortic allograft with ascending aorta

Fig. 11. Full root decellularized pulmonary al-
lograft for the Ross operation: a decellularized
pulmonary allograft – SynerGraft (CryoLife) –
2000
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Matrix P (AutoTissue) – 2002
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Matrix P Plus (AutoTissue) – 2005

Fig. 12. Full root decellularized bovine aortic xenograft for the Ross operation

Fig. 13. GoreTex pericardial substitute for an-
ticipated replacement of bioprostheses: Gore-
Tex preclude pericardial membrane (WL Gore
& Associates) – 1979
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