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Th e four heart valves reside in the center of the heart. Th is 
indicates their crucial role in cardiac performance. Fault-
less function of the valves is a prerequisite for unidirec-
tional forward movement of the blood, and such function 
is necessary to support the eff orts of the cardiac atria and 
ventricles. Healthy heart valves function gracefully and off er 
mechanical durability. Bioengineers have to marvel at the 
biomechanical evolution of these perfectly placed valves.

Heart valves can be involved in pathological processes, 
however, and only then do we realize just how indispensable 
they really are. At one time, serious valve disorders used to 
be a matter of life and death for patients. Only in recent 
decades have surgeons been able to reverse the ominous 
course of heart valve disease and off er patients a quality of 
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life and life span comparable to that of healthy persons. 
Th e story of this eff ort began approximately 100 years ago, 
and today heart valve surgery is a substantial subspecialty of 
cardiac surgery, with accumulated experience in indications, 
procedures, risks, and outcomes.

Th e aim of this book is to present a richly illustrated 
compendium of the present knowledge related to heart valve 
surgery, based on the clinical expertise of the authors as well 
as the newest treatment modalities.

Th e authors thank Dr. Alireeza Matloobi from the Mayo 
Clinic for his help in preparating the book.

March 2010

 Jan Dominik
 Pavel Zacek
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History of Heart Valve Surgery

1 History of Heart Valve Surgery

Unfavorable prognosis of patients with severe and worsen-
ing heart valve disease can be successfully reversed by cardiac 
surgery. Th is idea was fi rst put forward over a century ago 
by Sir  Lauder Brunton, who was confronted with the in-
eff ectiveness of treatment modalities for rheumatic mitral 
stenosis, which was very common at the time. In 1902 he 
published an article in Lancet where he suggested the en-
largement of the stenotic mitral orifi ce by surgical procedure 
[1]. Th is audacious concept was brought into practice on 
20 May 1923 when  Elliot Carr Cutler performed in Boston 
the fi rst operation of mitral stenosis on a 12-year-old girl 
[2, 3]. He dissected the stenotic mitral orifi ce by means of 
a transventriculary-introduced tenotom. Following this suc-
cessful operation, however, the next fi ve patients died from 
surgically created mitral incompetence, and Cutler did not 
continue performing these operations.

Sir  Henry Session Souttar chose a diff erent and logi-
cally correct way of surgical treatment for mitral stenosis. 

pressure he loosened the fused commissures and in this 
manner he performed the fi rst digital commissurolysis in 
London on 6 May 1925 [4]. Th e operation was success-
ful, but infl uential medical circles accused Souttar of hav-
ing performed an irresponsible and senseless surgery. Th e 
clinical improvement of the girl was attributed to improved 

this atmosphere Souttar did not perform any other opera-
tion for mitral stenosis [3, 5, 6].

Twenty-three years later,  Charles Philamore Bailey, on 

© Springer-Verlag Berlin Heidelberg 2010 

myocardial function and not to the surgical intervention. In 

10 June 1948 in Philadelphia, and  Dwight Emary Harken, 

J. Dominik and P. Zacek, Heart Valve Surgery: An Illustrated Guide, 

He introduced a forefi nger into the left atrium, and by its 

DOI 10.1007/978-3-642-12206-4_1, 
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on 16 June 1948 in Boston, performed independently the 
fi rst successful mitral commissurolyses (preceded by several 
unsuccessful attempts since 1945) [5–9]. In Europe   Russell 
Claude Baron Brock of Wimbledon performed his fi rst suc-
cessful mitral commissurolysis on 16 September 1948 in 
London [10, 11].

Th e fi rst successful pulmonary valvulotomy for pulmo-
nary valve stenosis was performed by  Th omas Holmes  Sellors 
on 4 December 1947 in London by means of a teno tom 
introduced through the right ventricle [12].

A landmark procedure, not only in heart valve surgery 
but in cardiac surgery in general, occurred in Philadelphia 
on 6 May 1953 when  John Heysham Gibbon successfully 
performed cardiopulmonary bypass for open-heart closure 
of the atrial septal defect [13].

Th e possibility to operate using cardiopulmonary bypass 
inside the heart chambers enabled performance, under direct 
visual control, of not only open mitral commissurotomies 
but also valve repairs and later valve replacement.

Th e 1960 is the year of the fi rst artifi cial valves implanta-
tions.  Nina Braunwald and  Andrew Morrow in Bethesda 
implanted a polyurethane heart valve of their own design 
into the mitral orifi ce on 10 March and the other one on 
11 March 1960 [3]. In regards to only short survival of their 
patients literature attributes the priority to  Albert Starr from 
Portland who implanted a ball cage valve into the mitral 
position on 21 September 1960 followed by a long-term 
survival of the patient [3, 14].

Th e fi rst aortic valve replacement into the subcoronary 
position was performed by  Dwight Harken in Boston on 
10 March 1960 [15]. Almost eight years before that,  Charles 
Hufnagel (Washington) had treated the patients with aortic 
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regurgitation by implantation of a ball valve into the descend-
ing aorta (fi rst performed on 11 September 1952) [3, 16].

 Robert Cartwright (Pittsburg) carried out the fi rst combi-
ned aortic and mitral valve replacement on 1 November 1961 
and  Albert Starr the fi rst simultaneous aortic, mitral, and tri-
cuspid valve replacement on 21 February 1963 [3].

Soon after the fi rst mechanical heart valve implanta-
tions, the era of biological valves in human cardiac surgery 
was launched.  Donald Nixon Ross (London) performed 
the fi rst subcoronary implantation of the aortic allograft 
on 24 July 1962 [17]. Two months later, he was followed 
by the second pioneer of allograft surgery, Sir  Brian Gerald 
Barratt-Boyes (Auckland, New Zealand) [18].

Th e pioneering work of  Alain Frederick Carpentier on 
the research and development of the porcine aortic valve 
xenograft resulted in the fi rst human implantation into the 
aortic position in Paris in 1965 (together with  Jean-Paul 
 Binet) [3, 19, 20]. In 1967 Carpentier (together with 
 Charles Dubost) implanted a stented xenograft into the 
mitral position. Also in 1967 Donald Ross used for the 
fi rst time the patient’s pulmonary valve as an autograft for 
aortic valve replacement and reconstructed the pulmonary 
outfl ow tract with an allograft [21, 22].

In 1968  Hugh Bentall and  Anthony DeBono reported 
the surgical treatment of the annulo-aortic ectasia. Th ey 
replaced the aortic valve with a mechanical Starr–Edwards 
valve mounted on a Tefl on (DuPont, Wilmington, Del.) 
vascular graft. Th e coronary ostia were anastomosed to the 
graft, which then replaced the ascending aorta (inclusion 
technique) [23].

Th e expansion of reconstructive mitral valve surgery owes 
much to Alain Carpentier (Paris) who, since the 1980s, has 
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been the leading promoter of valve-sparing procedures on 
the mitral valve [24]. Aortic valve-sparing surgery in patients 
with aortic incompetence has, contrary to this, attracted 
the growing interest of cardiac surgeons only in the past 
decade. Th e contributions of Sir  Magdi Yacoub (London) 
and  Tirone David (Toronto) in this fi eld are fundamental. 
Techniques of aortic valve reconstruction surgery have been 
adopted at the majority of cardiac surgery units, and current 
progress has been infl uenced primarily by  Hans Joachim 
Schäfers (Homburg) and  Gebrine El Khoury (Brussels).

At the present authors’ institution (Charles University 
Hospital in Hradec Králové) heart valve surgery has a long 
tradition:  Jan Bedrna performed the fi rst mitral and pulmo-
nary commissurotomies there in 1951. At the same institu-
tion,  Jaroslav Procházka in 1958 performed the fi rst cardiac 
surgery with use of cardiopulmonary bypass and in 1966 
the fi rst aortic and mitral valve replacements.
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2  Surgical Anatomy 
of the Heart Valves

2.1 Introduction

Th e human heart, after a faultless completion of embryo-
nic development, is an exquisitely designed pumping organ 
equipped with two working units. Four cardiac valves are 
indispensable components of this entity. Morphology of the 
cardiac valves merits admiration for its integration of subtle 
construction with perfect functionality and durability. Not 
only the valve architecture itself, but also the space-saving 
valves’ interrelation in the heart center, and spiral wedging of 
the outfl ow tracts and great vessels, is a technically brilliant 
and compact solution. Perfect knowledge of the close rela-
tionship between the heart valves and other heart compo-
nents is essential for both cardiac surgeons and cardiologists.

Four cardiac valves are situated in the right-sided heart 
chambers (tricuspid and pulmonary) and the left-sided heart 
chambers (mitral and aortic). Morphologically the valves are 
divided into two atrioventricular (mitral and tricuspid) and 
two semilunar (aortic and pulmonary) valves. Th e valves 
have, under normal circumstances, their typical localization 
and relationship to the central fi brous skeleton, conduction 
system, and coronary vessels (Figs. 2.1, 2.2).

2.2  Aortic Valve

Th e aortic valve situated in the left ventricular outfl ow tract 
consists of the complex of three semilunar cusps and their 
adjacent sinuses of Valsalva. Terminology of the sinuses is 

© Springer-Verlag Berlin Heidelberg 2010 
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Fig. 2.1 Topographic interrelations of the heart valves
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Fig. 2.2 Terminology of the valve cusps and leafl ets. P pulmonary, A aortic, 
M mitral, T tricuspid
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derived from the respective arising coronary arteries, i.e., left, 
right, and non-coronary (Figs. 2.3, 2.4). Th e aortic cusps 
coapt against each other in the center of the aortic orifi ce 
during diastole. Th e cusps display a mild thickening at the 
midpoint of its edge (nodulus Arantii), whereas near the com-
missure they are thinner or even contain small fenestrations.

Th e aortic valve does not have an anatomically defi ned 
annulus. Th e line of cusp insertion is crown-shaped with the 
highest points at the connection of the cusps (commissures) 
and the lowest points (nadir) in the middle between them 
(Fig. 2.5). Th e zone between the aortic root with bulging 
sinuses of Valsalva and the straight tubular ascending aorta 
is called the sinotubular junction. Aortic diameters at the 
level of aortic valve insertion (“annulus,” ventriculoarterial 
junction) are important dimensions that characterize nor-
mal aortic root geometry and its pathological anomalies.

Th e aortic valve is located in the center of the heart close 
to other cardiac cavities. Th e non-coronary and left coro-
nary cusps are directly connected to both fi brous trigones of 
the heart skeleton and in this way also to the anterior mitral 
leafl et. Th e triangular area below the right/non-coronary 
cusp commissure adjoins to the atrioventricular septum and 
the course of the bundle of His [1–4].

2.3  Mitral Valve

Th e mitral valve is a  bileafl et atrioventricular valve be-
tween the left atrium and the left ventricle. Th e valve it-
self consists of the larger anterior (aortic, septal) leafl et and 
smaller posterior (mural, ventricular) leafl et (Figs. 2.6, 2.7). 
Clinical terminology divides both leafl ets into respective 
thirds that are diff erentiated by small indentations (namely 
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Fig. 2.3 Aortic valve viewed from transverse aortotomy
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Fig. 2.4 Relation of the aortic valve to the coronary ostia. 1 Left main 
stem, 2 left anterior descending artery, 3 circumfl ex artery, 4 right coro-
nary artery, 5 pulmonary artery trunk
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Fig. 2.5 Aortic root. Red curve attachment of aortic cusps, blue curve 
 sinotubular junction, 1 right coronary artery, 2 left coronary artery
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Fig. 2.6 Mitral valve viewed from the left atrium
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Fig. 2.7 Topographic interrelations of the mitral valve. 1 Circumfl ex  artery, 
2 aortic valve, 3 ostia of right-sided pulmonary veins, 4 ostia of left-sided 
pulmonary veins, 5 left atrial appendage
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the  posterior leafl et; Fig. 2.8). Both leafl ets join together in 
the commissural areas. A suffi  ciently large zone of coapta-
tion is necessary for proper competence of the valve.

Normal function of the valve depends not only on the 
morphology of the leafl ets but also on the other compo-
nents: the mitral annulus; the chordae; the papillary mus-
cles; and the left ventricular geometry. Both mitral leaf-
lets are connected by numerous chordae to both papillary 
muscles (anterolateral and posteromedial). Th e chordae of 
the fi rst order are attached at the free margin of the leafl et, 
whereas the second-order chordae insert into the ventricular 
surface of the leafl et a short distance from the free edge. 
Th e chordae originating from the basal portion of the pos-
terior leafl et are anchored directly to the left ventricular 
trabeculae (third-order chordae). Th e portion of the mitral 
annulus corresponding with the base of the anterior mitral 
leafl et is fi xated within the fi brous heart skeleton and thus 
directly connects to the aortic valve (aortico-mitral conti-
nuity; Figs. 2.9, 2.10). Th e closely adjacent course of the 
circumfl ex artery is also of clinical relevance [1–3].

2.4  Tricuspid Valve

Th e tricuspid valve is between the right atrium and the right 
ventricle (Fig. 2.11). It consists of the anterior, posterior, 
and septal leafl ets. Th e anterior leafl et is the largest leafl et, 
with eventual indentations. It is connected by the chordae 
to the medial and anterior papillary muscle. Th e posterior 
leafl et is the smallest leafl et and is connected to the anterior 
and posterior papillary muscles. Th e septal leafl et is slightly 
larger and its chordae are anchored to the posterior and 
septal papillary muscles. Close to the septal leafl et and the 
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Fig.  2.8 Mitral valve. A1–A3 anterior leafl et, P1–P3 posterior leafl et, 
ALC anterolateral commissure, PMC posteromedial commissure, AL an-
te ro lateral papillary muscle, PM posteromedial papillary muscle
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Fig. 2.9 Topographic interrelations of the aortic and mitral valve (aortico-
mitral continuity)
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Fig. 2.10 Topographic interrelations of the aortic and mitral valve. 1 An-
terior mitral leafl et, 2 non-coronary aortic cusp, 3  left coronary cusp, 
4 right coronary cusp, 5 left anterior descending artery, 6 circumfl ex artery, 
7 oblique marginal branches, 8 right fi brous trigone, 9 left fi brous trigone
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Fig. 2.11 Tricuspid valve viewed from the right atrium
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Fig. 2.12 Topographic interrelations of the tricuspid valve to adjacent 
structures. 1 atrioventricular node, 2 aortic valve, 3 right coronary artery, 
4 coronary sinus, 5 inferior vena cava
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Fig. 2.13 View of the right ventricular outfl ow tract, pulmonary valve, 
and pulmonary artery trunk
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Fig. 2.14 Topographic interrelations of the great vessels and coronary 
arteries. 1 left main stem, 2 left anterior descending artery, 3 circumfl ex 
artery, 4 right coronary artery, 5 trabecula septomarginalis
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Fig. 2.15 Topographic interrelations of aortic, tricuspid, and pulmonary 
valves
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anteroseptal commissure (the triangle of Koch, which is 
delineated by the septal leafl et annulus, the coronary sinus, 
and the tendon of Todaro) there is the atrioventricular node 
of the conduction system and the penetration of the bundle 
of His through the right fi brous trigone (Fig. 2.12). Th e 
area of the anteroseptal commissure is close to the aortic 
valve and the posterior leafl et annulus lies very close to the 
mid-portion of the right coronary artery [1–3].

2.5  Pulmonary Valve

Th e pulmonary valve is a tricuspid semilunar valve in the 
right ventricular outfl ow tract (Figs. 2.13, 2.14). Th e mor-
phology of the sinuses and cusps is similar to that of the 
aortic valve; the pulmonary valve is, however, thinner. Th ere 
are neither coronary ostia nor a fi brous continuity with the 
tricuspid valve (Fig. 2.15). Th e pulmonary valve cusps are 
usually termed the right, left, and anterior (non-septal) cusps.
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3  Overview of the Valve 
Replacement Devices

3.1 Introduction

Severely diseased heart valves that cause signifi cant valvu-
lar disease, not amenable to repair due to extensive calci-
fi cation, infection, or congenital malformation, have to be 
replaced by artifi cial or biological heart valves. Artifi cial 
heart valves (mechanical valves, prostheses) are constructed 
from plastic materials, titanium or metallic alloys with the 
 sewing ring from various fabrics. In biological valves the 
valve itself is mostly a biological tissue from other animal 
species (xenograft) that is mounted on a stent equipped with 
a sewing ring (bioprosthesis). Less frequent options are the 
allografts (homografts) and autografts that are implanted 
without a stent or sewing ring.

3.2  Terminology of the Valve 
Replacement Devices Parameters

Th e label of mechanical and biological heart valves always 
consists of the trade name and a number indicating the valve 
size (in millimeters). Th is valve size represents the outer 
diameter of the valve housing/stent  tissue annulus diameter 
(TAD, in millimeters; Fig. 3.1). Th e  internal orifi ce dia-
meter (IOD) of the valve is smaller than the labeled valve 
size. Newly developed bioprostheses designed for supra-
annular implantation have a diff erent size labeling indicat-
ing the IOD (in millimeters). Th e reason is that in true 
supraannular implantation not only the sewing ring but 
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Fig. 3.1 Valve diameters. IOD internal orifi ce diameter, TAD tissue annulus 
diameter, ESRD external sewing ring diameter
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also the housing/stent is placed above the patient’s annulus 
and so the IOD is equal to the TAD (Fig. 3.2). Th e whole 
artifi cial valve diameter is then larger for several millimeters 
(the thickness of the sewing ring is added), i.e., the  external 
sewing ring diameter (ESRD).

Th e valve can be  implanted intraannulary,  intrasupraan-
nulary, and  supraannulary (Fig. 3.2). In intraannular im-
plantation ESRD is equal to the patient’s annulus diameter 
(TAD). Th is is very disadvantageous in the case of a narrow 
annulus, because the valve housing and its sewing ring oc-
clude an important portion of the patient’s valve orifi ce; 
therefore, intrasupraannular implantation, in which the 
sewing ring is placed above the patient’s annulus, is pre-
ferred. Modern bioprostheses and mechanical valves Carbo-
Medics Top Hat, Sorin Bicarbon Overline, and Medtronic 
Advantage Supra are designed for completely supraannular 
implantation in which not only the sewing ring but also 
the valve housing/stent is located above the patient’s annu-
lus. In this way a valve with a much larger orifi ce area and 
therefore better hemodynamic parameters can be implanted 
into a given annulus.

Hemodynamically, the most important parameter of 
both mechanical valves and bioprostheses is their  eff ective 
orifi ce area (EOA; Fig. 3.3). Eff ective orifi ce area has to be 
diff erentiated from  geometric orifi ce area (GOA). Geome-
tric orifi ce area is the whole inner area of the valve including 
the area occupied by the opened discs or leafl ets, struts, and 
other mechanisms of the valve. Calculation of the GOA is 
simple; it is the calculation of the circular area, the radius of 
which is half of the IOD. By subtracting the area of opening 
components of the valve from GOA, the so-called  clear ori-
fi ce area (COA) is obtained, the value of which is, however, 
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Fig. 3.2 Valve implanted a intraannulary (sewing ring inside of the aortic 
annulus), b intrasupraannulary (sewing ring is placed supraannulary, stent 
is located intraannulary), and c supraanulary (both sewing ring and stent 
are placed supraannulary)
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Fig. 3.3 GOA, COA, and EOA of bileafl et valves (left column), tilting mono-
discs (center column), and bioprostheses (right column)
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declared only seldom. Th e EOA is that portion of the valve 
orifi ce area through which the blood really fl ows. Th e EOA 
is usually one quarter or one third smaller than GOA. Th e 
size of EOA and GOA is measured in square centimeters. In 
a given patient, the most important parameter is the indexed 
value ( IEOA), i.e., EOA related to 1 m2 of the patient’s body 
surface. It has to be kept in mind that values declared by the 
manufacturer used to look more optimistic (in vitro values) 
than post-implantation echocardiography values calculated 
on the basis of continuity equation (in vivo values).

Th e aim is to implant a valve large enough to avoid hemo-
dynamically signifi cant  patient–prosthesis mismatch (PPM). 
It is important mainly in the aortic position where IEOA of 
the implanted valve should be greater than 0.85 cm2/m2. In 
the mitral valve the cut-off  value for PPM is considered to 
be 1.2 cm2/m2. Severe patient–prosthesis mismatch occurs 
if IEOA is less than 0.65 cm2/m2 in the aortic position and 
less than 0.9 cm/m2 in the mitral position [1, 2].

3.3 Mechanical Heart Valves

Mechanical heart valves (artifi cial valves, prostheses) have 
been implanted since the beginning of the 1960s. Th ey have 
been subject to continuous development and refi nement 
of technical, hemodynamic, and biocompatibility param-
eters. Mechanical valves can be divided into caged-ball, disc 
(monodisc), and bileafl et valves [3, 4].

3.3.1 Caged-Ball Valves
Th e  Starr–Edwards valve is the best-known caged-ball valve. 
In the 1960s and 1970s it was the most-often implanted 
valve in the world. From a long development line of Starr–
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Edwards valves, the successful mitral model 6120 has been 
manufactured without any modifi cations since 1966 [5, 6], 
as well as the aortic model 1260 since 1968 [7], and both 
valves are still being implanted at some centers [3, 8, 9]. Th e 
closing component of the valve is a silastic ball, which is 
held within a stellite alloy cage (opened position). In closed 
position the ball obturates the metallic ring equipped with 
a Tefl on (DuPont, Wilmington, Del.) fabric sewing ring for 
implantation (Fig. 3.4).

Another well-known valve is the  Smeloff –Cutter valve, 
which was introduced into clinical use in 1964 (but has 
not been implanted since 1988). In this model the silastic 
ball does not sit at the titanium alloy ring but is stopped by 
a second smaller cage. Th ree struts of the upper and lower 
cage are not connected (Fig. 3.5) [3].

After implantation of the caged-ball valves, patients ex-
perienced dramatic hemodynamic improvement but suf-
fered from frequent thromboembolic complications. Eff ort 
to reduce these serious complications has led to develop-
ment of the cloth-covered caged-ball valves. Th e best-known 
of these valves were the  Braunwald–Cutter valve (Fig. 3.6), 
manufactured and implanted between 1968 and 1979 [3, 
10, 11], and the  cloth-covered Starr–Edwards valve, ma-
nufactured between 1967 and 1976 (Fig. 3.7). Th e struts 
and the ring were covered with polypropylene into which 
endothel grew within several weeks or months after implan-
tation. Th ereby, the whole housing of the artifi cial valve 
was endothelialized and, except for the ball, blood did not 
contact a foreign surface. Expected decrease in incidence of 
thromboembolic events and reduction of hemolysis were in 
fact achieved but remained limited to the fi rst months or 
few years after implantation. Several years later, however, 
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Fig. 3.4 Caged-ball valve Starr–Edwards (aortic model 1260)
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Fig. 3.5 Caged-ball valve Smeloff –Cutter
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Fig. 3.6 Cloth-covered caged-ball valve Braunwald–Cutter
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Fig. 3.7 a Cloth-covered caged-ball valve Starr–Edwards (aortic  model 
2320). b The valve was explanted due to tearing of the cloth 22 years 
after implantation

a b



53

Overview of the Valve Replacement Devices

tearing of the cloth covering occurred as a result of hardness 
disparity between the ball and the endothelialized covering 
(Fig. 3.7). Torn covering initiated thrombus formation with 
subsequent thromboembolic events and also caused clini-
cally signifi cant hemolysis, which often prompted reopera-
tion and valve reimplantation [12–14].

3.3.2 Disc Valves
In the late 1960s, non-tilting disc valves were introduced 
into clinical practice. Th e closing component was a pop-
pet that was held in a cage (open position) or obturated 
the ring (closed position). A variety of these valves were 
manufactured and clinically implanted. In all of them the 
principle was identical, but they diff ered in the material 
of the disc, the housing, and the ring, and also in the cage 
design. Th e best-known valves were  Beall (Fig. 3.8) [15, 
16],  Starr–Edwards (Fig. 3.8), and others (e.g.,  Kay–Shiley, 
 Kay–Suzuki,  Cooley–Cutter, and  Cross–Jones). Th e advan-
tages of non-tilting disc valves were low-profi le design, easier 
implantation, very little opening resistance, and very short 
closure delay (and therefore very little regurgitation). On the 
other hand, the valves suff ered from higher fl ow gradients, 
signifi cant turbulence, frequent thromboembolic complica-
tions, and higher hemolysis. Due to these drawbacks, the 
non-tilting disc valves fell into disuse and were replaced by 
modern tilting disc valves.

Tilting monodiscs were the most-often implanted valves 
in the 1970s and 1980s. In Europe, the most commonly 
used valves were the  Björk–Shiley valves. Th e fi rst model 
of this valve was introduced into clinical practice in 1969. 
It had a fl at delrin disc, which tilted up to 60° [17]. Th is 
type was soon replaced (in 1971) by a so-called standard 
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Fig. 3.8 Non-tilting disc valves a Beall and b Starr–Edwards



55

Overview of the Valve Replacement Devices

type (Fig. 3.9a) with pyrolytic carbon fl at disc tilting up 
to 60°. In 1976, a convex–concave type valve (Fig. 3.9b) 
with signifi cantly improved hemodynamic parameters was 
introduced. Th e hour-glass-shaped pyrolytic carbon disc was 
placed more centrally and tilted up to 60°. Th e latest Björk–
Shiley developmental type, the monostrut (Fig. 3.9c), was 
introduced into clinical practice in 1982. Th e disc-housing 
system was changed and the angle of tilting was increased 
to 70° [18]. Hemodynamic characteristics of both, the con-
vex–concave type and the monostrut, were very good; none-
theless, the convex–concave valves have not been marketed 
since the late 1980s. Th e reason for this was that the infl ow 
bar broke in some of them after 2–3 years of perfect per-
formance, causing escape of the disc and acute valve regurgi-
tation [19–21]. Th is serious and mostly lethal complication 
(unless operated urgently) was related to convex–concave 
valves manufactured between 1981 and 1982. Risk of its 
incidence was estimated within a range of 2 promile to 2% 
per year with the implanted valve. Since then, the struts 
in all heart valves are not welded but manufactured from 
a single block of metal or alloy or from pyrolytic carbon.

A variety of heart valves have been designed on the prin-
ciple of the tilting disc, with diff erences in the disc housing 
and the achieved angle of tilting. Precise knowledge of the 
tilting angle in monodisc and bileafl et valves is important 
for eventual diagnostics of the valve failure. Discs are radio-
opaque and therefore fl uoroscopy imaging can confi rm their 
normal mobility or diagnose restricted range of motion, or 
even complete occluder blockade.

Among the formerly used tilting monodisc valves, there 
are, for example, the  Lillehei–Kaster valve, manufactured 
from 1970 to 1987 (pyrolytic carbon disc opening up to 80° 
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Fig. 3.9 Disc valve Björk–Shiley. a Standard type with fl at disc. b Convex–
concave type. c Monostrut
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and closing at 18°), and  Omniscience (Fig. 3.10), manu-
factured since 1978 and modifi ed in 1984 under the name 
Omnicarbon. Th e  Omnicarbon disc opens up to 80° and 
closes at 12°, thus achieving the tilting range of 68°. Th e 
latest model of Omnicarbon has the ring manufactured 
also from pyrolytic carbon. Among others, the disc valves 
of Sorin–Biomedica have been widely implanted. Th e de-
velopmental types  Sorin–Monocast and  Carbocast were 
followed by  Allcarbon–Sorin, which has been in use since 
1989 (Fig. 3.11). Th e pyrolytic carbon disc of this valve tilts 
up to 60° and all metallic components, together with the 
sewing ring, are carbon-fi lm coated for better biocompati-
bility. Th e  Ultracor–Aortech valves (developed in 1985), 
the tilting angle of which is 73° in the aortic model and 68° 
in the mitral model, have also been implanted.

Worldwide, the most frequently implanted disc valve is 
 Medtronic–Hall (originally Hall–Kaster), which has been 
in clinical use without modifi cation since 1977 (Fig. 3.12). 
Th e housing is made from titanium and the pyrolytic carbon 
disc opens up to 75° (aortic valve) and 70° (mitral valve) 
[22, 23].

3.3.3 Bileafl et Valves
Mechanical bileafl et valves have gained popularity since the 
mid-1980s and currently are the most frequently implanted 
valves in the world. Th ere are a variety of bileafl et heart 
valves available. Th ey are based on the same or similar prin-
ciple but diff er in the angle of tilting, design of the pivots, 
material and shape of the sewing ring, and also the depth 
of the leafl ets in their open position. Th e best-known and 
most implanted mechanical bileafl et valve is the  St. Jude 
Medical (SJM) valve (Fig. 3.13), which was introduced into 
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Fig. 3.10 Disc valve Omniscience
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Fig. 3.11 Disc valve Allcarbon–Sorin
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Fig. 3.12 Disc valve Medtronic–Hall
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Fig. 3.13 Bileafl et valve St. Jude Medical
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clinical practice in 1977 (SJM Standard). Its two pyrolytic 
carbon semilunar leafl ets open up to 85° and close at 30°, 
which yields a tilting range of 55°. Th e valve mechanism has 
remained unchanged since its release, but a rotatable sewing 
cuff  was added and other ring refi nements were developed. 
Th e types SJM  HP (hemodynamic plus, since 1992) and 
SJM  Regent (since 1998) are equipped with a reduced sew-
ing ring, which results in signifi cant enlargement of the 
eff ective orifi ce area compared with the standard type [24, 
25]. Th is important feature is very benefi cial in avoiding 
patient-prosthesis mismatch in patients with small aortic 
annulus and large body-surface area. Th e standard SJM 
model size (21 mm) had an eff ective orifi ce area (EOA) of 
only 1.51 cm2, the type HP 2.03 cm2, and the latest model, 
Regent, 2.47 cm2. Nonetheless, even a “small-size” SJM 
Regent 19-mm valve has an EOA of 1.84 cm2, i.e., suffi  cient 
enough to prevent a signifi cant patient–prosthesis mismatch 
in a patient with a body-surface area of 2 m2.

Comparably excellent EOA is obtained with the second-
most common bileafl et valve,  Bicarbon–Sorin (manufac-
tured since 1990). Its semilunar leafl ets are convex–concave 
shaped and tilt up to 80° and close at 20° (Fig. 3.14). Th e 
valves are equipped with sewing rings  Fitline or  Slimline 
(suitable for small annuli) and  Overline (intended solely 
for supraannular implantation). Th e same mechanism, but 
a diff erent sewing-cuff  material, is typical for the  Edwards 
MIRA valve (since 1997).

Another known bileafl et valve is  CarboMedics, which 
has been in clinical use since 1986. In 1991 the type  Carbo-
Medics R (with a signifi cantly reduced sewing ring) was 
released in response to the problem of a narrow aortic an-
nulus [26]. Th e model CarboMedics  Top Hat was the fi rst 
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Fig. 3.14 Bileafl et valve Sorin–Bicarbon. a Slimline. b Overline
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mechanical heart valve designed for totally supraannular 
implantation (both the housing and sewing ring are placed 
supraannulary) [27]. In 1994 a  CarboMedics universal 
valve,  Orbis, was launched, enabling implantation of the 
same valve either to the aortic or mitral position. Th e semi-
lunar leafl ets of CarboMedics valves tilt up to 78° and close 
at 25°, which gives a tilting range of 53°.

Two other bileafl et valves are the  ATS Medical (since 
1992), standard type and AP type (advanced performance) 
for small annuli [24], and  OnX (since 1996), with diff erent 
rings. An interesting feature of the OnX valve is that the 
pyrolytic carbon ring overtops the sewing ring and thereby 
prevents tissue from overgrowing into the valve mechanism.

Bileafl et valve  Medtronic Advantage has, since 2003, 
a modifi cation for supraannular implantation named Med-
tronic Advantage Supra. Th e most recent bileafl et valve 
intro duced into clinical practice is the valve  CardiaMed.

3.4 Biological Valves

Th e rationale for development of biological valves was 
to reduce the risk of serious complications related to the 
mechanical heart valves (thrombosis, embolism, bleeding 
complications due to anticoagulation therapy). Th e most 
frequently implanted tissue valves are xenografts manufac-
tured as bioprostheses, whereas allografts and autografts are 
being implanted less often.

3.4.1 Bioprostheses
Bioprostheses are xenografts, i.e., valves prepared from tis-
sues of other species. Xenografts are mounted on a cloth-
covered stent, which is manufactured from stellite, titanium, 
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or plastic (Fig. 3.15). Its slight fl exibility is desirable, because 
it helps to absorb stress load and thereby prolong the xe-
nograft’s durability. Th e stent is covered with Tefl on (Du-
Pont, Wilmington, Del.) or polypropylene and adapted for 
tissue-valve mounting. Th e biological valve is either a por-
cine aortic valve (Fig. 3.16) or a valve assembled from bovine 
pericardium (Figs. 3.17, 3.18).

Bioprostheses are produced commercially, and a variety 
of models are currently available. Th e most commonly used 
porcine valve bioprostheses include, for example,  SJM Epic 
and  Epic Ultra (Fig. 3.16),  Carpentier–Edwards,  Hancock, 
 Shelhigh,  Medtronic–Mosaic, and  Medtronic–Mosaic 
 Ultra. Bioprostheses  Sorin–Mitrofl ow,  Sorin–Pericarbon 
More,  Sorin–Soprano (Fig. 3.17),  Sorin–Soprano Armo-
nia,  Edwards–Perimount Magna (Fig. 3.18), and  Köhler 
Medical–Aspire are a few representatives of bovine peri-
cardium xenografts [28].

Continuous development and intensive research has 
been aimed at creating a bioprosthesis with tissue leafl ets 
that would exhibit long-term freedom from structural de-
terioration. A promising concept is detoxifi cation (antical-
cifi cation, antidegenerative, antimineralization) treatment 
incorporated into the processing and storage of tissue valves. 
Diff erent manufacturers have introduced their proprietary 
procedures, e.g.,  AoA (Medtronic), BiLinx AC (St. Jude 
Medical), XenoLogiX (Edwards), Th ermaFix (Edwards), 
No-React (Shelhigh), and T6 (Hancock); however, only 
long-term results with implantations of valves processed in 
this way can bring the answer as to whether this modern 
treatment can result in delayed onset of structural degenera-
tion of bioprostheses compared with classical valve prepara-
tion and 0.5% glutaraldehyde storage [29, 30].
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Fig. 3.15 Stents for bioprostheses
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Fig. 3.16 Bioprosthesis St. Jude Medical–Epic
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Fig. 3.17 Bioprosthesis Sorin–Soprano
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Fig. 3.18 Bioprosthesis Edwards–Perimount Magna
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Stentless bioprostheses were introduced by Tirone David 
in Toronto and have been implanted into the aortic position 
since 1988. Stentless bioprostheses are xeno grafts, but they 
have neither stent nor sewing cuff . Into a given patient’s 
aortic orifi ce, therefore, a stentless bioprosthesis that is larger 
than a stented bioprosthesis can be implanted (i.e., larger 
aortic EOA and lower transvalvular gradient). Th e best-
-known stentless bioprostheses are  Toronto SPV (Fig. 3.19), 
 Toronto Root,  Edwards Prima (Fig. 3.20),  Shelhigh Super-
Stentless (Fig. 3.21),  Sorin Freedom,  Medtronic Freestyle, 
 Elan,  CryoLife-O’Brien, and others. Stentless bioprosthe-
ses have demonstrated superior hemodynamic features in 
terms of transvalvular gradients, EOA, and more complete 
regression of left ventricular hypertrophy [31–33]. A wave 
of enthusiasm for these valves, one that culmi nated in the 
mid- to late 1990s, has waned because research data proved 
no superiority of stentless bioprostheses over stented ones 
in long-term studies [34–41]. In addition to this, implanta-
tion of the stentless valves is technically more demanding 
and time-consuming. Moreover, the decline in use of stent-
less bioprostheses has also been caused by the development 
of bioprostheses designed for supraannular implantation. 
A supraannulary-seated sewing ring does not obstruct the 
aortic orifi ce area, and therefore the improved EOA is al-
most comparable to that of stentless bioprostheses.

3.4.2  Allografts
Allografts (homografts) represent another option for a tissue-
-valve implantation into the aortic (eventually pulmonary) ori-
fi ce. Allografts, human cadaverous aortic valves, are harvested 
usually in the course of multiorgan donor explantations, and 
are dissected as an aortic root with the valve and the ascending 
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Fig. 3.19 Stentless bioprosthesis Toronto SPV
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Fig. 3.20 Stentless bioprosthesis Edwards–Prima. Surgeons tailors its 
shape according to the technique of implantation
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Fig. 3.21 Bioprosthesis Shelhigh SuperStentless
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aorta (Figs. 3.22, 3.23).  Pulmonary allograft was discontinued 
due to use of aortic valve replacement [42], but it still has its 
place in pediatric cardiac surgery and also in the Ross proce-
dure for replacement of the right ventricular outfl ow tract.

Explanted valve allografts are fi rst treated with antibio-
tic solution and then frozen (cryopreservation, cryoconser-
vation) and stored in liquid nitrogen at 190°C for up to 
5 years. After defrosting, the allografts’ tissue still contains 
viable fi broblasts. Endothelium is not preserved, which turns 
out to be benefi cial for reducing the allograft antigenicity, 
and thereby no immunosuppression is needed after implan-
tation. Allografts are being used for aortic valve replacement 
quite infrequently, because their implantation is more dif-
fi cult but rate of degeneration is the same as with bioprosthe-
ses. Allografts do not contain any fabric and are less suscep-
tible to infection than bioprostheses and mechanical valves; 
therefore, they are used mostly for aortic valve replacement 
for infective endocarditis [43].

3.4.3  Autografts
An autograft is a biological tissue taken from the patient’s 
body. In cardiac surgery, the pulmonary autograft is used for 
aortic valve replacement at the Ross procedure (and is itself, 
in its original place, substituted with a pulmonary allograft, 
replacing the right ventricular outfl ow tract with the pulmo-
nary valve and the pulmonary trunk). Th e drawback of this 
procedure is its technical and time demands, as well as im-
pending risk of failure of both implanted valves (autograft and 
allograft) in the long term. Th e advantages and disadvantages 
of mechanical valves, bioprostheses, allografts, and autografts, 
all of which infl uence decision making about the optimal 
valve selection for replacement, are discussed in Chap. 4.
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Fig. 3.22 Harvested allograft with anterior mitral leafl et, left ventricular 
muscle, and untrimmed aorta
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Fig. 3.23 Allograft prepared for root replacement
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4  Choice of the Optimal Valve 
for Replacement

4.1 Introduction

Th ere is a plenitude of mechanical and biological valve pros-
theses available for surgeons’ use. Choice of the optimal 
valve replacement device may not always be easy, because 
there does not exist a single valve considered to be the best 
and most suitable for all patients and situations; however, 
there always exists a valve that is optimal for a given patient.

Th e fundamental step is to decide between a mechanical 
or a tissue valve [1, 2]. Th e choice of some type of mechani-
cal prosthesis or biological valve is of lesser importance. Th e 
decision-making process has to refl ect the general advan-
tages and drawbacks of mechanical valves, bioprostheses, 
allografts, and autografts in relation to the particular patient 
planned for heart valve replacement.

4.2  General Advantages and Drawbacks 
of Mechanical Prostheses, Bioprostheses, 
Allografts, and Autografts

Th e most valuable feature of modern mechanical valves is 
the guarantee of their lifelong functional durability with-
out wear and structural dysfunction. Th e main drawback 
is, however, the necessity of permanent anticoagulation. 
Anticoagulation therapy is associated with constant risk of 
bleeding complications and grossly complicates traumatic 
events, inevitable operation, or onset of disease contraindi-
cating anticoagulation. Th e incidence of bleeding compli-
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cations has decreased slightly in comparison with previous 
studies. Th e reason is that a  lower value of international 
normalized ratio (INR) is required in aortic valve replace-
ment. Safer anticoagulation drugs may also be expected in 
the future as well as wider spread of self-monitoring and 
self-management, which will make anticoagulation therapy 
even safer [3, 4].

Th e main advantage of the bioprostheses is the fact 
that after operation, patients do not need permanent 
 anti coagulation therapy. Anticoagulation is discontinued 
3 months  after implantation of aortic bioprosthesis (if 
no other reasons for anticoagulation exist) and patients 
are left on antiaggregation medication only. In recent 
years the inevitability of this short-term anticoagulation 
therapy has been widely debated. Many cardiac surgeons 
already do not administer anticoagulation after implanta-
tion of bioprosthesis into aortic position and an increas-
ing number of studies give evidence of its needlessness; 
therefore,  presently postoperative heparinization during 
hospital stay followed by anti aggregation medication only 
(in absence of other reasons for anticoagulation) can be 
accepted as a correct treatment [2, 5–14].

Th e main and most serious drawback of bioprotheses is 
the uncertainty about their long-term proper function. Dys-
function is a result of gradual development of  degenerative 
changes that cause stiff ness of calcifi ed bioprosthetic cusps 
(Fig. 4.1). Th e cusp may sometimes even tear away from the 
bioprosthetic stent (Fig. 9.5). In this way the bioprosthesis 
develops hemodynamically signifi cant stenosis, regurgita-
tion, or a combination of both. Clinically relevant biopros-
thesis dysfunction then necessitates relatively demanding 
reoperation in, as a rule, elderly and comorbid patients.
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Fig. 4.1 Degenerative changes in the cusps of bioprosthesis (calcifi ca-
tions). Bioprosthesis explanted 8 years after implantation
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Th e rate of development of bioprosthesis degeneration 
depends above all on the recipient’s age and stress load of 
the valve cusps [15]. In childhood the onset of degeneration 
is rapid; valve failure occurs in almost 50% of the operated 
children after 4 years and in 80% at 6 years.

In adults below the age of 60 years bioprosthesis failure 
is reported in approximately 5% of cases within 5 years, 
20% within 8 years, 30% within 10 years, and 50% with-
in 15 years, respectively. In patients under 65 years of age 
the risk for structural valve deterioration began to increase 
7 years postoperatively [16]. At the age between 60 and 
70 years the incidence of bioprosthesis failure is 15% in fi rst 
15 years, and in patients over 70 years bioprosthesis failure 
occurs in 3–10% of cases within 15 years after operation 
[16–19].

Since the process of implanting bioprostheses with anti-
calcifi cation treatment is just over 10 years old, in the near 
future research data will answer the question as to  whether 
modern tissue-processing techniques in bioprostheses manu-
facturing will delay the onset of degeneration [15].

Th e allograft degeneration rate is similar to that of bio-
prostheses [20, 21]. Allograft implantation is, however, 
technically more demanding and time-consuming, and also 
expected reoperation due to degeneration is more diffi  cult 
compared with reoperation after bioprosthesis implanta-
tion [3, 22]. Th e need for reoperation is reported to be 50% 
within 12–16 years in patients with a mean age 45 years 
[21, 23]. Th e younger the recipient is, the sooner the allo-
graft degenerates. In addition, increasing donor’s age, male 
donor’s gender, and larger allograft diameter also negatively 
aff ect freedom from degeneration [21, 23–25]. Allografts 
do not require antithrombotic medication and display 
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lower pressure gradient compared with stented biopros-
theses. Lesser susceptibility to infection is another impor-
tant advantage of allografts, which are therefore useful in 
aortic valve endocarditis, namely in periannular spread of 
infection [21, 22, 25].

Th e balance between the advantages and drawbacks of 
the  Ross procedure (aortic valve replacement with pulmo-
nary autograft) in selected young patients with aortic valve 
disease has been debated for more than 30 years. An un-
questionable advantage is that after the Ross procedure, 
patients do not need anticoagulation or even antiaggrega-
tion medication and therefore avoid the risk of bleeding 
and thrombo embolic complications. Th e risk of endocar-
ditis is also substantially lower compared with bioprosthe-
ses. Durability of autografts at the aortic position in these 
young patients is unparalleled to xenografts or allografts. 
On the  other hand, the Ross procedure is technically very 
demanding operation with approximately three times long-
er duration of cardiopulmonary bypass than at prosthesis 
implantation. Operative mortality of this extensive surgery 
is signifi cantly higher than mortality of aortic valve replace-
ment with mechanical prosthesis, which in this young age 
group should range below 1% [26]. According to the inter-
national Ross procedure registry, the mortality rate in recent 
years has oscillated between 3 and 4% (some authors report 
lower and higher mortality rates as well) [27–31]. Long-
term results of the Ross procedure are as important as the 
early results. Th e largest cohort is the Ross procedure regis-
try containing data from 5000 operated patients. According 
to this registry, extensive reoperation is required in 20% of 
the patients within the fi rst 10 years (11% for autograft 
failure, 9% for allograft failure) [32]. Other articles report 
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the need for reoperation in 16–30% in the fi rst decade 
[28–31, 33–35]. Th e Ross procedure can be perceived as an 
irreplaceable operation in children (autograft has a growth 
potential) [27, 31] and a possible, but very controversial, 
alternative for young and active patients who wish to avoid 
anticoagulation therapy [36]. Th e Ross procedure is not 
suitable for young patients with rheumatic heart disease [30, 
37]. After accurate information about the operative risks 
and expectations of diffi  cult reoperation, if the patient still 
wishes to have this procedure, it should be performed. Th e 
operation should be carried out by a surgeon who is very 
experienced in the procedure and performs it frequently.

4.3  Factors that Aff ect the Choice 
of the Valve Replacement Device

In a given patient planned for valve replacement, all the 
abovementioned advantages and drawbacks of mechanical 
and biological valves have to be carefully evaluated. In some 
patients the choice is straightforward, because the relevant 
factors clearly indicate either mechanical or biological valve. 
Other patients have confl icting factors, and careful evalua-
tion is needed to choose a valve with maximum benefi ts and 
minimum drawbacks for each individual. Th e patient’s own 
preference, after receiving accurate information, also has to 
be taken into consideration.

Th e most important factor is the age of the patient and 
his attitude toward the anticoagulation therapy. Anticoa-
gulation infl uences almost all factors. Other factors are the 
size and quality of the annulus, the presence or absence of 
thromboembolism risk factors, gender, comorbidities, life 
expectancy, and in cases of valve reoperation, the cause.
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Correct and deliberate choice of the valve for replace-
ment contributes positively to the patient’s quality of life, 
reduction of complications in the long term, and prolonga-
tion of life span. It is one of the ways to improve the long-
term results of heart valve replacement.

4.3.1  Age
Th e recommended age limit after which a tissue valve should 
be preferred over the mechanical one is considered to be 
60–75 years (majority of the guidelines report 65 years) 
[2, 20, 38–46]. Shifting of the age limit above 65 years 
originates from duly justifi ed concerns of high-risk tissue-
valve reoperations in octogenarians and elderly polymorbid 
patients [43, 47]. On the contrary, setting the age limit 
below 65 years is based on the belief that currently per-
formed antidegenerative processing will ensure much longer 
durability of the modern tissue valves. Th e exact data will 
be available in a few years, because the bioprostheses with 
antidegenerative processing have been implanted only since 
the mid-1990s; therefore, the long-term results will soon 
answer the question as to whether enthusiasm for such 
processed tissue valves is justifi ed. Currently, the prevailing 
opinion, in accordance with the majority of the guidelines, 
is to implant tissue valves in the patients older than 65 years 
in case of aortic position, and in those above 70 years in case 
of mitral position [18].

Improved myocardial protection and even more sophis-
ticated perioperative care resulted in reduced risk of heart 
reoperation when required for tissue-valve failure. For exam-
ple, the estimated risk of death at reoperation for a 73-year-
-old man without signifi cant comorbidities is 5% (additive 
Euroscore) and 9% (logistic Euroscore). Th is may trigger 
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a debate regarding why not to implant modern tissue valves 
with antidegenerative processing, even in the patients over 
50 years, and accept the fact of probable reoperation after 
15–20 years. Questions remain to be answered as to whether 
this given risk of reoperation exceeds the accumulated risk 
of 15–20 years of the life with mechanical valve and with 
inevitable anticoagulation. Reoperation in many of these 
patients would, however, be more risky due to polymorbid-
ity acquired in the interim [1].

4.3.2  Attitude to the Anticoagulation Th erapy
Th e patient’s attitude to the anticoagulation therapy is cru-
cial in decision making. Patients with contraindication for 
anticoagulation therapy and those in whom eff ectively con-
trolled anticoagulation therapy cannot be guaranteed (e.g., 
undisciplined patients, alcoholics, patients refusing medica-
tion, patients from developing countries, troublesome or 
unavailable medical care) should be off ered tissue valves. 
On the other hand, mechanical valve is a proper choice for 
patients already on chronic anticoagulation for other medical 
reasons [2, 38].

4.3.3  Size and Quality of the Annulus
Th e size and quality of the patient’s annulus also aff ects the 
choice of the optimal valve for replacement. For  heavily 
calcifi ed, rigid, and rough annulus it is advantageous to 
choose the valve with a wide and soft sewing ring that can 
comply with uneven surface of the annulus. If the annulus 
is damaged due to native-valve endocarditis or prosthetic 
endo carditis, the optimal choice for the aortic orifi ce is allo-
graft because of documented lesser susceptibility to infec-
tion compared with mechanical valve or bioprosthesis [17]. 
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On the other hand, numerous authors report very similar 
results obtained with prostheses and bioprostheses. Actu-
ally, allografts are being implanted in only 5% of patients 
operated for endocarditis. In case the annulus is not severely 
aff ected by endocarditis, it is possible to implant prosthesis 
or bioprosthesis after excision of the valve with vegetations, 
careful debridement of all infected tissues, and disinfection 
of the annulus [48–53]. If infection, however, damages the 
annulus, spreads beyond it, and forms periannular abscesses, 
allograft implantation is the optimal choice for aortic posi-
tion [21, 22, 38, 54]. A good alternative to allografts for 
valve replacement in active endocarditis complicated by an-
nular abscess is implantation of stentless bioprosthesis [55].

Th e size of the aortic annulus plays an important role 
in patients with small aortic annulus and simultaneously 
large body-surface area in whom a valve with the largest 
possible eff ective orifi ce area has to be chosen to avoid pa-
tient–prosthesis mismatch. Patient–prosthesis mismatch is 
a clinical condition characterized by too small an eff ective 
orifi ce area with regard to the patient’s body-surface area. 
Hemodynamically, this situation results in increased gradi-
ent at the correctly implanted valve, slower postoperative 
left ventricular hypertrophy regression, and higher operative 
mortality (in particular in patients with severe left ventricu-
lar hypertrophy) [56–59].

A cut-off  value stated usually for a signifi cant patient–
prosthesis mismatch is indexed eff ective orifi ce area of the 
implanted valve less than 0.85 cm2/m2, whereas the value 
below 0.65 cm2/m2 represents severe patient–prosthesis mis-
match [56, 60]. Eff ort is therefore aimed at implanting such 
a valve into the aortic position to avoid patient–prosthesis 
mismatch [56, 60–63]. Since modern mechanical aortic 
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valves designed for small aortic annuli have larger orifi ce 
area compared with stented bioprostheses, they sometimes 
have to be implanted even in those elderly patients with 
small annulus who should otherwise receive a bioprosthe-
sis. Th is strategy has been supported by two recent articles 
that document surprisingly superior early- and long-term 
results after implantation of mechanical prostheses in octo-
genarians [64, 65]. In recent years, however, bioprostheses 
designed for supraannular implantation are available with 
an eff ective orifi ce area that almost equals that of mechanical 
valves. As a result, implantations of stentless bioprostheses 
that increase the operative risk in elderly and polymorbid 
patients by 1–2% (longer and technically more demanding 
implantation) are becoming less frequent.

4.3.4  Risk of Th romboembolism
Risk factors for thromboembolism are atrial fi brillation, 
large left atrium (>55 mm), history of thromboembolism, 
presence of thrombi in the left atrium, and postinfarction 
left ventricular dyskinesis with thrombus. Th e presence of 
these risk factors dictates the necessity of long-term anti-
coagulation therapy, and therefore such patients should be 
given a mechanical valve. If only atrial fi brillation is present, 
it can be abolished surgically (with 75% success rate) (radio-
frequency or cryosurgical ablation) and then a bioprosthesis 
can be implanted in patients 65–70 years and older.

4.3.5  Pregnancy
Th e most problematic issue is the choice of valve for women 
who wish to get pregnant subsequently. Implantation of 
a bioprosthesis enables relatively problem-free pregnancy 
but is hampered by two drawbacks. Firstly, the mother is at 
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inevitable risk of reoperation for early bioprosthesis degene-
ration. Secondly, in some instances the planned pregnancy 
may not occur immediately but later, at the time of already 
developed severe valve disease caused by bioprosthesis de-
generation.

In case of the aortic valve, the Ross procedure may also 
be chosen. Th e Ross procedure, however, carries a higher 
ope rative risk together with the risk of reoperation (although 
reoperations after the Ross procedure are necessary much 
later than after bioprosthesis implantation and are, in fact, 
generally required for late pulmonary allograft degeneration 
rather than for autograft failure).

Th e role of the allograft at the aortic position in young 
women does not diff er greatly from a bioprosthesis, except 
for a more demanding technique of implantation and more 
diffi  cult reoperation.

Implantation of a mechanical valve is a defi nitive solu-
tion for the mother and perhaps the most reasonable option. 
Diffi  culties, however, arise with the anticoagulation therapy 
during pregnancy [38, 66]. Administration of warfarin dur-
ing the 6–12 weeks of pregnancy may cause in 5–10% of 
cases the so-called fetal warfarin syndrome (embryopathy). 
To avoid this serious complication, warfarin administration 
should be stopped within 6–12 weeks (eventually during 
the fi rst trimester) of pregnancy and replaced by heparin 
[2, 38]. Warfarin is safe again from the second trimester, 
and later, in the 36th week, it has to be replaced again by 
heparin. If the required level of INR can be maintained by 
warfarin in a daily dose not exceeding 5 mg, then the risk of 
warfarin syndrome is minimal [67]. In such a case warfarin 
can be administered throughout the whole pregnancy until 
its replacement by heparin in the 36th week.
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Heparin anticoagulation throughout the whole preg-
nancy is safe for the fetus but dangerous for the mother 
(thromboembolic complications) and therefore not recom-
mended [2, 38].

Th e decision between the abovementioned treatment 
options is always problematic and depends on the informed 
patient’s preference. Th e safest alternative is the implanta-
tion of a mechanical valve, which will also enable pregnancy 
after several years.

4.3.6 Other Factors
Concomitant diseases may, by their nature, require or con-
traindicate chronic anticoagulation. Th is directly aff ects the 
decision between mechanical and biological valve. Among 
other comorbidities, chronic renal failure accelerates the 
development of degenerative changes at the tissue-valve 
cusps, and therefore mechanical valves should be implanted 
to these patients (unless their life expectancy is short) [2, 
44–45, 68].

Site of implantation has a signifi cant impact on choice of 
the valve. Th e rate of degeneration of bioprostheses is infl u-
enced most of all by the patient’s age, but amount of stress 
load also plays a role [15, 69]. Maximum stress load occurs 
at the mitral valve, and therefore age-limit recommendation 
for tissue-valve implantation should be at least 5 years  higher 
for the mitral position than for the aortic position [20]. 
Least stress load is at the pulmonary and tricuspid valves. 
Th ough replacement of these valves is performed relatively 
rarely, it is generally recommended to implant bioprosthe-
ses into the tricuspid orifi ce [70–74] and bioprostheses or 
homografts into pulmonary position. Bioprosthesis in the 
tricuspid orifi ce allows later introduction of the pacemaker 
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lead into the right ventricle (contrary to mechanical valves). 
Detrimental for mechanical valves is also their susceptibility 
to thrombosis in the low-pressure right-heart circulation.

Life expectancy aff ects the choice of the valve for patients 
whose life prognosis is limited to less than 10 years due to 
age or serious comorbidities. In such cases implantation of 
a bioprosthesis should be preferred [2, 44, 75].

At reoperation required for surprisingly early bioprosthe-
sis failure, it is recommended to replace it with a mechani-
cal valve. On the other hand, mechanical valve thrombosis 
during properly maintained anticoagulation therapy may be 
a reason for considering a bioprosthesis, which has a very 
low risk of thrombosis. If the patient already has one me-
chanical valve implanted and is on chronic anticoagulation 
therapy, the second valve (aortic or mitral) should also be 
a mechanical one [2, 38, 45].
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5 Aortic Valve Surgery

5.1 Introduction

Hemodynamically signifi cant aortic valve disease – both 
stenosis and regurgitation, regardless of its etiology – can be 
treated surgically. Adult patients with aortic stenosis require 
valve replacement with either mechanical or tissue valves. 
In patients with aortic regurgitation the valve can in some 
instances be repaired.

Aortic stenosis in infancy and childhood is usually not 
operated but treated with percutaneous balloon valvu-
loplasty. Balloon valvuloplasty of the aortic valve may, 
however, be chosen for elderly and polymorbid patients 
who would not tolerate cardiac surgery. Th e fi rst  balloon 
dilation of a calcifi ed aortic valve was performed by Alain 
Cribier in Rouen in 1985. Th e increase in stenotic aor-
tic valve area is followed by immediate decrease of after-
load, decrease of the left ventricular fi lling pressure, de-
crease of pulmonary hypertension, and improvement of 
left ventricular ejection fraction. Formerly, the clinical 
improvement was only temporary due to early restenosis 
and therefore this method was only seldom employed. 
Continuous technological and procedural refi nement has 
led to improvement of midterm results and to a certain 
renaissance of balloon valvuloplasty. It is beginning to be 
performed as a palliative alternative to valve replacement 
in elderly and comorbid patients contraindicated for sur-
gery and also in patients with critical aortic stenosis who 
require vital major extracardiac surgery. Th e procedure can 
be repeated upon restenosis.
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Th e aortic valve can presently be implanted via a cathe-
ter from a transfemoral approach or transapically via the 
surgical left minithoracotomy. Since the fi rst implanta-
tion by Cribier in 2002 the initial encouraging results 
have been built-upon in more than 10,000 patients. Th is 
costly procedure is at present reserved for those patients 
in whom the standard surgical procedure was contra-
indicated, usually on the basis of advanced age and se-
rious comorbidities. Growing interest in this technique 
nevertheless  suggests its dissemination to other cardiac 
centers. Future technical improvements and evidence of 
good long-term results will probably lead to more liberal 
indications for this method. 

5.2  Aortic Stenosis

Aortic stenosis is the most common acquired valve di-
sease in adults and the elderly in developed countries, 
and hence, the valve disease most frequently indicated for 
surgical treatment. Obstruction of the aortic valve orifi ce 
presents a long-term pressure overload of the left ventricle. 
During each myocardial  contraction the systolic volume 
is ejected across the obstacle created by the stenotic aortic 
valve. As a result of adaptation to the permanent pressure 
overload, the left ventricle gradually develops concentric 
hypertrophy. Th is compensatory mechanism has, however, 
a negative impact: the decrease of coronary fl ow reserve and 
the development of left ventricular diastolic dysfunction. 
 Clinical manifestation of the negative impact of ventricular 
hypertrophy is the classic triad of symptoms of signifi cant 
aortic stenosis: (a) shortness of breath on eff ort; (b) angina 
pectoris; and (c) syncope. Th e concentric left ventricular 
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hypertrophy is an independent risk factor for operative 
mortality at aortic valve replacement. In advanced state 
of aortic stenosis the left ventricular ejection fraction (EF) 
decreases, the cardiac output decreases, the pulmonary hy-
pertension increases, and symptoms of the congestive heart 
failure appear.

Effi  cient medical treatment of aortic stenosis does not 
exist. Life expectancy of the patients with clinical manifes-
tation of some of the classic symptoms is reported to be 
approximately 3 years, and only 1 year in those after the 
onset of congestive heart failure. Surgical treatment (valve 
replacement), with an average hospital mortality rate of 3% 
and excellent long-term results, presents a prominent thera-
peutic option.

5.2.1  Etiology of Aortic Stenosis
Th ere are two leading etiological causes of aortic stenosis: 
congenital and degenerative stenosis. A third cause, rheu-
matic aortic stenosis, is much less prevalent in developed 
countries, and other causes remain very rare.

Congenital aortic stenosis is a relatively common disease 
with an incidence of 1–2%. Its hemodynamic severity var-
ies. Clinical symptoms may appear immediately after birth 
at critical stenosis; or the stenosis remains hemodynamically 
insignifi cant for a long time and fi rst signs appear only in 
adulthood. Congenital aortic stenosis is most frequently 
a valvular stenosis. Subvalvular stenosis is rare and supra-
valvular stenosis is extraordinarily rare.

Congenital valvular aortic stenosis is bicuspid [1, 2] 
or, rarely, unicuspid (Figs. 5.1, 5.2) [2]. Clinically impor-
tant is the fact that the congenitally bicuspid aortic valve 
(stenosis and regurgitant) is frequently accompanied by 
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Fig. 5.1 Congenital unicuspid aortic valve



Aortic Valve Surgery

108

Fig. 5.2 Unicuspid unicommissural congenital aortic stenosis. Stenotic 
slit-like orifi ce and cusps penetrated by calcifi cations. a View from aorta. 
b View from left ventricle
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gradually developing ascending aortic dilation (Fig. 5.3). 
Th e course of the aortic dilation is slow but constant and 
continues even after aortic valve replacement. Dilated as-
cending aorta at the bicuspid aortic valve carries a high risk 
of aortic dissection.

Senile degenerative calcifi c aortic stenosis has become 
the most frequent cause of aortic valve replacement. Th ere 
is much similarity between the atheromatous plaque and 
the initial phase of development of the degenerative aor-
tic stenosis, which is also called aortic sclerosis. Simi-
lar pathogenetic features of both aortic valvular disease 
and atherosclerosis favor the hypothesis that the main 
known risk factors for atherosclerosis are also risk factors 
for degenerative aortic stenosis. Th e advanced stage of the 
disease is characterized by the presence of extensive dys-
trophic calcifi cations in the aortic valvular cusps, which 
causes the rigidity of the valve. Often the calcifi cations 
grow in the annulus, the aortic root, and the anterior 
mitral leafl et. Th e commissures, however, are not fused 
(Figs. 5.4a, 5.5, 5.6).

Rheumatic aortic stenosis results in rigid stenotic or 
steno-incompetent orifi ce. In contrast to degenerative etio-
logy, this calcifi ed aortic stenosis typically has fused com-
missures (Figs. 5.4b, 5.7, 5.8). Rheumatic aortic stenosis 
gradually starts to become a rare valvular disease. It does not 
occur as an isolated aortic valve disease but only in cases of 
simultaneous involvement of the mitral valve (rheumatic 
aortic–mitral disease).

Other causes of aortic stenosis are extremely rare and 
only exceptionally may require surgery (e.g., rheumatoid 
heart disease, familiar hypercholesterolemia, lupus erythe-
ma tosus, and ochronosis).
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Fig. 5.3 Congenital bicuspid aortic valve with ascending aortic dilation
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Fig. 5.4 Calcifi ed aortic stenosis. a Degenerative etiology. b Rheumatic 
etiology
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Fig. 5.5 Senile degenerative calcifi ed aortic stenosis. Cusps penetrated 
by calcifi cations and commissures are not fused
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Fig. 5.6 Aortic valve excised for extensive calcifi cations in all cusps (de-
generative etiology). Combined valve disease (stenosis and regurgitation)



Aortic Valve Surgery

114

Fig. 5.7 Rheumatic aortic stenosis
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Fig. 5.8 Aortic valve excised for rheumatic aortic valve disease. Domi-
nance of stenosis and concomitant regurgitation through a narrow rigid 
orifi ce. Calcifi ed cusps and fused commissures



116

Aortic Valve Surgery

5.2.2   Indications for Surgery
In deciding whether the patient with aortic stenosis should 
be operated, one has to take into consideration:

1. If the patient is symptomatic or asymptomatic
2. What the degree of severity of the aortic stenosis is
3. Whether there is an isolated aortic valve procedure 

planned or a combined procedure [coronary artery by-
pass graft (CABG), mitral valve procedure, etc.]

4. What the left ventricular function and dimensions are
5. What the comorbidities are

Clinical symptoms of severe aortic stenosis present in 
a well-known triad: (a) dyspnea; (b) angina; and (c) syn-
cope. Parameters of severe aortic stenosis are: (a) orifi ce area 
<0.5 cm2/m2 (the updated U.S. and European guidelines 
recommend the value of 0.6 cm2/m2, which, however, in-
cludes a lot of asymptomatic patients); (b) mean gradient 
>40 mmHg; and (c) maximum fl ow velocity (Vmax) on aortic 
valve Vmax >4 m/s [3, 4]. Gradients are signifi cantly infl u-
enced by the cardiac output and therefore the aortic valve 
orifi ce area should be taken into consideration in preference.

5.2.2.1 Symptomatic Severe Aortic Stenosis
Symptomatic severe aortic stenosis is a  straightforward 
indication for surgery [3, 4]. More diffi  cult is the deci-
sion making in symptomatic aortic stenosis with low ejec-
tion fraction (EF <35%) and low gradient (mean gradient 
<30 mmHg) simultaneously. In these patients the myocar-
dial contractile reserve has to be tested, usually by means 
of dobutamine stress echocardiography [3]. During this 
test the patients with myocardial contractile reserve display 
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an increase of left ventricular EF of at least 10%, stroke 
volume of 20%, and an increase of mean gradient over 
30 mmHg. Th e patients with proven myocardial contractile 
reserve are unequivocally indicated for operation [5, 6]. 
Th is population has very good early and long-term opera-
tive results. Th e patients without myocardial contractile 
reserve, however, have high operative mortality, and even 
those who survive have poor life expectancy similar to the 
patients on medication only; therefore, operation in these 
patients is not indicated or remains a dubious option, and 
the fi nal decision is strictly individual. Young age, large 
annulus, absence of comorbidities, etc., may facilitate the 
decision to replace the aortic valve [7]; otherwise, heart 
transplantation is the only solution. Destination therapy 
(permanent mechanical assistance to the failing heart) has 
not been introduced routinely. Mechanical ventricular as-
sistance devices are currently employed mostly like a bridge 
to transplant or to overcome otherwise untreatable phases 
of reversible heart failure.

5.2.2.2 Asymptomatic Severe Aortic Stenosis
Patients whose hemodynamic parameters correspond with 
severe aortic stenosis may occasionally be asymptomatic. 
Stress testing is mandatory in such patients to detect if they 
are truly asymptomatic. Pathological response to stress test-
ing is blood pressure decrease, occurrence of arrhythmia, or 
ischemia. In cases of positive stress test, the operation is indi-
cated even in these subjectively asymptomatic patients. If the 
patients with severe aortic stenosis are really asymptomatic, 
the aortic valve operation is indicated if the left ventricular 
systolic dysfunction is already present (EF <50%), if the pa-
tient is indicated for another cardiac procedure (e.g., CABG, 
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other valve procedure) or other major non-cardiac operation, 
and in cases of planned pregnancy in women [3, 4].

If the patient with parameters of a severe aortic stenosis 
has excessive calcifi cations in the valve, his aortic valve ori-
fi ce area is below 0.4 cm2/m2, and mean gradient exceeds 
60 mmHg, the operation should not be delayed until the 
onset of symptoms. In cases of already heavily calcifi ed aor-
tic stenosis, the estimated rate of progression can be quanti-
fi ed by reduction of the aortic valve orifi ce to 0.14 cm2 and 
increase of the mean gradient to 7 mm for each year [8].

Asymptomatic moderate aortic stenosis (valve orifi ce area 
0.8–0.6 cm2/m2, mean gradient 25–40 mmHg, Vmax 3–4 m/s) 
is indicated for valve replacement only as a concomitant pro-
cedure to coronary or other valve surgery [3, 4].

5.2.3 Surgical Treatment of Aortic Stenosis
Congenital valvular aortic stenosis may clinically manifest 
in early infancy with symptoms of critical cardiac defect, 
and in such a case percutaneous balloon valvuloplasty is the 
treatment of choice. Th e same strategy is applied in severe 
aortic stenosis in childhood. In older children and adoles-
cents a more precise surgical solution, commissurotomy 
with use of cardiopulmonary bypass, should be preferred. 
Nevertheless, after percutaneous balloon valvuloplasty or 
surgical commissurotomy, all children are probable can-
didates for aortic valve surgery for valve restenosis, regur-
gitation, combined valve disease, or infective endocarditis 
within several years or several decades. Reoperation occurs 
in almost 50% of these children within 25 years after the 
primary intervention.

Congenital subvalvular aortic stenosis is caused by 
a membraneous or fi bromuscular ring localized in the left 
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ventricular outfl ow tract, usually 5–10 mm beneath the 
aortic annulus. Surgical treatment is resection of the ring 
via aortotomy through the aortic valve on an arrested heart 
with use of cardiopulmonary bypass. Indications for surgery 
should be earlier than in valvular stenosis to prevent damage 
of the leafl ets from turbulent blood fl ow (Fig. 5.9).

Congenital subvalvular aortic stenosis is very rare in 
adults, contrary to congenital valvular aortic stenosis (i.e., 
bicuspid calcifi ed aortic valve), which is relatively common.

Th e adult patients indicated for operation for aortic ste-
nosis have the aortic valve damaged to such a degree that 
it does not allow any valve-sparing procedure; therefore, 
should the etiology of aortic valve stenosis be degenerative, 
congenital, or rheumatic, the treatment is always replace-
ment of the valve. Th e aortic valve can be replaced with 
a mechanical valve, stented or stentless bioprosthesis, allo-
graft (homograft), autograft (Ross procedure), or valved 
conduit (Bentall procedure). Th e advantages and drawbacks 
of the specifi c replacement devices, as well as the factors that 
go into decision making, are the topics of Chaps. 3 and 4.

5.2.3.1 Aortic Valve  Replacement with a Prosthesis
Aortic valve replacement for senile degenerative calcifi ed 
aortic stenosis is currently the most frequent valve opera-
tion. Other reasons for aortic valve replacement are congeni-
tal aortic valve stenosis and rheumatic aortic valve stenosis. 
Replacement of the aortic valve is indicated also for acute 
infective endocarditis if failure of antibiotic treatment is 
documented or after successful antibiotic treatment when 
endocarditis results in an incompetent aortic valve.

Non-infective aortic regurgitation, congenital or ac-
quired, is mostly an indication for valve replacement as 
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Fig. 5.9 Subvalvular aortic stenosis. a Thickened aortic cusps with mild 
retraction caused by turbulent fl ow above the subvalvular stenosis. b Sub-
valvular membranous aortic stenosis
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well, though there is growing interest in saving the valve 
by means of various valve-sparing procedures (e.g., valve 
repair, remodelation, and reimplantation; see Sect. 5.3.3), 
and such eff orts are being made.

Th e operation is usually performed using the classic 
median sternotomy approach. Less invasive approaches 
can also be used, preferably the upper partial sternotomy 
(upper hemisternotomy). In this technique a partial up-
per longitudinal sternotomy is carried to a level of third or 
fourth rib interspace where the right half of the sternum 
is transsected into the rib interspace (Fig. 5.10). Th e right 
internal thoracic artery should be salvaged; if injured, it 
is ligated. Th e right pleural cavity is left unopened. Th e 
supposed benefi t of lesser invasiveness remained, however, 
unproven in several randomized studies. Moreover, a certain 
discomfort of the smaller approach did not result in an 
increase of complications. Technical disadvantages are the 
potential diffi  culties with insertion of the venous cannula, 
limited de-airing of the heart, diffi  cult placement of the pa-
cing wires and pericardial drains, absence of a visual control 
of the heart fi lling and contractility during weaning from 
cardiopulmonary bypass, and the need for application of 
the external defi brillation electrodes; thus, the only benefi t 
consists of better cosmetic appearance (shorter incision) and 
impossibility of the postoperative sternal dehiscence [9–14]. 
Other less frequently used approaches are right-sided para-
sternal incision with transsection of the second, third, and 
fourth rib cartilage, and internal thoracic artery ligation, 
short right anterior thoracotomy, reversed Z-sternotomy, 
upper V-type ministernotomy, and the probably least used 
transverse sternotomy, necessitating ligation of both internal 
thoracic arteries [15–17].
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Fig. 5.10 Less-invasive approach for aortic valve replacement via upper 
hemisternotomy. Aortic cannula is inserted in the ascending aorta and 
venous cannula through the right atrial appendage into the inferior vena 
cava
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Aortic valve procedure is performed in a standardized 
manner regardless of the chosen approach. Th e arterial can-
nula of the cardiopulmonary bypass is inserted into the as-
cending aorta and the venous drainage is accomplished by 
means of a single “two-stage” cannula introduced via the 
right atrial appendage into the right atrium and the inferior 
vena cava. Th e same technique of cannulation is used in less 
invasive approaches or, alternatively, the vessels in the groin 
or the axillary artery may be used. Vent, a cannula for de-
airing, unburdening of the left ventricle, and suction of the 
blood from the operative fi eld, is introduced most frequently 
via the right superior pulmonary vein into the left ventricle. 
Alternatively, the vent may be placed via the pulmonary 
trunk or, occasionally, into the left ventricle through the 
aortic annulus and later through the implanted valve.

After aortic cross-clamping, the myocardial protec-
tion against ischemia is provided by the administration 
of a cold crystalloid or blood cardioplegia that leads to 
asystole and hypothermia of the myocardium. Th e supe-
riority of the blood cardioplegia over the crystalloid one 
has become widely accepted. At our unit we formerly used 
blood cardioplegia only for demanding, combined proce-
dures or in patients with severe left ventricular dysfunction. 
At present we use blood cardioplegia exclusively. Admi-
nistration of the cold cardioplegic solution is repeated in 
combined procedures in 20- to 30-min intervals or imme-
diately in case of reappearance of ECG activity. In cases of 
isolated aortic valve replacement with external cooling of 
the heart,  assumed there is no activity on ECG and aortic 
de-clamping will take place within 40 min, repeating of the 
cardioplegia is not necessary. Th e initial dose of 1000 ml 
of the cardioplegic solution is administered in the ascend-
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ing aorta and later a smaller amount is instilled directly 
into the coronary ostia. In extensive combined procedures 
we also use the technique of retrograde cardioplegia appli-
cation via the coronary sinus. Maintenance of constant 
myocardial hypothermia is facilitated by repeated rinsing 
of the heart by ice-cold saline solution. After excision of 
the aortic valve, the left ventricular cavity is washed out by 
the cold saline solution. Th is maneuver not only helps to 
maintain hypothermia in the subendocardial layer of the 
myocardium, which is most vulnerable to ischemia, but 
also washes out potentially present calcium debris after 
removal of the heavily calcifi ed valve.

Th e aortic valve is accessed through a transverse aorto-
tomy carried close above the sinotubular junction. Th e valve 
is excised, which may sometimes be diffi  cult when extensive 
and severely dystrophic calcifi cations grow into the aortic 
annulus (Fig. 5.11). A meticulous debridement and decal-
cifi cation of the annulus (Fig. 5.12) has to be performed 
followed sometimes by the removal of continuous calcium 
from the anterior mitral leafl et. A thorough decalcifi cation 
of the annulus is of utmost importance in prevention of the 
paravalvular leak, and in addition it creates a pliable annulus 
and thus enables implantation of a bigger valve. A careful 
inspection of the annulus and the area of coronary ostia is 
mandatory to exclude any mobile calcifi cations. Th en the 
size of the aortic orifi ce is measured by means of sizers spe-
cifi c for the concrete type of the valve prosthesis (Fig. 5.13). 
An eff ort is made to implant the biggest possible valve to 
avoid patient–prosthesis mismatch.

Th e stitches are anchored in the annulus and the sewing 
ring of the implanted prosthesis at a distance (Fig. 5.14). 
After insertion of all the stitches, the implanted  prosthesis 
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Fig. 5.11 Extensive calcifi cations in the area of commissure between right 
and non-coronary aortic cusp
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Fig. 5.12 Debridement and decalcination of aortic annulus after excision 
of stenotic aortic valve



Aortic Valve Surgery

127

Fig. 5.13 Sizing of the aortic annulus
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Fig. 5.14 Placement of sutures into the sewing ring of aortic prosthesis
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is run down along the stitches into the aortic annulus 
(Fig. 5.15). In the case of today’s most frequently implanted 
valve, St. Jude Medical, the sutures tied fi rst are those ad-
jacent to the pivot guards to secure their correct position 
inside the annulus. When all the sutures are tied, the un-
restricted mobility of the disc, or leafl ets of the mechanical 
valves, has to be controlled (Figs. 5.16, 5.17), and in case of 
any uncertainty the prosthesis has to be rotated to a better 
position. All the currently used models of the mechanical 
valves allow device rotation.

Th e technique for implantation of mechanical valves 
and that for stented bioprostheses (Fig. 5.18) is basically 
the same. It is based on fi xation of the valve sewing ring 
into the patient’s annulus. Th e fi xation can be achieved 
by means of various modifi cations of single or continu-
ous sutures. Isolated single stitches (Fig. 5.19a) and fi gure-
-of-eight stitches were used at our unit in the past. Th is 
technique enabled good intraannular implantation of the 
valve. Pledgeted stitches were introduced in mid-1980s, and 
since then we use almost exclusively mattress stitches with 
pledgets placed supraannulary (Fig. 5.19b) or subannulary 
(Fig. 5.19c), or continuous stitches (Fig. 5.19d). Th e use 
of continuous stitches is faster and cheaper. In the opinion 
of the present authors, these stitches are not optimal in 
poor-quality annulus due to the risk of cutting through, 
and also in cases of suboptimal exposure of the annulus 
because of diffi  cult control of proper tightening of all the 
loops. Continuous stitches do not enable the suprannular 
implantation currently off ered by modern bioprostheses 
since the implantation obtained with continuous stitches 
is intraannular (see Fig. 3.2a) or intra-supraannular (see 
Fig. 3.2b). Th e author prefers implantation of bioprostheses 
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Fig. 5.15 Aortic valve prosthesis after placement of all sutures before 
running down into the aortic annulus



Aortic Valve Surgery

131

Fig. 5.16 Control of free mobility of semilunar leafl ets of implanted bi-
leafl et valve Sorin–Bicarbon
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Fig. 5.17 Disc valve Medtronic–Hall implanted into aortic orifi ce: control 
of free mobility of the tilting disc
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Fig. 5.18 Bioprosthesis Sorin–Soprano implanted into aortic orifi ce
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Fig. 5.19 Basic techniques of valve suturing to the patient’s annulus. 
a Single interrupted suture. b Mattress suture with pledget placed supra-
annulary. c Mattress suture with pledget placed subannulary. d Conti-
nuous suture
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with mattress stitches with pledgets placed subannulary, 
which results in a true supraannular position of the biopros-
thesis (see Fig. 3.2c). For mechanical valves in large annuli 
we use mattress stitches with pledgets placed supraannulary. 
In a narrow aortic annulus the subannular placement of the 
pledgets facilitates the decision for a bigger valve in case the 
sewing ring enables this type of implantation. Great care 
has to be taken, however, to avoid impressing the annulus 
tissue into the valve orifi ce (reduction of the eff ective orifi ce 
area and also the risk of interference with the tilting disc). 
Globally, the choice of the fi xation technique depends on 
the expertise and personal preferences of a given surgeon.

Precise placement of the stitches in the sewing ring of 
the mechanical valve is very important as well as the precise 
length of the cut-off  threads after knotting to exclude the 
risk of their interposition with the closing mechanism of 
the valve.

Proper valve orientation is required in order to get op-
timal hemodynamic results (lowest gradient and minimal 
turbulence). Th e optimal valve orientation has to respect 
the asymmetric blood fl ow pattern through the aortic root, 
which curves into the 140–150o angle between the longi-
tudinal axis of the left ventricle and aorta so that the peak 
fl ow velocity and maximum fl ow output is directed toward 
the non-coronary sinus (Fig. 5.20). Th e lowest gradient on 
the mechanical tilting disc valve is obtained when the larger 
orifi ce of the valve is oriented toward the non-coronary si-
nus. In bileafl et valves the lowest gradient is obtained when 
the longitudinal gap between the semilunar discs is again 
oriented toward the non-coronary sinus [18, 19].

After valve implantation, the aortotomy is sutured with 
a continuous monofi lamentous stitch, usually in two  layers 
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Fig. 5.20 Correct orientation of mechanical disc and bileafl et valves in 
aortic position
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in the “over-and-over” manner or, alternatively, the fi rst 
layer with the everting continuous stitch and then the sec-
ond layer “over-and-over.” Th e presence of a fi rm aortic wall 
enables performance of the aortotomy suture in one layer 
only, whereas in the case of a “paper-like” weak wall it is 
advisable to reinforce the suture with several pledgeted mat-
tress stitches. After careful de-airing, the aortic cross-clamp 
is released. Th e onset of the heart rhythm is usually sponta-
neous; if ventricular fi brillation occurs, it is terminated by 
defi brillation. Temporary pacing wires are implanted during 
the reperfusion period.

5.2.3.2  Aortic Valve  Replacement with 
Enlargement of the Aortic Annulus

Narrow aortic annulus in patients with a large body-surface 
area disables implantation of a valve large enough (suffi  cient 
eff ective orifi ce area) to avoid patient–prosthesis mismatch. 
All the manufacturers of mechanical valves have developed 
specially modifi ed valve models suitable for this specifi c 
situation. Th e eff ective orifi ce area of these modifi ed valve 
types was increased through reduction and reshaping of the 
sewing ring (eventually also of the housing of the valve) 
without changing the mechanism of the valve. In biopros-
theses that generally display less favorable eff ective orifi ce 
area values compared with mechanical valves, the sewing 
rings were reshaped to fi t for suprannular implantation [20]. 
Th e stentless bioprostheses that do not have sewing ring 
and stent have larger eff ective orifi ce area than the stented 
bioprostheses. As a result of these new options (modifi ed 
mechanical valves, supraannulary implanted bioprostheses, 
and stentless bioprostheses) the necessity to enlarge the aor-
tic annulus occurs rarely [21–23].



138

Aortic Valve Surgery

A simple surgical technique enables implantation of disc 
prostheses 2–4 mm larger than the narrow aortic annulus. 
Th e prosthesis is sutured in the area corresponding to the 
non-coronary sinus in a supraannular position. Pledget ed 
horizontal mattress sutures are passed from outside through 
the aortic wall a  few millimeters above the annulus and 
through the sewing ring of the aortic valve prosthesis 
(Fig. 5.21) [24, 25]. It is important to orient the opening 
of the disc toward the non-coronary sinus.

In case the aortic annulus enlargement is inevitable, 
the procedure described by  Nicks et al. [26] in 1970 or 
by  Manouguian and Seybold-Epting [28] in 1979 may be 
used. If the narrow annulus is suspected already preop-
eratively based on echocardiography data correlated with 
the body-surface area and estimated physical activity of 
the patient, the aortotomy is carried obliquely into the 
non-coronary sinus. Once the unacceptable narrow an-
nulus is confi rmed, the incision is prolonged deep into 
the non-coronary sinus, cuts the aortic annulus, and stops 
at the base of the anterior mitral leafl et (Nicks procedure; 
Fig. 5.22) [26, 27]. Should even this enlargement be insuf-
fi cient, the incision can be carried farther across the fi brous 
mitral annulus into the anterior mitral leafl et. With the 
Manouguian technique the aortotomy is extended into 
the commissure between the left and non-coronary si-
nus and then into the anterior mitral leafl et (Fig. 5.23). 
A patch from the pericardium or vascular graft is sutured 
into the incision and the resulting enlargement of the an-
nulus makes the implantation of a one- to two-size-bigger 
valve feasible. Th e valve is sutured to the neoannulus in 
the patch area by mattress stitches with pledgets placed 
externally [28].
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Fig. 5.21 Partial supraannular valve implantation (in the area of non-
coronary sinus)
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Fig. 5.22 Enlargement of narrow aortic annulus. Red curve “neoannulus” 
in the non-coronary sinus. (According to Nicks et al. [26])
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Fig. 5.23 Enlargement of narrow aortic annulus according to Manou-
guian and Seybold-Epting [28]. Red curve “neoannulus” in the commissure 
between left and non-coronary sinus
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In 1997  Otaki et al. [29] described the bidirectional 
aortic annulus enlargement. Th e aortotomy has the shape of 
an inversed Y. One arm of the Y points to the non-coronary 
sinus and the other arm cuts the annulus in the commissure 
between the right and left aortic cusps and continues into 
the septal myocardium. A substantial annulus enlargement 
is obtained after implantation of a butterfl y-shaped patch 
from a Dacron (DuPont, Wilmington, Del.) graft [29].

Th e aortoventriculoplasty introduced by  Konno et al. 
in 1975 [30] is a demanding but unavoidable procedure in 
children with a tunnel fi bromuscular subaortic stenosis with 
a hypoplastic aortic annulus. Th e aortic annulus is enlarged 
by implantation of a patch into the incised ventricular sep-
tum and the other patch is required for the closure of the 
right ventricular incision [30].

5.2.3.3  Aortic Valve  Replacement with 
the Septal Myectomy

Concentric left ventricular hypertrophy in some patients 
with aortic stenosis leads to the echocardiography signs of 
hypertrophic obstructive cardiomyopathy. In these patients 
asymmetric septal hypertrophy is localized in the subaortic 
area. Th is small population of patients is jeopardized by the 
occurrence of functional dynamic left ventricular outfl ow 
tract obstruction once the aortic stenosis is relieved. Th e left 
ventricular outfl ow tract obstruction is caused by systolic an-
terior motion ( SAM), which is simultaneously also respon-
sible for hemodynamically signifi cant mitral regurgitation. 
 Relief of afterload (resolution of the aortic stenosis), decrease 
of preload (hypovolemia), and inotropic medication (cate-
cholamines) are three elementary factors contributing to 
the onset of this serious complication in selected patients. 
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 Treatment consists of rapid volume replenishment simulta-
neously with catecholamine withdrawal and administration 
of negative chronotropic and inotropic agents (beta blockers, 
calcium blockers). If no response appears, reoperation is 
necessary. Mitral valve replacement seems to be the safest 
strategy, or, alternatively, Alfi eri repair, provided the mitral 
annulus is large enough.

To avoid this rare but very serious complication,  septal 
myectomy according to  Morrow and Brockenbrough [31] 
is to be performed as an adjunct to aortic valve replace-
ment. Th is procedure should be undertaken in patients indi-
cated for aortic valve replacement in whom the preoperative 
echocardiography displays hypertrophic and hypercontrac-
tile left ventricle and a narrow left ventricular outfl ow tract 
resulting from asymmetric septal hypertrophy. After excision 
of the stenotic aortic valve and debridement of the annu-
lus, the septal myectomy is performed. Th e principle of the 
procedure is excision of myocardium from the hypertrophic 
subvalvular bulk (Figs. 5.24, 5.25). A rare but serious com-
plication of the septal myectomy is perforation of the ventri-
cular septum (surgeon has to be aware of the actual septum 
thickness) and also the risk of complete atrioventricular 
block. (Th e extent of incision in the rightward direction 
must not get beyond the midpoint of the right coronary 
cusp so that the bundle of His is not jeopardized.) On the 
other hand, insuffi  cient extent of the incision in both length 
and depth may lead to failure of the procedure.

5.2.3.4  Aortic Valve  Replacement with 
the Stentless Bioprosthesis

Aortic valve replacement with the stentless bioprosthesis dif-
fers technically from the use of a mechanical valve or stented 
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Fig. 5.24 Septal myectomy. Marked in green is the expected course of 
bundle of His. (According to Morrow and Brockenbrough [31])
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Fig. 5.25 Septal myectomy (operative view). (According to Morrow and 
Brockenbrough [31])



146

Aortic Valve Surgery

bioprosthesis. Stentless bioprosthesis does not have a stent 
or a sewing ring, and therefore its annulus is usually fi xated 
into the recipient’s annulus with single stitches or mattress 
stitches. After seating the valve inside the aortic annulus and 
tying the sutures, another suture line is performed to fi xate 
the scalloped commissures (Fig. 5.26). Th e design of some 
stentless bioprostheses (see Fig. 3.20) enables the surgeon to 
decide individually between the technique of root replace-
ment with subsequent reimplantation of the coronary ostia 
buttons or trimming the bioprosthesis for classic double-su-
ture-line “freehand” technique of implantation (Fig. 5.27).

5.2.3.5 Aortic Valve   Replacement with the Allograft
Aortic valve replacement with the allograft is performed 
either in subcoronary “ freehand” technique or as a  root re-
placement [32]. In the double-suture-line subcoronary im-
plantation technique the allograft annulus is sutured into the 
recipient’s annulus as a fi rst step. Th en the commissures of 
the allograft are symmetrically pulled into the recipient’s root 
by means of transaortic mattress stitches and the second su-
ture line is completed with a continuous stitch (Fig. 5.27). 
Th e fi rst (annular) suture line can also be completed with 
a continuous stitch. In such case three stitches are inserted 
in the nadirs of the allograft annulus. Th e allograft is pulled 
inside the recipient’s annulus, inverted into the left ventri-
cle, and subsequently sutured with a continuous stitch to 
the recipient’s annulus. After completion of this fi rst su-
ture line, the allograft is reinverted back into the aorta, the 
commissures are resuspended, and the second suture line is 
completed as described previously. Th is subcoronary double-
suture-line technique cannot be used if unsuitable morpho-
logy is present (asymmetric or dilated sinuses of Valsalva, 
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Fig. 5.26 Implantation of stentless bioprosthesis. Inset shows placement 
of sutures into the annulus of bioprosthesis
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Fig. 5.27 Subcoronary freehand implantation of allograft into aortic 
position
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dilated sinotubular junction, annulo-aortic ectasia, etc.). In 
these cases the technique of allograft implantation as a root 
replacement has to be chosen. Th e annulus implantation 
is identical to the previously described technique (isolated 
single sutures). Some authors recommend incorporation of 
a Tefl on ( DuPont, Wilmington, Del.) felt stripe into the su-
ture to prevent further annular dilation and to achieve better 
hemostasis. Subsequently, the buttons with coronary ostia are 
implanted into the allograft with a continuous monofi lamen-
tous stitch. Th e fi nal step is the distal anastomosis of the allo-
graft to the distal part of the ascending aorta (Fig. 5.28). Th e 
root replacement technique has generally been preferred in 
recent years, and not only in cases where its choice is forced 
by unsuitable morphology of the patient’s aortic root [33].

5.2.3.6  Aortic Valve  Replacement with Concomitant 
Surgery of the Ascending Aorta

Optimal decision making in mild to moderate poststenotic 
dilation of the ascending aorta (4.0–5.5 cm) with absent 
dilation of the sinuses of Valsalva and of the sinotubular 
junction remains controversial. Recommended strategies 
vary from isolated aortic valve replacement with subsequent 
echocardiography follow-up of the ascending aorta dimen-
sions to a radical solution: supracoronary replacement of 
the ascending aorta with a prosthetic graft. In between these 
treatment modalities there is the option to wrap up (girdle) 
the ascending aorta with the prosthetic-graft fabric or to 
perform reducing aortoplasty with concomitant girdling 
[34]. If the surgeon decides for the reducing aortoplasty, 
the approach to the aortic valve replacement is performed 
via a long longitudinal aortotomy that later enables the ac-
complishment of the aortoplasty.
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Fig. 5.28 Allograft implantation by technique of root replacement
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Th e isolated aortic valve replacement may be considered 
a proper treatment in patients with a large body-surface area 
and an aortic diameter of approximately 4 cm. Th e reducing 
aortoplasty and external girdling (Fig. 5.29) aim to reduce 
the aortic diameter to at least 4 cm [35–39]. Th e girdling 
prevents further progression of aortic dilation. Th e girdling 
itself is an acceptable solution in elderly and polymorbid 
patients as well as in patients with smaller aortic dilation. In 
case of a greater extent of aortic dilation, in younger patients 
and in the presence of local pathologies of the ascending 
aorta the supracoronary aortic replacement is a more proper 
therapeutic option (Figs. 5.30, 5.31).

Dilation of the sinuses of Valsalva and the sinotubular 
junction together with ascending aortic dilation is an in-
dication for the   Bentall procedure. Th is operation is origi-
nally indicated for aortic incompetence at the annulo-aortic 
ectasia (Fig. 5.53; see Sect. 5.3.1), but in the case of aortic 
stenosis with dilated sinotubular junction and dilated as-
cending aorta, it also is a treatment of choice [40].

Th e principle of the Bentall procedure is simultaneous 
aortic valve replacement together with replacement of the 
dilated ascending aorta. Th is is accomplished by the im-
plantation of a composite graft (conduit) that has a built-in 
valve prosthesis at its proximal end (Fig. 5.32). After aortic 
cross-clamping close to the origin of the brachiocephalic 
trunk, the aneurysmatic sac is open. Th e native aortic valve 
is excised and the composite graft is implanted with use of 
mattress pledgeted stitches (Fig. 5.33) or a continuous stitch. 
Th en the reimplantation of the coronary ostia in the graft 
follows, with use of a continuous stitch. Th e fi nal anasto-
mosis is the suture of the distal end of the graft with the 
end of the ascending aorta. Th e aneurysmatic sac is partially 
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Fig. 5.29 Girdling of dilated ascending aorta
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Fig. 5.30 Supracoronary replacement of dilated ascending aorta
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Fig. 5.31 Supracoronary aortic replacement for poststenotic aortic dilation
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Fig. 5.32 Valved composite graft. Modern types reproduce the geometry 
of sinuses of Valsalva (bottom)
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Fig. 5.33 Implantation of valved composite graft into aortic orifi ce with 
pledgeted mattress sutures
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resected to a proper size and then used for wrapping up 
the prosthetic graft (“ original Bentall technique”; Fig. 5.34) 
[41]. Th is maneuver (wrapping up) may be considered as 
a kind of protection against graft infection but formerly 
played an important role in achieving hemostasis in cir-
cumstances of diff use bleeding through the graft fabric or 
some minor inaccessible leaks. In case of persistent bleeding 
the accumulation of blood inside the closed sac may lead 
to increased pressure around the graft and coronary ostia. 
Th is situation can be resolved by creation of a  Cabrol shunt, 
which is a surgically instituted shunt between the aneurys-
matic sac and the right atrium. Th e shunt can be accom-
plished either by direct suturing of the right atrial appendage 
to the aneurysmatic sac or by interposition of the Gore-Tex 
(W.L. Gore and Associates, Elkton, Md.) or saphenous vein 
graft. Th is left-to-right shunt is only temporary, because after 
normalization of coagulation, the prosthetic blood leakage 
stops and the shunt thromboses within several hours.

In recent years the implantation technique of the coro-
nary ostia as isolated buttons into the prosthetic graft, with-
out wrapping up with the remnants of the aneurysmatic 
sac, has been preferred ( button technique; Fig. 5.35). Th e 
aneurysmatic sac is resected. Th is modern surgical technique 
was facilitated by the development of zero-porosity vascular 
grafts (impregnated with collagen or gelatin) and also em-
ployment of tissue glues.

Technical diffi  culties may arise during the Bentall pro-
cedure if the coronary ostia cannot be mobilized to reach 
the prosthetic graft (the ostia encased in fi rm adhesions at 
reoperation). In these situations connection can be accom-
plished by means of a vascular graft interposition.  Cabrol 
et al. [42] described the use of an arch-like connection of 
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Fig. 5.34 The Bentall procedure. Original technique with wrapping of 
the valved graft by the remnants of the aneurysmatic sac
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Fig. 5.35 Modifi cation of Bentall procedure: the “button technique”
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both coronary ostia with an 8-mm vascular graft, which is 
then connected side to side with the aortic prosthetic graft 
(Figs. 5.36, 5.37) [42]. If only one coronary ostium is too far 
from the composite graft, then the  Svensson [43] technique 
can be used. Th e interposed graft from the left coronary 
ostium has to follow a circumferential course before enter-
ing the composite graft; otherwise, there is the risk of graft 
cranking (Figs. 5.38, 5.39) [43].

5.2.3.7  Aortic Valve  Replacement with a Concomitant 
Myocardial Revascularization

In CABG concomitant with the aortic valve replacement 
the distal anastomoses are performed prior to valve implan-
tation. Th e rationale for such practice is the advantage of 
better myocardial protection since the cardioplegic solu-
tion can be administered via the newly created bypasses 
and thus reach the areas beyond the coronary stenoses and 
obliterations. Th e proximal anastomoses with the ascend-
ing aorta are performed after the release of aortic cross-
clamping during the reperfusion period. As a rule the left 
internal mammary artery is used for bypass grafting of the 
left anterior descending artery. Great care has to be taken in 
de-airing of the left heart cavities to avoid air embolization 
into newly created bypasses. Th e vein grafts that originate 
from the highest point of the ascending aorta are prone to 
trap the bubbles, which may result in myocardial ischemia 
of variable severity.

5.2.3.8  Aortic Valve  Replacement with 
Concomitant Mitral Valve Surgery

In cases of simultaneous mitral surgery and aortic valve re-
placement, the mitral procedure is performed fi rst followed 
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Fig. 5.36 Modifi cation of Bentall procedure with anastomosing the coro-
nary ostia. (According to Cabrol et al. [42])
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Fig. 5.37 Cabrol technique for anastomosing coronary ostia with the 
vascular graft (operative view). (According to Cabrol et al. [42])
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Fig. 5.38 Modifi cation of Bentall procedure with anastomosing the left 
coronary artery. (According to Svensson [43])
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Fig. 5.39 Svensson technique for anastomosing right coronary ostium 
with the vascular graft (operative view). (According to Svensson [43])
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by the aortic valve replacement. If mitral valve morphology 
is suitable for repair, excellent exposure of the anterior mitral 
leafl et and its chordae may be obtained through the aortic 
annulus after excision of the aortic valve; therefore, should 
the resection of the restrictive secondary chord be part of 
the planned mitral repair, it is advantageous to perform it 
easily and safely through the aortic annulus.

If the stenotic mitral valve is indicated for replacement, 
a good option is to cut the anterior mitral leafl et chordae 
at the junction with the papillary muscles again through 
the aortic annulus after excision of the aortic valve. Th e 
excellent exposure makes this step comfortable and safe, 
and the rest of the anterior leafl et excision can then be 
accomplished from the left atrium far more easily. After 
mitral valve replacement, it is advisable to repeat sizing 
of the aortic annulus since its size may be aff ected by the 
mitral surgery.

5.2.3.9  Aortic Valve  Replacement 
with a Pulmonary Autograft

Aortic valve replacement with a pulmonary autograft (the 
 Ross procedure) is a highly demanding operation, not only 
surgically but also due to the long duration of cardiopul-
monary bypass and aortic cross-clamping. Th e principle 
of the Ross procedure is replacement of the diseased aortic 
valve with a pulmonary autograft. Surgically the technique 
of root replacement has been preferred in recent years. Con-
tinuity of the right ventricle with the pulmonary trunk is 
reinstituted by means of a pulmonary allograft (Figs. 5.40, 
5.41). Indications and related controversies are discussed 
in Chap. 3.
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Fig. 5.40 Ross procedure: pulmonary autograft was dissected for im-
plantation into aortic position
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Fig. 5.41 Result of Ross procedure. Aortic root was replaced by pulmo-
nary autograft and continuity of the right ventricular outfl ow tract was 
restored by a pulmonary allograft



168

Aortic Valve Surgery

5.2.3.10   Transapical Aortic Valve Implantation 
(J. Harrer, J. Vojacek)

Th ere exists a population of patients who suff er from severe 
symptomatic aortic stenosis but their estimated operative 
risk is too high for a standard procedure of aortic valve 
replacement. Ranking of high risk is most often based on 
old age together with serious comorbidities (EuroSCORE 
higher than 20), reoperation with patent coronary grafts 
with other coexisting risk factors, porcelain aorta, etc.

Currently, these patients can be off ered an alternative 
treatment option, transcatheter aortic valve implantation 
(TAVI), via either the transfemoral or surgical transapical 
approach. Th e transapical approach is being chosen for 
those patients in whom the transfemoral approach is not 
amenable or perhaps uncertain and risky (e.g., small lumen 
of the femoral artery, tortuosity or atherosclerotic aortico-
-iliaco -femoral vessel disease, porcelain aorta). A novel endo-
-vascular approach for TAVI via a  left axillary artery was 
published recently. It may be an option in patients in whom 
neither the transfemoral nor transapical approaches are op-
timal [44]. Th e results of all techniques are almost identical, 
with slightly higher in-hospital mortality (8–17%) with the 
transapical approach counterbalanced by lower incidence of 
neurological embolic events [45–50]. Bioprosthesis Edwards 
Sapien is currently the only transcatheter valve on the  market 
developed for the transapical approach. It is a  balloon-
-expandable biological valve constructed from bovine peri-
cardium and mounted on a steel stent (Fig. 5.42). Currently, 
only sizes 23 mm (designed for aortic annulus 18–21 mm) 
and 26 mm (for annulus 22–24.5 mm) are available. An 
aortic annulus with a diameter larger than 25 mm is there-
fore at present a contraindication of the procedure. Other 
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Fig. 5.42 Bioprosthesis Edwards–Sapien designed for transapical aortic 
valve implantation
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contraindications are absence of calcifi cations in the aortic 
valve, bicuspid aortic valve, asymmetric gross calcifi cations, 
subvalvular aortic stenosis, hypertrophic obstructive cardio-
myopathy, thrombus in the left ventricle, and vegetations. 
Th e procedure is being performed in a hybrid operation 
theater under general anesthesia. Percutaneous insertion of 
femoral venous and arterial guide wires is advisable to fa-
cilitate femoral cannulation for cardiopulmonary bypass in 
case of emergency.

Th e surgical approach is the anterolateral minithora-
cotomy (6–10 cm) in the fi fth or sixth intercostal space 
(after echocardiography detection of position of the left ven-
tricular apex). Th e pericardium is opened and the epicardial 
pacing leads are implanted. Two apical purse-string sutures 
with Tefl on (DuPont, Wilmington, Del.) reinforcement are 
placed (Fig. 5.43). Th e left ventricular apex is punctured and 
a guide wire is passed across the stenotic aortic valve along 
with an introducer sheath (Fig. 5.44).

Th e balloon aortic valvuloplasty is then performed under 
rapid ventricular pacing. Th e biological valve is crimped 
upon the balloon catheter and under fl uoroscopic guidance 
is positioned within the aortic annulus. Precise placement 
of the valve is extremely important and is guided by valvu-
lar calcifi cations and the position of the pig-tail catheter 
introduced retrogradely into the sinus of Valsalva. Implan-
tation (deployment of the stent with biological valve) is 
performed by balloon infl ation during rapid ventricular 
stimulation. After balloon defl ation and discontinuation 
of the rapid pacing, the compressed valve cusps unfold. 
Good valve performance is confi rmed by angiography and 
echocardiography. Th e wires and sheath are then removed 
and purse-string sutures are tied.
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Fig. 5.43 Surgical approach to the left ventricular apex via minithora-
cotomy. Operative view of transapical valve implantation
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Occasional complications after transapical aortic valve 
implantation are calcium embolization, obstruction of coro-
nary ostia by calcifi cations, or even valve displacement. Th e 
occurrence of hemodynamically insignifi cant leaks is more 
frequent. Signifi cant leaks can be minimized by valve redila-
tion. In case of rare malfunction of the bioprosthetic cusp, 
a new valve can be implanted into the former one (valve 
in valve).

5.3  Aortic Regurgitation

 Aortic regurgitation is characterized by reverse fl ow from 
the aorta to the left ventricle during diastole. In pure or 
predominant regurgitation disease of the aortic valve, the 
left ventricle complies for a long time with the volume and 
pressure overload due to compensatory mechanisms. Th e 
pathological condition results in eccentric left ventricular 
dilation and hypertrophy with corresponding increase in di-
mensions and volume (both end-diastolic and end-systolic). 
Further progression of the valve disease, however, leads to 
the failure of compensatory mechanisms. Th e left ventricu-
lar end-systolic volume continues to increase without ac-
cordant changes of the already high end-diastolic volume. 
As a result, the left ventricular EF decreases, whereas the left 
ventricular end-diastolic pressure, left atrial pressure, and 
pulmonary pressure increase.  Clinical manifestations are fa-
tigue, ineffi  ciency, and dyspnea. Angina may also be present, 
caused by high demands of the hypertrophic myocardium 
in combination with coronary hypoperfusion from low aor-
tic diastolic pressure and high left ventricular end -diastolic 
pressure. Th e symptoms (shortness of breath, fatigue, an-
gina, palpitations) often appear very late and sometimes 
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when the systolic dysfunction is already irreversible; thus, 
aortic regurgitation is not called an insidious disease for no 
reason, because many patients stay asymptomatic with al-
ready severe left ventricular impairment. If only the onset of 
advanced clinical symptoms triggers the diagnostic process, 
confi rming poor EF and large left ventricular dimensions, 
the indication for surgery is a late one with high operative 
risk and dubious long-term results.

Operations for aortic regurgitation are less frequent than 
those for aortic stenosis, accounting for about 20% of all 
aortic valve operations.

5.3.1  Etiology of Aortic Regurgitation
Aortic regurgitation may be caused by isolated cusp involve-
ment, dilation of the aortic annulus, the sinuses of Valsalva, 
the sinotubular junction, or a combination of two or more 
coinciding pathological factors.

Pathological changes of the aortic cusps causing valve 
regurgitation may be congenital (a unicuspid or more fre-
quently a bicuspid aortic valve) or acquired. Infective endo-
carditis is the frequent cause of acquired valve regurgitation, 
either in its active phase (Figs. 5.45–5.47) or after healing of 
the infection (Fig. 5.48). Other etiological causes are rheu-
matic or degenerative sclerotic calcifi ed (Fig. 5.49) involve-
ment of the cusps leading predominantly to their retraction. 
A prolapse of one or more cusps may occur (Fig. 5.50) as 
well as damage to the cusps from turbulent blood fl ow in 
subvalvular aortic stenosis (see Fig. 5.9). Aortic regurgita-
tion occurs occasionally in rheumatoid arthritis, ankylosing 
spondylitis, systemic lupus erythematosus, and Takayasu’s 
disease (Fig. 5.51). In childhood aortic regurgitation may 
also result from an isolated right-cusp prolapse caused by 
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Fig. 5.45 Infective endocarditis of aortic valve with vegetations
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Fig. 5.46 Infective endocarditis of aortic valve with the defect in the 
non-coronary cusp
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Fig. 5.47 Explanted bicuspid aortic valve with active endocarditis
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Fig. 5.48 Aortic cusp with a large defect after healing of infective endo-
carditis
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Fig. 5.49 Aortic valve turned into a ring of calcifi cations. Combined aortic 
valve disease with severe regurgitation
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Fig. 5.50 Prolapse of thickened aortic cusps
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Fig. 5.51 Takayasu disease of aortic valve and ascending aorta
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the loss of morphological support due to the subaortic ven-
tricular septal defect (Fig. 5.52).

Dilation of the aortic annulus leading to the central re-
gurgitation is often accompanied by dilation of the sinuses 
of Valsalva and of the sinotubular junction, thus forming 
the clinical entity of annulo-aortic ectasia (Figs. 5.53, 5.54). 
Th is global involvement of the aortic root may result from 
long-term hypertension and aortic-wall atherosclerosis, and 
is a typical cardiovascular manifestation of Marfan and Eh-
lers-Danlos syndromes.

Acute aortic regurgitation is most frequently caused by 
infective endocarditis during the course of which a cusp per-
foration or destruction develops (Figs. 5.45–5.47). Another 
cause of acute aortic regurgitation is aortic dissection type A. 
In this pathological condition the retrogradely spreading 
false lumen tears off  the aortic valve commissure that pro-
lapses with the adjacent cusps into the left ventricle. Acute 
aortic regurgitation may occur occasionally due to traumatic 
tearing off  of the valve cusp.

5.3.2  Indications for Surgery
Aortic regurgitation is an insidious valve disease because even 
asymptomatic patients may already have severe aortic regur-
gitation and advanced left ventricular dysfunction. Indica-
tion therefore has to diff erentiate between symptomatic and 
asymptomatic patients. Symptomatic patients with severe 
aortic regurgitation are defi nitely indicated for surgery [3, 4].

Th e criteria for severe aortic regurgitation are as follows:

1. Regurgitation volume >60 ml/contraction
2. Regurgitation fraction >50%
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Fig. 5.52 Prolapse of the right aortic cusp in subaortic ventricular septal 
defect
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Fig. 5.53 Annulo-aortic ectasia
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Fig. 5.54 Pathophysiological impacts of annulo-aortic ectasia. a Aortic 
regurgitation, b acute dissection type A, c aortic rupture
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3. Regurgitation orifi ce area >0.3 cm2

4. Vena contracta >6 mm
5. Holodiastolic reverse fl ow in the descending aorta
6. Undelayed equivalent contrast opacifi cation of the left 

ventricle at aortography [3, 4]

Asymptomatic patients with severe aortic regurgita-
tion are also indicated for surgery provided their EF is 
<50% and/or at the left ventricular end-diastolic dimension 
(LVEDD) >75 mm and the left ventricular end-systolic 
dimension (LVESD) >55 mm [3]. Constant improvement 
of operative results and, simultaneously, the evidence of 
unsatisfactory long-term results of operation in patients 
with already grossly enlarged left ventricle have infl uenced 
the decision making in the way the cut-off  value for indica-
tion for surgery has been lowered recently to an LVEDD 
of 70 mm and an LVESD of 50 mm [4].

Simultaneous surgical procedure at the ascending aorta 
during aortic valve operation is generally indicated if the 
diameter of the ascending aorta reaches 50–55 mm. In bi-
cuspid aortic valve and Marfan syndrome the operation is 
already indicated if the aortic diameter exceeds 45–50 mm 
[3, 4, 51, 52]. Th e indexed parameters should again be 
used, preferably with the cut-off  value of 25 mm/m2 for the 
patients with Marfan syndrome or bicuspid aortic valve.

5.3.3   Valve-Sparing Procedures 
in Aortic Regurgitation

Aortic valve replacement was formerly the treatment of 
choice for aortic regurgitation, except for acute aortic regur-
gitation in aortic dissection. In such cases of acute dissection 
the detached commissure can be sutured back to the aortic 
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wall, and thus the competence of the valve can be restored 
without having to replace it (Fig. 5.55). In recent years, how-
ever, a growing body of knowledge has been accumulated 
concerning successful aortic valve repair in some types of 
aortic regurgitation. Aortic valve-sparing operations have 
become a challenging fi eld for cardiac surgeons. Aortic valve 
repairs are off ered preferably to younger patients in whom 
they enable avoidance of risks related to mechanical valve and 
long-term anticoagulation therapy. Choice of optimal surgi-
cal strategy in aortic regurgitation may sometimes be diffi  cult. 
A decision has to be made between established and elaborate 
procedures with low operative risk and known good long-
term results, and, if the operative fi ndings allow it, a valve 
repair with rather uncertain early and long-term results.

Valve-sparing procedures are appropriate not only in 
patients with aortic regurgitation caused by isolated in-
volvement of one or more cusps (prolapse, retraction, per-
foration), but also in regurgitation from annular dilation 
or whole aortic-root dilation provided there is little or no 
morphological damage evident at the cusps.

Some types of functional classifi cations of aortic regur-
gitations have already been suggested based on mechanism 
and pathophysiology of regurgitation.  Lansac et al. [53] 
diff erentiate between two types: Type I has typical central 
regurgitation due to annular dilation, dilation of the sinotu-
bular junction or of the whole aortic root, and annulo-aortic 
ectasia. Type II is characterized by eccentric regurgitation 
caused by cusp pathology (prolapse, retraction, tear, or per-
foration) [53].  El Khoury et al. [54] divide aortic regurgi-
tation into three types: (a) type I (normal aortic cusps), in 
which the regurgitation is caused by dilation of functional 
aortic annulus (resembles type I according to Lansac et al. 



Aortic Valve Surgery

188

Fig. 5.55 Valve-sparing management of acute aortic regurgitation in 
acute dissection type A: fi xation of commissures and gluing together of 
the dissected aortic wall layers by a tissue glue
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[53]); (b) type II, featured by cusp prolapse due to tissue 
redundancy or a rare cusp tear-off  in the commissure; and 
(c) type III, characterized by thickening and retraction of 
the cusps leading to the aortic regurgitation [54].

In cases of pure annular dilation, the surgical techniques 
are focused on its shortening.  Circular aortic annuloplasty 
(Fig. 5.56) may be employed or, alternatively, only triangu-
lar subcommissural areas may be shortened by application 
of horizontal pledgeted mattress sutures ( subcommissural 
annuloplasty; Fig. 5.57) [55–58].

If one cusp prolapses into the ventricle, the valve may 
also be spared and its good coaptation achieved with   Trusler 
repair (Fig.  5.58) or with central plication (Fig.  5.59). 
 Another option is  triangular resection of the prolapsing 
aortic cusp (Figs. 5.60, 5.61) [55, 56]. A simple maneuver 
with  Frater’s stitch (Fig. 5.62) helps to assess which cusp is 
redundant and prolapsing. Th is stitch is passed through the 
midpoints of all three cusps (areas of noduli of Arantzius), 
and when it is pulled, the cusp portion that is redundant 
becomes clearly visible.

In prolapse of the anterior cusp of a bicuspid aortic 
valve, either triangular resection or  central cusp plication 
may be performed with, in cases of wider aortic annulus, 
the adjunct of commissural annuloplasty. Should the raphe 
already be calcifi ed, its excision is necessary (as a part of tri-
angular resection) [56]. Cusp prolapse can also be repaired 
(shortened) by  free margin reinforcement with “over-and-
-over” 7/0 polytetrafl uoroethylene stitch, tied outside of the 
aorta (Figs. 5.63, 5.64) [57–59]. Th is procedure, however, 
is not suitable for a “paper-like” cusp due to the risk of 
small fenestrations. (Th e stitch has to be passed through 
the thickened edge.)
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Fig. 5.56 Circular aortic annuloplasty (reduction of total circumference 
of dilated aortic annulus)



Aortic Valve Surgery

191

Fig. 5.57 Subcommissural annuloplasty (shortening of annulus in the 
areas of subcommissural triangles only)
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Fig. 5.58 Trusler repair (shortening of prolapsing aortic cusp by its plica-
tion at the commissure)
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Fig. 5.59 Shortening of prolapsing aortic cusp by its central plication
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Fig. 5.60 Shortening of prolapsing aortic cusp by triangular resection
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Fig. 5.61 Triangular resection of prolapsing aortic cusp (operative view)
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Fig. 5.62 Placement of Frater stitch facilitates analysis of prolapsing cusp 
and estimation of redundant length of its edge
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Fig. 5.63 Reduction of prolapsing aortic cusp edge by its plication with 
two running sutures
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Fig. 5.64 Complex surgical restoration of aortic competence: resection 
of raphe; subcomissural annuloplasty; and polytetrafl uoroethylene rein-
forcement of cusp edges
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If peroperative transesophageal echocardiography confi rms 
a residual cusp prolapse with second-degree regurgitation, 
a correction has to be made or the valve has to be replaced; 
otherwise, progression of the prolapse and worsening of re-
gurgitation will follow, thus necessitating an early reoperation.

If the leafl ets do not coapt because of lack of tissue or 
restricted motion, pericardial patch augmentation of the 
leafl ets can be performed to increase coaptation surface 
(Fig. 5.65). Th e  extension of aortic leafl ets with glutaralde-
hyde-fi xated autopericardium is a technically demanding 
procedure that is not popular among surgeons for fear of 
danger of patch dehiscence and late leafl et shrinkage, retrac-
tion, and calcifi cation [60–63].

Isolated dilation of the sinotubular junction results in 
displacement of the commissures with loss of central cusp 
coaptation. Aortic valve competence can be restored by  su-
pracommissural replacement of the ascending aorta with 
prosthesis (see Figs. 5.30, 5.31).

If aortic regurgitation morphologically results from di-
lation of annulus, sinuses of Valsalva, and sinotubular junc-
tion, the clinical entity is defi ned as annulo-aortic ectasia. 
Once the aortic regurgitation and/or the dimensions of the 
ascending aorta meet the indicated criteria for operation, 
the classic treatment still remains the Bentall procedure 
(see Sect. 5.2.3.6). In case the aortic cusps are morphologi-
cally intact, the option of a valve-sparing procedure (aortic 
valve reimplantation according to  David and Feindel [64]) 
may be considered (Figs. 5.66, 5.67) [65–69]. Th is pro-
cedure may also be chosen in suitable patients with acute 
aortic dissection type A. Th e aortic regurgitation caused 
predominantly by dilation of the sinuses of Valsalva and 
of the  sinotubular junction with otherwise normal aortic 
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Fig. 5.65 Aortic leafl et extension by autologous pericardium fi xated by 
glutaraldehyde
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Fig. 5.66 Reimplantation of the aortic valve. (According to David and 
Feindel [64]). The aortic valve and both coronary ostia are dissected and 
prepared for reimplantation into the vascular graft
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Fig. 5.67 Aortic valve reimplantation. (According to David and Feindel 
[64]). The aortic valve and both but tons with coronary ostia are implanted 
into the vascular graft
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Fig. 5.68 Remodelation of the aortic root. Dilated aortic sinuses and sino-
tubular junction are replaced by a vascular graft. Buttons with coronary os-
tia are reimplanted into the vascular graft. (According to Yacoub et al. [70])
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Fig. 5.69 Remodelation of the aortic root (operative view). (According 
to Yacoub et al. [70])
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annulus may be treated by remodeling of the aortic root 
(according to  Yacoub et al. [70]; see Figs. 5.68, 5.69) [65, 
66, 71]. Despite various modifi cations of the aortic root 
remodelation technique aimed at prevention of further 
progression of annular dilation, the reimplantation proce-
dure has been preferred to remodelation because of its safer 
long-term results. According to the multicenter analysis of 
31 remodelation and reimplantation patient cohorts, the 
need for demanding reoperation can be expected in 9% 
of these patients within the fi rst 5 years after surgery [65]. 
Studies over the coming years will determine whether, in 
the long-term, the need for reoperation will display a steep 
or constant increase, or a tendency to diminish.
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6 Mitral Valve Surgery

6.1 Introduction

Closed-heart mitral commissurotomies followed later by 
open-heart commissurotomies and mitral valve replace-
ments were the most frequent valve procedures from the 
1950s to the 1970s. Aortic valve surgery gradually has 
become the more frequent procedure and the number of 
mitral procedures has slowly decreased. Presently, operation 
for a rheumatic mitral stenosis is relatively rare. Th e reason 
is that rheumatic mitral stenosis is becoming very rare in de-
veloped countries, and when it does occur, the patients who 
were formerly candidates for surgical commissurotomy are 
now treated by percutaneous balloon valvuloplasty. Only 
the relatively few patients who do not meet the echocardio-
graphic criteria for percutaneous intervention, because of 
heavy calcifi cations and/or coexistent mitral incompetence, 
are indicated for surgical treatment. Nevertheless, mitral 
valve surgery has been constantly developing, due mainly 
to the increasing number of patients who need surgical 
treatment for a signifi cant mitral regurgitation. Th e  etiology 
of mitral regurgitation is predominantly degenerative or 
ischemic, and the majority of these valves are eligible for 
repair.

Mitral valve surgery is often associated with tricuspid 
valve repair (in cases of tricuspidalized mitral valve dis-
ease), coronary artery bypass grafting (ischemic mitral 
incompetence), and radiofrequency or cryosurgical maze 
procedure for paroxysmal, persistent, or permanent atrial 
fi brillation.

© Springer-Verlag Berlin Heidelberg 2010 

J. Dominik and P. Zacek, Heart Valve Surgery: An Illustrated Guide, 
DOI 10.1007/978-3-642-12206-4_6, 



215

Mitral Valve Surgery

6.2  Surgical Approaches to the Mitral Valve

Several surgical approaches to the mitral valve exist. After 
analysis of a given clinical situation, the surgeon chooses the 
approach that will ensure perfect exposure of the surgical fi eld 
and optimal conditions for performing the planned proce-
dure. Th is is even more important in complex mitral repairs.

Closed mitral commissurolyses and commissurotomies 
were accomplished via left-sided thoracotomy through the 
fourth intercostal space. In cases of a rare reoperation by 
closed-heart technique, right-sided thoracotomy was the 
chosen approach.

Open-heart surgery on the mitral valve (with use of 
cardiopulmonary bypass) is most frequently performed via 
median sternotomy.

Th e previously often-employed extensive right anterola-
teral thoracotomy is currently seldom performed. A short 
right-sided thoracotomy through the fourth intercostal 
space is, however, the preferred approach for minimally 
invasive mitral valve surgery [1–3].

Right-sided anterolateral thoracotomy can be advanta-
geous in repeated reoperations in order to avoid the risk of 
right ventricle injury. Right- or left-sided thoracotomy may 
also be benefi cial in reoperations with previously performed 
left internal mammary artery bypass for coronary revasculari-
zation. In such cases the procedure is best accomplished with-
out aortic cross-clamping on a beating heart [4, 5]. Th e ad-
vantages are the avoidance of resternotomy and potential risk 
of injury to the right ventricle, avoidance of time-consuming 
and risky dissection of the patent mammaro-coronary graft, 
and maintenance of normal coronary perfusion (coronary 
arteries and grafts). Prior to this strategy, aortic incompetence 
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has to be ruled out. Th e arterial cannula is introduced via the 
groin into the femoral artery and the venous return is secured 
with use of vacuum-assisted drainage by a long venous can-
nula reaching from the femoral vein up to the right atrium. 
If a right-sided approach was chosen, the venous drainage 
can be accomplished by two venous cannulae introduced 
through the right atrium. To avoid systemic air emboliza-
tion, it is mandatory to keep the mitral valve open for the 
entire intracardiac surgery and to maintain continuous suc-
tion from the left ventricle. In addition to these measures 
a CO2 gaseous atmosphere is replenished intrathoracically 
throughout the whole period of the open left atrium.

Similarly, mitral valve procedures may be carried out via 
a shorter right-sided thoracotomy through the fourth inter-
costal space on a perfused and fi brillating heart (without aor-
tic cross-clamping). Cardiopulmonary bypass is instituted 
via femoral vessels. Some cardiosurgical units do employ 
this unusual technique, not only in reoperations but also 
in primary cardiac procedures, with excellent results [6, 7].

Among other less invasive surgical approaches, short 
right parasternal incision, limited lower sternotomy, port-
access technology, or robotic surgery could be employed for 
mitral valve surgery, although they have not gained much 
popularity, except for in a few institutions [8, 9].

Th e exposure of the mitral valve itself (after median ster-
notomy in the majority of cases) is obtained most frequently 
by a longitudinal left atrial incision (Fig. 6.1). Deep dissec-
tion of the interatrial groove enables to carry the incision 
deeper and centrally, and thus to achieve a more direct view 
into the left atrium. Another maneuver to improve the ex-
posure is the liberation of the superior and inferior venae 
cavae at the area of pericardial refl ection as suggested by 
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Fig. 6.1 Approach to the mitral valve via longitudinal left atriotomy 
(through the dissected interatrial groove in a Sondergaard’s plane)
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Pifarre et al. [10]. Mobilization of the venae cavae facilitates 
greater ventral shift of the right atrium, and also extension 
of the left atrial incision beneath these veins is in this way 
possible. Having exploited the potential of all these maneu-
vers, this standard approach is suffi  cient even for complex 
mitral repairs.

Th e transseptal approach (through the right atrium and 
the interatrial septum) is the second most frequently used 
approach (Fig. 6.2). It is preferred in patients in whom si-
multaneous mitral and tricuspid valve procedure is planned. 
It is also advantageous in mitral valve reoperations (to avoid 
fi rm adhesions after the previous left atrial approach) and 
in patients with small left atrium, hypertrophic left ven-
tricle, and deep thorax. Th e right atrium is incised lon-
gitudinally and the same longitudinal incision is carried 
into the interatrial septum. Th is allows a convenient mitral 
valve replacement or an uncomplicated mitral annuloplasty 
ring implantation. If a more complex mitral valve repair is 
planned, extension of the incision into the roof of the left 
atrium is advisable. Th is extended vertical septal approach 
(Fig. 6.3) according to Guiraudon et al. [12] enables supe-
rior exposure of the mitral valve without harmful stress or 
distortion of the valve [11–14]. Sinoatrial node dysfunction 
is extremely rare, even in cases of transsection of the sinus 
node artery arising from the right coronary artery [15–17]. 
Safe use of this excellent approach should be preceded by 
coronarography analysis: a dominant blood supply of the 
sinus node by the left sinus node artery originating from 
the circumfl ex artery (laterally via the left atrial roof ) is 
a favorable condition, whereas a solitary blood supply by 
a large right-sided sinus node artery is discouraging due to 
the fear of sinus node injury.
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Fig. 6.2 Transseptal approach to the mitral valve (through the right 
atrium and the interatrial septum)
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Fig. 6.3 Transseptal approach to the mitral valve (interatrial septal incision 
is extended into the roof of the left atrium). (According to Guiraudon [12])
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Other approaches to the mitral valve have been reported 
but are employed less frequently. Dubost et al. described 
transverse incision of the right atrium and corresponding 
transverse incision into the interatrial septum extended far 
laterally between the right-sided pulmonary veins [18, 19]. 
We adopted a modifi cation of this approach: instead of the 
lateral extension, we curve the septal incision in hockey-
stick shape into the conventional upper-left atrial incision. 
Combination of these two principles follows the rules of 
surgical economy and simultaneously off ers a geometrically 
straighter view of the mitral valve (Fig. 6.4) [20].

Th e superior approach reported by Meyer et al. is accom-
plished by a transverse incision into the left atrial roof after the 
ascending aorta has been pulled to the left and the superior 
vena cava to the right [21–24]. Carmichael et al. described 
mitral valve replacement via aortotomy through the aortic 
annulus in simultaneous aortic and mitral valve replacement 
[25]. In the case of the left ventricular aneurysmectomy, the 
mitral valve can also be replaced through the ventriculotomy.

6.3 Mitral Stenosis

 Etiology of mitral stenosis is almost exclusively rheumatic. 
Rheumatic disease results in fi brous thickening of the mitral 
leafl ets followed later by heavy calcifi cation. Th e commis-
sures are typically fused. Th e chordae are thickened and 
sometimes shortened to such a degree that thickened calci-
fi ed mitral leafl ets are attached directly to the papillary mus-
cles (Figs. 6.5, 6.6). Development of this pathomorphology 
ends up in a narrow mitral orifi ce causing transmitral pres-
sure gradient. Elevated left atrial pressure leads to left atrial 
dilation, gradually increasing  pulmonary hypertension, and 



Mitral Valve Surgery

222

Fig. 6.4 Hockey-stick biatrial approach to the mitral valve. (According 
to Zacek et al. [20])
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Fig. 6.5 Mitral valve is heavily calcifi ed due to rheumatic mitral stenosis
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Fig. 6.6 Infective endocarditis at calcifi ed rheumatic mitral stenosis
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in the advanced stage onset of atrial fi brillation. Th rom-
bus formation may occur in the dilated and fi brillating left 
atrium unless the patient is not eff ectively anticoagulated 
(Fig. 6.7). Th e systolic left ventricular function remains 
 generally unaltered except for patients with history of heavy 
rheumatic pancarditis. Severe mitral stenosis is characterized 
by congestive left heart failure together with signs of low 
cardiac output.  Clinical manifestation is worsening dyspnea 
and fatigue.

6.3.1  Indications for Surgery
Surgical treatment of mitral stenosis is indicated in those 
symptomatic patients whose mitral valve does not meet 
echocardiographic criteria for percutaneous transluminal 
balloon valvuloplasty (due to excessive calcifi cation, com-
missural calcifi cation, concomitant mitral regurgitation, 
or presence of thrombi in the left atrium). Severely symp-
tomatic patients in New York Heart Association (NYHA) 
stage-III and stage-IV classifi cation are indicated for sur-
gery if their mitral valve area (MVA) is less than 1.5 cm2 
(<0.8  cm2/m2) and their diastolic gradient greater than 
8 mmHg. Less symptomatic patients (NYHA stage II) are 
indicated only if their MVA is less than 1 cm2 or if their 
systolic pulmonary pressure (PAP) is greater than 50 mmHg 
at rest or greater than 60 mmHg during exercise. Onset of 
atrial fi brillation and/or thrombi in the left atrium speeds 
up indication for operation [26, 27].

6.3.2  Closed Mitral Commissurotomy
Closed mitral commissurotomy is no longer performed in 
developed countries. Newly diagnosed patients with mitral 
valve morphology suitable for this procedure are treated 
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Fig. 6.7 Thrombi from the left atrium and rheumatic stenotic mitral valve 
(stenotic orifi ce, fused commissures, fi brous thickening of the leafl ets 
with calcifi cations)
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by percutaneous transluminal mitral balloon valvuloplasty. 
Th ose who do not meet echocardiographic criteria for per-
cutaneous procedure are indicated for open-heart mitral 
surgery. Th eir mitral valve, however, is usually so severely 
diseased that replacement is the only option. For this reason 
open mitral commissurotomies are extremely rare.

Closed mitral commissurotomy is accomplished via left 
thoracotomy through the fourth intercostal space. After lon-
gitudinal pericardiotomy in front of the phrenic nerve, the 
left atrial appendage is encircled by a purse-string suture (in 
cases of narrow tubular appendage, the free left atrial wall is 
chosen). Th e surgeon then introduces his forefi nger through 
the appendage into the left atrium and by application of 
pressure performs digital commissurolysis (Fig. 6.8). If the 
fused commissures cannot be detached by digital pressure 
(commissurolysis), a Dogliotti’s ring on the fi nger has to 
be used for cutting the fused commissures (commissuro-
tomy). Alternatively, some centers used the Dubost dilator 
introduced through the left atrial appendage into the mitral 
valve), or, more often, Tubbs dilator, which was introduced 
through the left ventricular apex into the mitral valve and 
its position was controlled against the surgeon’s forefi nger 
inserted through the left atrial appendage [28].

Results of the closed mitral commissurotomies were 
good. In-hospital mortality in large cohorts ranged between 
0 and 3%. Incidence of mitral restenosis requiring reope-
ra tion within 10 years postoperatively was reported to be 
20–30% [29, 30].

6.3.3  Open Mitral Commissurotomy
Only upon direct analysis of the mitral valve on opened and 
arrested heart does the surgeon decide whether the valve 
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Fig. 6.8 Closed-heart digital mitral commissurolysis
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can be salvaged by performing mitral commissurotomy 
(Fig. 6.9), or the advanced pathomorphology dictates valve 
replacement. When commissurotomy is attempted, the in-
cision has to be carried across the fused commissure and 
stopped 2 mm before reaching the annulus. In addition, 
also the fused chordae usually have to be dissected down to 
the papillary muscles. Th is improves the leafl ets’ mobility by 
diminishing the degree of their retraction (Fig. 6.10) [31].

6.3.4  Mitral Valve Replacement
Th e approaches to the mitral valve have already been de-
scribed. Mitral valve replacement is optimally started by 
a short incision at the base of the anterior mitral leafl et at 
the 12 o’clock position (from surgeon’s view; Fig. 6.11). It 
is advisable to place immediately a pledgeted mattress stitch 
into the mitral annulus at the point of incision. Th is stitch 
helps to pull the annulus into the operative fi eld. Th e whole 
anterior leafl et is then circumcised as far as the commissures 
(Fig. 6.12) and its chordae are divided at the tip of the papil-
lary muscles. Th e posterior mitral leafl et should be left in, 
as recommended by  Lillehei in 1964 [32]. Preservation of 
ventriculo-annular continuity through the retained leafl et, 
its chordae, and the papillary muscles is benefi cial for main-
tenance of original left ventricular geometry. It helps to pre-
vent acute left ventricular dilation, which may occur namely 
in severely impaired left ventricles after complete mitral 
valve excision and longer ischemic heart arrest. Decrease of 
left ventricular ejection fraction after mitral valve excision 
is also less should the posterior mitral leafl et be preserved. 
Th is strategy is recommended in mitral stenosis whenever 
the morphology of the valve allows it. It is, however, even 
more important in mitral regurgitation unsuitable for repair 
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Fig. 6.9 Rheumatic mitral stenosis with fused commissures
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Fig. 6.10 Open-heart mitral commissurotomy
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Fig. 6.11 Beginning of anterior mitral leafl et excision



Mitral Valve Surgery

233

Fig. 6.12 Excision of the anterior leafl et. Chordae leading to the posterior 
leafl et are preserved
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with a dilated, severely impaired left ventricle. Preservation 
of the posterior leafl et also reduces the risk of a rare but 
mostly fatal left ventricular rupture [33, 34]. In order to 
prevent left ventricular dilation and to maximize the protec-
tion of ventricular architecture, also the part of the anterior 
mitral leafl et with its chordae can be preserved (Fig. 6.13). 
A variety of other techniques and modifi cations have been 
described focused on partial anterior leafl et preservation, for 
example, fi xation of the annulus to the papillary muscles by 
artifi cial chordae [35–40].

Th e mechanical valve or bioprosthesis is fi xated to the 
mitral annulus most safely by pledgeted mattress stitches 
(Figs. 6.14–6.16). In cases of well-accessible fi rm-tissue an-
nulus, a continuous stitch may be used for valve implanta-
tion. Th is technique is somewhat faster. Bileafl et heart valve 
should be positioned antianatomically in order to achieve 
optimal hemodynamics. Th e slit between the two leafl ets 
should be orientated perpendicular to the original zone 
of coaptation of the anterior and posterior mitral leafl ets 
(Fig. 6.15).

 Patient–prosthesis mismatch may exist also in mitral 
valve replacement. Mild mismatch occurs if the indexed 
eff ective orifi ce area is within the range of 0.9 to 1.2 cm2/m2 
and severe mismatch is defi ned by an eff ective orifi ce area 
index of less than 0.9 cm2/m2. Severe patient–prosthesis 
mismatch results in higher operative mortality, worse long-
term outcome, and lesser decrease of pulmonary hyperten-
sion [41, 42]. Th e eff ort to implant a valve that is large 
enough is justifi ed in small mitral annuli (rheumatic mitral 
stenosis with small left ventricle). On the other hand, in very 
large mitral annuli (mitral incompetence) the implantation 
of a valve bigger than 31 mm is useless. A mild undersizing 
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Fig. 6.13 Partial preservation of the anterior leafl et and its fi xation in 
the area of commissures together with preservation of posterior leafl et
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Fig. 6.14 Placement of mattress sutures into the mitral annulus with 
pledgets on supraannular side
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Fig. 6.15 St. Jude Medical valve seated in the mitral annulus in antiana-
tomical orientation before tying of the sutures
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Fig. 6.16 Bioprosthesis St. Jude Medical Epic implanted into the mitral 
position
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is reasonable and prevents the risk of disc collision with the 
myocardium in case of postoperative decrease of the left ven-
tricular diameter. A proper placement of the stitches in the 
mitral annulus is very important at mitral valve replacement. 
Th e stitch must pass through the annulus only or through 
the narrow junction of the annulus and myocardium. Th e 
stitch must never pass through the myocardium. If the stitch 
grossly bites the myocardium, it will cut through the fragile 
myocardium during the tying (Fig. 6.17). Such a lesion may 
lead to intramyocardial hematoma or subepicardial hemato-
ma in the atrioventricular groove, which will subsequently 
perforate in the course of operation or soon after operation. 
Th is is one of the causal mechanisms of the most feared 
complication of mitral valve replacement:  left ventricular 
rupture [43–45]. Another cause of left ventricular rupture 
is an overly radical – and left untreated – excision of the 
calcifi cations that grow into the annulus and the myocar-
dium [43, 46, 47]. Excessive annular calcifi cations at the 
base of the posterior leafl et (Fig. 6.18) can be widely excised 
and the area reinforced by suture with use of a pericardial 
patch or pledgeted stitches [48, 49]. In the opinion of the 
present authors, this procedure is too risky, and instead of 
it, a safer, faster, and easier implantation of the valve into 
the posterior mitral leafl et should be preferred, with leav-
ing the calcifi cations in situ (Fig. 6.19). Besides these two 
elementary reasons for left ventricular rupture in the area 
of the atrioventricular groove (type-I rupture), an occur-
rence of this complication after forceful implantation of an 
overly large valve prosthesis has also been published [43, 44, 
50]. Myocardial injury or even endocardial discontinuation 
can also happen during reoperation for dysfunction of the 
implanted mitral valve due to aggressive explantation of the 
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Fig. 6.17 Incorrect placement of a suture too deep in myocardium may 
cause left ventricular rupture



Mitral Valve Surgery

241

Fig. 6.18 Excessive annular calcifi cations in the area of posterior mitral 
leafl et
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Fig. 6.19 Mitral valve replacement with preservation of annular calcifi -
cations
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valve from the mitral annulus (the tips of the scissors or the 
lancet have to follow closely the edge of the sewing ring and 
point centrally below the valve and not perpendicular to the 
plane of its orifi ce) [50].

Left ventricular rupture types II and III are localized dis-
tally to the atrioventricular groove. Th is results from myo-
cardial injury caused most often by a surgical tool. It may 
occur from the cut of the scissors tips during valve excision 
under poor visibility conditions (Fig. 6.20; the thickened 
chordae have to be cut precisely with the scissors tips under 
perfect visual control). Endocardial and myocardial lesions 
can also be caused by pressure of the sharp metallic suction 
device (Fig. 6.21; it is advisable to use a round-tipped glass 
suction device and forbid suction by the assistant, who has 
an obstructed view of the operative fi eld). Similarly, the 
strut of the bioprosthetic stent can get buried in the myo-
cardium and cause a deep lesion (Fig. 6.22; pushing of the 
stent into the ventricle during the tying has to be avoided 
and countertraction of the stitch has to be used instead) 
[43, 51]. All these mechanisms can cause either a complete 
tear or a partial lesion fi rst followed by intramyocardial and 
later subepicardial hematoma, which can end in perforation 
even after several hours.

Left ventricular rupture is a rare but highly lethal com-
plication (65–80%) [43, 47, 50]; therefore, all abovemen-
tioned risk factors for its occurrence during mitral valve 
replacement have to be kept in mind. Surgical management 
of the rupture is potentially possible but very diffi  cult and 
often unsuccessful due to the inability to localize its ori-
gin and treat the precise pathway of the rupture (pledgeted 
stitches, pericardial patch, glue, etc.). Chance for salvage 
of the patient is higher if the complication manifests when 
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Fig. 6.20 Myocardial injury caused by scissors tips is a potential cause 
of left ventricular rupture



Mitral Valve Surgery

245

Fig. 6.21 Sharp cardiotomy sucker may injure the myocardium with sub-
sequent left ventricular rupture
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Fig. 6.22 Myocardial tear caused by the strut of bioprosthesis during 
tying of sutures
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the cardiopulmonary bypass is still instituted than at the 
end of the operation or even at the intensive care unit in 
the moment of rupture of subpericardial hematoma. Some 
authors therefore recommend gentle lifting of the heart and 
inspection of the posterior left ventricular wall and the area 
of atrioventricular groove at every mitral valve replacement 
before disconnecting the cardiopulmonary bypass [45, 46].

6.4 Mitral Regurgitation

Surgical procedures for mitral  regurgitation are the second 
most frequent valve operations. Regurgitant fl ow from the 
left ventricle into the left atrium causes volume overload of 
the left ventricle. Th is volume overload in the long-term 
course leads to left ventricular dilation and hypertrophy, 
dilation of the left atrium with onset of atrial fi brillation, 
and, without treatment, to a signifi cant impairment of the 
left ventricular ejection fraction. Th e fi rst  clinical symptoms 
are weakness, fatigue, palpitation, and exertional dyspnea. 
Th e majority of mitral regurgitation cases can be treated by 
valve repair. In recent years a signifi cant shift toward much 
earlier indications for operation, even in asymptomatic pa-
tients, has been witnessed, supported by excellent early and 
long-term results of mitral repairs and, on the other hand, 
worse early and uncertain long-term outcome in cases of 
delayed surgery.

6.4.1  Etiology of Mitral Regurgitation
Degenerative disease is the most common cause of mitral 
regurgitation. Th is involves myxomatous degeneration 
(Barlow’s disease with leafl ets billowing into the left atri-
um, fl oppy mitral valve), fi broelastic leafl ets degeneration 
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 leading to their prolapse (Fig. 6.23), leafl ets prolapse caused 
by rupture or elongation of the chordae, mitral regurgita-
tion in Marfan and Ehlers-Danlos syndromes, and also 
annular calcifi cations (Fig. 6.18) and sclerotic changes of 
the leafl ets. Mitral regurgitation caused by degenerative 
etiology is in most cases amenable to valve repair.

Ischemic etiology is the second most common cause of 
mitral regurgitation. In ischemic mitral regurgitation the 
valve itself is not altered morphologically, but its incom-
petence results from dysfunction of the ischemic left ven-
tricular myocardium (remodelation, akinesis, dyskinesis, 
papillary muscles displacement; Fig. 6.24) [52]. Ischemic 
mitral regurgitation can be almost always resolved by an-
nuloplasty ring implantation. Rare papillary muscle rupture 
(Fig. 6.25) in acute myocardial infarction leads to acute 
mitral regurgitation, which necessitates acute surgery, i.e., 
repair or replacement of the mitral valve.

Th ird in order of incidence is the functional (secondary, 
non-organic) mitral regurgitation in which the valve again 
is not altered but regurgitation develops from annular dila-
tion and left ventricular remodelation with displacement of 
papillary muscles (dilated left ventricle due to dilated cardio-
myopathy or aortic valve disease, mainly aortic regurgita-
tion). In functional mitral regurgitation the left ventricular 
systolic function used to be signifi cantly impaired. Th e ma-
jority of these functional regurgitations can be treated by 
annuloplasty ring implantation.

Infective endocarditis, either active (Fig. 6.26) or healed 
(Fig. 6.27), can lead to mitral regurgitation due to infec-
tive destruction of the valve (leafl et defects, periannular ab-
scesses, chordae ruptures). Infective mitral regurgitation in 
acute endocarditis where fulminant and uncured infection 
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Fig. 6.23 Posterior mitral leafl et prolapse (P2)
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Fig. 6.24 Ischemic mitral regurgitation due to left ventricular remodela-
tion in ischemic ventricular dysfunction. Dashed line represents the plane 
of the mitral annulus, arrow indicates posteromedial papillary muscle 
displacement.
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Fig. 6.25 Ischemic papillary muscle rupture



Mitral Valve Surgery

252

Fig. 6.26 Excised anterior mitral leafl et with large defect in acute phase 
of infective endocarditis
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Fig. 6.27 Excised mitral valve (deteriorated from Barlow’s disease) after 
healing of infective endocarditis (defect in the anterior leafl et)
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process destroyed the valve leafl ets requires valve replace-
ment. If the infection is restricted (e.g., to a portion of the 
posterior leafl et only) or had caused the perforation, valve 
repair may be considered (partial posterior leafl et resection, 
closure of the leafl et perforation with a pericardial patch). 
Mitral regurgitation after healed endocarditis can sometimes 
also be treated by a valve-sparing procedure [53].

Rheumatic etiology of mitral regurgitation is rare in de-
veloped countries and may be encountered in the  elderly 
population only. On the other hand, in developing countries 
it is still very common mainly in young girls and women. 
Rheumatic mitral regurgitation is usually not very suitable 
for valve repair, because it is associated mostly with valvular 
stenosis and advanced rheumatic dystrophy of the leafl ets, 
their commissures, and chordae (Fig. 6.28). Moreover, the 
ongoing rheumatic process impacts negatively in the long 
term on the result of the valve repair, which is, due to the 
nature of rheumatic involvement, scarcely ideal even at the 
surgery.

Th e commonest type of congenital mitral regurgitation 
is the cleft of the anterior mitral leafl et in atrioventricular 
septal defect (Fig. 6.29). Th e easiest treatment is suture of 
the cleft. In adulthood the complete form of the atrioven-
tricular septal defect is not to be met as a subject of primary 
operation, but sometimes reoperations for steno-incompe-
tence of the mitral valve are required after previous surgical 
corrections of a complete or incomplete form in childhood. 
Such fi ndings usually end up with mitral valve replacement.

An iatrogenic lesion of the mitral valve during balloon 
mitral valvuloplasty is one of the rare causes of acute mitral 
regurgitation (Fig. 6.30). It happens when the pressure of 
the infl ated balloon does not cause the desired loosening 
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Fig. 6.28 Rheumatic mitral valve disease. Both leafl ets display fi brotic 
thickening and commissures are fused
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Fig. 6.29 Cleft of anterior mitral leafl et (arrow) in incomplete atrio-
ventricular septal defect. Green curve represents margins of atrial septal 
defect, blue curve represents mitral annulus



Mitral Valve Surgery

257

Fig. 6.30 Iatrogenic tear of anterior mitral leafl et occurred during per-
cutaneous balloon mitral valvuloplasty. Inset Complete rupture of the 
anterior mitral leafl et
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of the fused commissures but tears the valve in the place 
of least resistance, usually across the anterior leafl et. Acute 
surgery is inevitable. A rheumatic diseased valve with dis-
rupted leafl et has to be replaced by a mechanical prosthesis 
or bioprosthesis.

6.4.2  Indications for Surgery
Surgical treatment of mitral regurgitation should be off ered 
to patients early, i.e., before development of irreversible left 
ventricular dysfunction and dilation, left atrial dilation, pul-
monary hypertension, onset of atrial fi brillation, and fi nally, 
tricuspidalization of mitral valve disease [54].

Patients with severe mitral regurgitation who are symp-
tomatic are unequivocally indicated for surgery. Hemo-
dynamically severe mitral regurgitation is determined by 
regurgitation volume (RV) >50 ml, regurgitation fraction 
>50 %, eff ective regurgitation orifi ce (ERO) >0.4 cm2, 
vena contracta >6–7 mm, and by impaired left ventricu-
lar functional parameters (EF <60% and end-systolic left 
ventricular diameter, LVESD, >40–45 mm). Th e onset of 
atrial fi brillation and development of pulmonary hyper-
tension (systolic pulmonary pressure >50 mmHg) are the 
signs of long-term presence of signifi cant mitral regurgita-
tion [26, 27].

In cases of ischemic mitral regurgitation, the indication 
criteria for surgery are stricter. Mitral valve repair should 
be performed as an adjunct to coronary bypass grafting in 
already mild to moderate ischemic mitral regurgitation, i.e., 
provided that RV is >30 ml and ERO >0.2 cm2. Th ese strict 
criteria need not be applied – and often even should not 
be – in patients with signifi cant comorbidities and in those 
over 75 years. Except for increased operative risk, the  quality 
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of life would remain unaff ected, keeping in mind that mi-
tral regurgitation is only mild to moderate and overall life 
expectancy shorter [55, 56].

Indications for surgery are not easy to identify in symp-
tomatic patients with chronic mitral regurgitation and poor 
left ventricular function (EF <30 %). In general, mitral valve 
repair should be performed if there is evidence of contrac-
tile reserve. Current progress in myocardial protection and 
perioperative care has infl uenced the indication criteria. 
Patients with severe mitral regurgitation and low ejection 
fraction who would have been formerly rejected for surgery 
are currently operated with acceptable outcome. If the deci-
sion remains controversial, the left ventricular end-diastolic 
diameter (LVEDD) also has to be taken into account. Th e 
surgery can be recommended at LVEDD below 65 mm. 
Operative risk rapidly increases when dimensions exceed 
65 mm, and at LVEDD of 85 mm the surgery is no longer 
indicated. Th ese patients with poor ejection fraction, large 
ventricular dimensions, and no contractile reserve are ame-
nable to medical therapy only or could be considered can-
didates for heart transplantation.

Asymptomatic patients with severe mitral regurgitation 
are followed-up by echocardiography. Surgery is indi cated 
when the fi rst signs of the left ventricular impairment 
 appear (EF <60%, LVESD >45 mm,) ERO >40 mm2, at 
the onset of atrial fi brillation or pulmonary hypertension 
(at-rest pulmonary systolic pressure >50 mmHg) [26, 27, 
54, 57, 58].

6.4.3 Mitral  Valve Repair
Perfect performance of the mitral valve depends on correct 
function and coordination of all components of the mitral 
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valve complex (i.e., mitral annulus, mitral leafl ets, chordae, 
papillary muscles, and left ventricular myocardium). Th e 
mitral leafl ets have to coapt along the whole line of closure 
in a safe coaptation zone of several millimeters in height 
(Fig. 6.31). A lesion of whichever mitral valve component 
can lead to severe regurgitation based on the loss of coapta-
tion of the mitral leafl ets.

Morphological classifi cation of mitral regurgitation has 
been mentioned previously (i.e., degenerative, ischemic, 
functional, rheumatic, congenital, and iatrogenic types). 
For surgery there is important functional classifi cation into 
three basic types according to  Carpentier [31]. Type I  is 
characterized by normal leafl et mobility (Fig. 6.32). Re-
gurgitation results from loss of coaptation due to annular 
dilation, left ventricular dysfunction, or occasional perfora-
tion of a leafl et. In type II there is mitral leafl et prolapse 
caused by elongation or rupture of the chordae or papillary 
muscles (Fig. 6.33). Type III is characterized by restricted 
motion of the leafl ets caused by shortening of the chordae in 
rheumatic disease (Fig. 6.34) or by traction of the chordae 
due to ischemic left ventricular remodelation.

A prerequisite of successful surgery is proper preoperative 
echocardiographic analysis of the regurgitation mechanisms. 
Selection of the repair technique is based on knowledge of 
the regurgitation etiology, pathomorphology fi ndings, and 
functional type of the regurgitation. Th e eff ect of the repair 
should be durable and simultaneously the valve must not 
become stenotic. Th e main principle to be pursued in all 
repair techniques is achievement of safe and wide coaptation 
of the mitral leafl ets. Th e eff ect of the accomplished repair 
has to be proved by peroperative echocardiography after 
weaning off  cardiopulmonary bypass.
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Fig. 6.31 Competent mitral valve with suffi  cient zone of coaptation
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Fig. 6.32 Mitral regurgitation type I (normal leafl et mobility, annular 
dilation). (According to Carpentier [31])
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Fig. 6.33 Mitral regurgitation type II (prolapse of one or both leafl ets – 
depicted is the posterior leafl et prolapse). (According to Carpentier [31])
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Fig. 6.34 Mitral regurgitation type III (restricted leafl et mobility due to 
chordal retraction). (According to Carpentier [31])
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6.4.3.1 Annuloplasty Procedures
Chronic hemodynamically signifi cant mitral regurgitations 
existing over a long time display one common feature: dila-
tion of the mitral annulus. Th e dilation does not develop 
symmetrically along the whole annular circumference but 
only in the area of the posterior leafl et and both commis-
sures. Annular length of the area belonging to the anterior 
leafl et remains unaltered (Fig. 6.35) [59]. Th is fi nding deter-
mines the philosophy of annuloplasty ring implantations as 
well as other repair techniques.  Annuloplasty rings are being 
implanted in a manner to reduce the dilated portion of the 
annulus only. Th e mattress sutures in the area of the poste-
rior leafl et and both commissures take wider bites along the 
annulus but are passed through the ring in narrower intervals 
(Fig. 6.36). In this way the annular circumference can be 
plicated and intentionally reduced. Annuloplasty rings are 
very eff ective in most Carpentier type-I mitral regurgitations

A variety of annuloplasty rings have been designed and 
marketed (Fig. 6.37). Th ey are rigid (e.g., Carpentier–Ed-
wards, St. Jude Medical Rigid Saddle, AnuloFlo-Carbo-
Medics), semifl exible (e.g., Carpentier–Edwards Physio, 
St. Jude Medical Sequin, Sorin MEMO3D), and  fl exible 
(e.g., Medtronic–Duran, Sorin–Sovering, Anulo Flex–
Carbo Medics, ATS Simulus FLX-O) [60, 61].

Some rings are designed without the anterior leafl et por-
tion (resembling horizontal fi gure of C, e.g., Colvin–Gallo-
way, Cosgrove–Edwards, ATS Simulus FLX-C, or AorTech 
MRS) or this portion can be either used or trimmed off  
(St. Jude Medical Tailor, AnuloFlex–CarboMedics) [59, 62]. 
All rings are biocompatible, and some of them are even 
carbofi m coated (Sorin–Sovering) or produced from poly-
tetrafl uoroethylene (PTFE; Jostra).
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Fig. 6.35 Disproportional dilation of mitral annulus. The area of anterior 
leafl et does not dilate. The dilation develops at circumference belonging 
to posterior mitral leafl et
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Fig. 6.36 Principle of implantation of annuloplasty ring. Mattress sutures 
placed in the area of posterior leafl et take wider bites than their intervals 
in annuloplasty ring
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Fig. 6.37 Mitral annuloplasty rings. a St. Jude Medical–Seguin. b Carpen-
tier–Edwards Physio. c Carpentier–Edwards (rigid). d Cosgrove–Edwards
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Th ere is a possibility to implant a new adjustable annulo-
plasty ring, St. Jude Medical Attune. Th is ring off ers sym-
metrical adjustability by pulling both purse-string-suture 
ends equally or asymmetrical adjustability by pulling one 
purse-string-suture end more than the other (Fig. 6.38). 
Very similar adjustable rings, such as Puig–Massana–Shiley 
and St. Jude Medical BiFlex, were used in the 1980s [63].

Th e GeoForm ring is geometrically designed to treat 
mitral regurgitation caused by the enlargement of the left 
ventricle. Anteroposterior distance of the mitral annulus is 
reduced and the P2 zone is elevated in the ring.

A novel annuloplasty ring design, Myxo-ETlogix (Ed-
wards) [64], is also aimed at prevention of systolic anterior 
motion (SAM) in patients with myxomatous leafl et degene-
ration (Barlow’s disease). Th is ring has a signifi cantly longer 
anteroposterior diameter and saddle-like elevation in the 
area of P2.

Th e proper size of the ring is decided upon by measur-
ing the distance between the two commissures marked with 
the fi rst two mattress sutures (Fig. 6.39). In ischemic and 
secondary mitral regurgitation, a sole annuloplasty ring im-
plantation is an adequate procedure (Figs. 6.40, 6.41). Th e 
eff ect of the annuloplasty lies not only in reduction of the 
dilated annular portion but also in true remodelation of the 
almost circular dilated mitral annulus into its correct origi-
nal “kidney-shaped” appearance. Th is brings the two leafl ets 
closer together and thereby enables restoration of their  proper 
coaptation. Annuloplasty rings are also being implanted after 
complex reconstructive repairs of the mitral valve to prevent 
any later redilation of the annulus and reoccurrence of mitral 
regurgitation. Some authors recommend securing each mitral 
repair by annuloplasty ring implantation [65].
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Fig. 6.38 Adjustable annuloplasty ring St. Jude Medical–Attune and 
Puig–Massana–Shiley (top)
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Fig. 6.39 Measuring proper size of annuloplasty ring
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Fig. 6.40 Running down of annuloplasty ring into the mitral annulus
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Fig. 6.41 Implanted mitral annuloplasty ring
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A result similar to that achieved by fl exible C-ring im-
plantation can be obtained by a semicircular  annuloplasty 
according to Burr et al. [66]. With this technique running 
sutures are passed through the posterior leafl et from the 
commissures toward the midpoint of P2 (Fig. 6.42). Tight-
ening of the sutures leads to reduction of the dilated annular 
portion (Fig. 6.43). It is advisable to use company ring sizers 
(usually 26 mm for women and 28 mm for men) to facilitate 
proper degree of tightening. Th is suture annuloplasty tech-
nique is simple, fast and inexpensive, preserves fl exibility of 
the annulus, and durability of the result is comparable to 
that of ring implantations [66–68].

Reduction of dilated mitral annulus as a treatment of 
mitral regurgitation was published in 1958 by Kay et al., 
who coined the term “annular plication” [69]; however, 
the method published by Wooler et al. [70] in 1962 has 
become more popular and widely used [28]. Th e principle 
of the  Wooler repair involves shortening of the annulus at 
both commissures and adjacent portions of the posterior 
leafl et (Figs. 6.44, 6.45). It is a very fast and simple annu-
loplasty (commissuroplasty) that can resolve not only re-
gurgitation located in the commissural area but also central 
regurgitation from mitral annulus dilation, because it also 
brings the leafl ets closer together. Nonetheless, implanta-
tion of the annuloplasty ring seems currently to be a more 
proper way of treatment for these cases, because it gua-
rantees postoperatively long-term prevention of redilation 
of the annulus; therefore, use of the Wooler repair is pres-
ently justifi ed in occasional situations only (long duration 
of cardiopulmonary bypass in complex procedures, elderly 
patients, diffi  cult exposure of mitral valve due to deep chest, 
in reoperations, etc.).
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6.4.3.2 Leafl et and Chordae Procedures
Besides the abovementioned classic and relatively easy mitral 
valve repair techniques, also more demanding procedures 
are being performed at the mitral leafl ets and chordae. An-
nuloplasty ring implantation is, however, usually added as 
a fi nal step also in these techniques.

Prolapse of one or both mitral leafl ets from degenerative 
etiology (Carpentier classifi cation type II) is the commonest 
situation that requires such procedure. Prolapse occurs most 
often at the posterior leafl et, predominantly at the middle 
portion (P2; Figs. 6.23, 6.46). Quadrangular or triangular 
 resection of the posterior leafl et is the treatment of choice 
that can be accomplished irrespective of the actual cause of 
prolapse (elongated or ruptured chordae, excessive leafl et 
tissue, or a combination of both). Th e prolapsing portion 
of the posterior leafl et is cut off , the remaining portions (P1 
and P3) are sutured together, and long-term durability of 
the repair eff ect is secured by annuloplasty ring implantation 
(prevention of annular redilation; Fig. 6.47) [31, 65, 71]. 
If too much excessive tissue remains, even after quadrangu-
lar leafl et resection, and its height exceeds 1.5 cm,  sliding 
plasty is indicated. With this method the leafl et resection is 
extended periannularly and cuneiform areas of the excessive 
leafl et tissue are excised (Fig. 6.48). Sliding plasty is consid-
ered to be prevention of occurrence of  SAM, i.e., collapsing 
of the anterior mitral leafl et into the left ventricular outfl ow 
tract in systole. Since their publication by Carpentier in the 
mid-1980s, both techniques have been popular [31, 72].

In 2006 Calafi ore et al. published a new concept re-
garding how to treat the excess of posterior leafl et tissue 
and named it “ posterior leafl et longitudinal plication” 
[73]. Th e principle is very simple and lies in shortening of 
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Fig. 6.42 Placement of sutures at repair. (According to Burr et al. [66])
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Fig. 6.43 Result of repair after tying of the sutures (reduction of posterior 
leafl et annulus). (According to Burr et al. [66])
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Fig. 6.44 Placement of sutures at repair. (According to Wooler et al. [70])
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Fig. 6.45 Result of repair. (According to Wooler et al. [70])
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Fig. 6.46 Posterior mitral leafl et prolapse (P2) due to chordal rupture
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Fig. 6.47 Result of posterior leafl et resection (P2) and implantation of 
annuloplasty ring
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Fig. 6.48 “Sliding” plasty of the posterior leafl et (marked are the quad-
rangular resection of P2 and cuneiform excisions from P1 and P3)
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the  posterior leafl et height by several mattress sutures led 
through the annulus and prolapsing portion of the pos-
terior leafl et (Fig. 6.49). Despite limited experience, the 
technique seems to be promising in the prevention of SAM.

While the classic concept of mitral repair is based on 
some reduction in the area of posterior leafl et, a diff erent, 
more conservative approach has recently been advocated by 
Perier et al. [74]. In their strategy “respect rather than resect” 
they try to save the patient’s prolapsing posterior leafl et tis-
sue as much as possible and to transform it, by means of 
 PTFE chordae, into a smooth vertical buttress. Similarly, 
 Tabata et al. suggest remodeling of the excessive posterior 
leafl et tissue by one or more sutures, which would pull in 
the prolapsing edge beneath the body of the posterior leafl et 
(Figs. 6.50, 6.51) [75].

Th e occurrence of  SAM after mitral valve repair is a se-
rious perioperative complication that causes left ventricu-
lar outfl ow tract obstruction and also mitral regurgitation 
(Fig. 6.52). Incidence of this troublesome situation after 
 mitral valve repair is reported usually in 5% of cases. Nu-
merous authors claim to not have encountered this compli-
cation, although others report its incidence as up to 10% 
[76, 77]. Controversy exists regarding the origin of SAM, 
thus refl ecting the diversity of potential causes. Th e main 
risk factors for SAM are: (a) excessive amount of leafl et 
tissue; (b) an overly large posterior leafl et left; (c)  small 
annulo plasty ring; (d) left ventricular hypertrophy; (e) in-
terventricular septal hypertrophy; and (f ) hyperkinetic cir-
culation [60, 77]. Th e danger is increased if several potential 
risk factors are present simultaneously. Most authors em-
phasize the role of an excessive amount of posterior leafl et 
tissue left. Th e height of the posterior leafl et should not 
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Fig. 6.49 Longitudinal plication of posterior leafl et. a Placement of su-
tures. b Shortening of posterior leafl et height after tying of the sutures. 
(According to Calafi ore et al. [73])
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exceed 1.5 cm; otherwise, performing a sliding plasty is 
recommended [78]. In small and hypertrophic left ventricle 
also preservation of excessive anterior leafl et tissue may in-
crease the risk of SAM. In such situations Quigley in 2005 
recommended performance of anterior leafl et reduction by 
a semilunar excision parallel to the annulus of the anterior 
leafl et [79].

Systolic anterior motion after mitral valve repair occurs 
predominantly as a result of the disparity between the ex-
cessive area of leafl et tissue left compared with the size of 
the left ventricle and width of the left ventricular outfl ow 
tract, as well as a small-size annuloplasty ring implantation 
(Fig. 6.52). As a rule, testing of the completed repair on 
an arrested heart demonstrates excellent leafl et coaptation; 
however, peroperative transesophageal echocardiography on 
a beating heart reveals SAM causing pressure gradient in the 
left ventricular outfl ow tract, and simultaneously the pres-
ence of mitral regurgitation. Management remains always 
problematic and individual. Th e principal decision concerns 
the necessity of mitral valve surgical reintervention. Th is 
decision can be facilitated by several tests, which may lead 
to cessation of SAM. Th e most important test is volume 
expansion (i.e., increase of preload). Th e patient’s hypovo-
lemia has to be excluded. Th e eff ect of volume expansion 
can be forecasted by a quick maneuver performed by partial 
compression of the ascending aorta by clamp or fi ngers. 
In this way, during several systoles the increased preload 
leads to cessation of both SAM and mitral regurgitation. If 
cessation of SAM is achieved, the volume expansion is con-
tinued together with administration of small doses of beta-
-blockers to suppress the left ventricular hypercontractility. 
In this case surgical reintervention on the mitral valve is not 
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Fig. 6.50 Remodeling of the excessive posterior leafl et tissue. (According 
to Tabata et al. [75])
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Fig. 6.51 Result of folding valvuloplasty of posterior leafl et. (According 
to Tabata et al. [75])
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Fig. 6.52 Systolic anterior motion after implantation of mitral annulo-
plasty ring causes both left ventricular outfl ow tract obstruction and mitral 
regurgitation. A anterior mitral leafl et, LVOT left ventricular outfl ow tract
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deemed necessary. Postoperatively, volume expansion and 
beta-blocker administration are continued, hypovolemia 
has to be strictly avoided, and repeated echocardiography 
controls are performed [76, 80, 81]. If, however, SAM per-
sists in the operating room despite the testing maneuvers, 
surgical intervention has to be undertaken. Th e easiest so-
lution is Alfi eri edge-to-edge repair (see below), provided, 
however, the initial mitral procedure did not already result 
in a signifi cant mitral annulus “undersizing” (borderline 
mitral orifi ce area) [82]. If the cause of SAM is clearly de-
tected, its correction may be attempted at the reinterven-
tion; otherwise, namely after a time-consuming primary 
complex mitral valve repair, fast mitral valve replacement is 
the safest alternative compared with an uncertain and long 
repair correction. Failure in attempting repair correction 
will result in further reintervention (valve replacement), 
and the total of three cardiopulmonary bypass periods may 
have a deleterious impact.

Procedures for anterior leafl et prolapse are more diffi  cult 
than for posterior leafl et prolapse. Isolated anterior leaf-
let prolapse occurs rarely compared with isolated posterior 
leafl et prolapse. Anterior leafl et prolapse is usually part of 
bilateral leafl et prolapse. In bilateral leafl et prolapse a rela-
tively new  Alfi eri repair can be performed [83, 84]. With 
this technique the incompetent mitral orifi ce is transformed 
into two competent orifi ces by suturing the midpoints of 
the anterior and posterior leafl ets together (“double-orifi ce” 
or “edge-to-edge” repair). It is important to place the sutures 
at some distance from the edge of the leafl ets to shorten 
their length and to secure a suffi  cient zone of coaptation 
of newly created orifi ces (Fig. 6.53). Suturing is performed 
with over-and-over sutures or, in the case of thin leafl ets, 
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Fig. 6.53 Alfi eri repair (“edge to edge,” “double orifi ce”)
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with pledgeted mattress sutures. It is an extremely simple 
and fast technique, but it is still controversial, having both 
supporters and opponents.

A classic and still used method in anterior leafl et prolapse 
is  triangular resection, which is performed by cutting off  
a narrow triangle from the most prolapsing portion of the 
anterior leafl et (Fig. 6.54). Occasionally, the excessive area 
of the anterior leafl et can be reduced by suture plication 
of the anterior leafl et edge as described by  Fundaro et al. 
(Fig. 6.55) [85, 86].

Elongated chordae of the anterior and posterior leaf-
lets can be shortened by their insertion into the papillary 
muscles (Fig. 6.56) [31]. Ruptured and recently also the 
elongated  chordae are being replaced by  artifi cial chordae 
from PTFE sutures (Figs. 6.57, 6.58) [87–89]. Th ey can 
also be excised and replaced by transposition of the nearest 
thick secondary chord. Sometimes the secondary chordae 
retract the midportion of the anterior leafl et (“ seagull-sign” 
deformation of the anterior leafl et on echocardiography 
examination) and thereby worsen the degree of mitral re-
gurgitation. Th eir resection, as a part of mitral valve repair, 
improves the anterior leafl et mobility toward the coaptation 
zone (Fig. 6.59).

In some cases of mitral regurgitation caused by ischemic 
left ventricular remodelation, it has been recommended to 
suture together both heads of papillary muscles by a pledg-
eted mattress stitch (sandwich plasty) [90]. Reapproxima-
tion of the anterior and posterior papillary muscles reduces 
tethering and improves the leafl et coaptation [91].

Rheumatic mitral valve disease results in Carpentier 
type-III mitral regurgitation characterized by shortening 
and retraction of chordae and papillary muscles. Should 
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Fig. 6.54 Triangular resection of the anterior mitral leafl et for its prolapse. 
Marked is the extent of resection
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Fig. 6.55 Anterior leafl et plication. (According to Fundaro et al. [85, 86])
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Fig. 6.56 Shortening of the chordae achieved by its plunging into a papil-
lary muscle
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Fig. 6.57 a Rupture of primary chord of anterior mitral leafl et. b Place-
ment of polytetrafl uoroethylene (PTFE) suture into the papillary muscle 
(artifi cial chord)
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Fig. 6.58 Anchoring and securing PTFE suture at the edge of the anterior 
mitral leafl et. (According to Perrier [74])
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Fig. 6.59 Resection of secondary chordae causing retraction of anterior 
mitral leafl et
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Fig. 6.60 Augmentation of the anterior leafl et by autologous peri cardium
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valve-sparing surgery be attempted (in spite of mitral valve 
replacement) dissection of the fused commissures, libera-
tion of the thickened, fused, and shortened chordae, and 
dissection of the thickened papillary muscles is performed 
(see Fig. 6.10). Improved billowing of the retracted leaf-
lets can be obtained by secondary chordae resection and 
by  anterior leafl et augmentation with autologous pericar-
dium (Fig. 6.60) [92–95]. Th e posterior leafl et can also be 
augmented in a similar manner, e.g., if retracted due to left 
ventricular dysfunction. Th e enlarged area of the posterior 
leafl et will enable its coaptation with the anterior leafl et.
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7 Tricuspid Valve Surgery

7.1 Introduction

Similarly to aortic and mitral valve disease, both tricuspid 
stenosis and tricuspid regurgitation can be treated surgi-
cally. In clinical practice, however, surgical procedures 
for tricuspid stenosis are extremely rare. Numerous tech-
niques for correction of tricuspid regurgitation have been 
elaborated since the 1960s but for decades surgeons have 
remained rather conservative in indications for tricuspid 
valve repair. Tricuspid regurgitation was traditionally be-
lieved to ameliorate spontaneously after surgical correction 
of left-sided heart valve disease and, in general, to be well 
tolerated by the patient. A shift in the paradigm towards 
a more aggressive surgical approach to secondary tricuspid 
regurgitation has been advocated by many in recent years 
in order to prevent further worsening of regurgitation and 
to avoid late reoperations with unfavorable results [1–4]. 
Th e number of surgical corrections of tricuspid regurgita-
tion has been increasing because modern indication cri-
teria do rightly suggest surgical intervention, even in less-
-signifi cant tricuspid regurgitation, as part of a combined 
cardiac operation.

7.2  Tricuspid Stenosis

Acquired organic stenosis of the tricuspid valve is very rare. 
It can be caused by rheumatic disease as a part of mitro-tri-
cuspid valve involvement or even more rarely as an isolated 
rheumatic tricuspid stenosis. Similarly rare is the carcinoid 
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that requires operation because of causing tricuspid steno-
sis. Right atrial tumors may almost completely occlude the 
tricuspid orifi ce and thereby imitate tricuspid stenosis.

Operations of tricuspid stenosis as a part of mitro-tri-
cuspid rheumatic valve disease are currently extremely rare 
in developed countries. Indication for surgical intervention 
is justifi ed in symptomatic patients with hemodynamically 
signifi cant tricuspid stenosis (diastolic gradient ≥5 mmHg 
and orifi ce area ≤1.0–1.5 cm2). Treatment is either a valve-
sparing procedure (dissection of the fused commissures, 
eventually followed by valvular repair) or valve replacement 
in cases of rigid circular orifi ce with calcifi cations.

7.3 Tricuspid Regurgitation

7.3.1  Etiology of Tricuspid Regurgitation
Secondary (functional, non-organic) tricuspid regurgita-
tion caused by dilation of the tricuspid annulus is the most 
frequent reason for surgical intervention on the tricuspid 
valve. Secondary tricuspid regurgitation evolves as a result 
of long-term elevated right ventricular pressure caused most 
often by pulmonary hypertension.  Pressure or volume right 
ventricular overload leads to right ventricular hypertrophy 
and dilation together with the tricuspid annular dilation 
(Fig. 7.1). Primary causes of development of secondary 
tricuspid regurgitation are left heart valve disease (tricus-
pidalized disease), pulmonary stenosis, or regurgitation or 
congenital heart defects with left-to-right shunt.

Acquired organic tricuspid regurgitation is less frequent 
and may be caused by myxomatous degeneration, infec-
tive endocarditis (Figs. 7.2, 7.3), trauma, and carcinoid. 
Ebstein’s anomaly and various forms of atrioventricular 
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Fig. 7.1 Dilation of the tricuspid annulus causing secondary tricuspid 
regurgitation
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Fig. 7.2 Infective endocarditis of the tricuspid valve. Vegetation on the 
anterior leafl et
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Fig. 7.3 Infective endocarditis of the tricuspid valve. Defects and vege-
tation at the septal leafl et
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septal defect are the main instances of congenital tricuspid 
regurgitation.

Echocardiography examination off ers precise morpho-
logical analysis of tricuspid regurgitation and evaluation of 
its hemodynamic signifi cance.

7.3.2  Indications for Surgery
Surgical procedure for tricuspid regurgitation is most often 
undertaken due to tricuspid annular dilation or more rarely 
due to organic changes resulting from endocarditis or con-
genital cardiac defects.

Isolated tricuspid valve procedure is relatively rare, ac-
counting for 5–10% of all tricuspid valve procedures. It 
is indicated in symptomatic  patients [fatigue, dyspnea, 
symptoms of low cardiac output, hepatomegaly, edema 
of low extremities, New York Heart Association (NYHA) 
stages III–IV] and also in those in whom clear progression 
of right-sided heart chambers can be evidenced together 
with impairment of right ventricular systolic function. 
Uncontrolled sepsis and development of right ventricular 
failure in tricuspid valve infective endocarditis is also an 
indication for surgery.

Surgery for tricuspid regurgitation as a part of multiple-
-valve procedure (together with interventions on the left 
heart valves) is unequivocally indicated not only for severe 
tricuspid regurgitation (vena contracta >6–7 mm, reversal 
of fl ow in the hepatic veins) but also for moderate regurgi-
tation with dilation of the tricuspid annulus (echocardio-
graphically documented dilation >40 mm or >21 mm/m2) 
[1]. Th e most recent recommendation for tricuspid annu-
loplasty suggests a cut-off  value of the annular dilation over 
35 mm [2]. Th e rationale for such strategy is based on a his-
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tory of unpredictable course of mild to moderate tricuspid 
regurgitation that was left untreated at the time of mitral 
procedure [2, 3]. Th is is also supported by poor results of 
reoperations of patients with advanced severe tricuspid re-
gurgitation many years after isolated mitral procedure.

With regard to all these factors, performance of tricuspid 
repair as part of a combined procedure must be justifi ed, 
even in cases of mild tricuspid regurgitation if annular dila-
tion or pulmonary hypertension are present. Dreyfus et al. 
recommend tricuspid valve repair should the intraopera-
tive anteroposterior tricuspid diameter measurement exceed 
7 cm (even in trivial regurgitation) [4]. Such advanced an-
nular dilation will not regress, even after left heart valve 
surgery, but will most likely advance progress.

7.3.3 Surgical Procedures on the Tricuspid Valve
Th ere are three types of surgical interventions on the tri-
cuspid valve: (1) repair; (2) replacement; and (3) excision.

7.3.3.1  Tricuspid Valve Repair 
for Secondary Regurgitation

Valve-sparing procedures (repairs) are the most often per-
formed operations on the tricuspid valve. Th e most frequent 
reason for the repair is annular dilation causing secondary 
tricuspid regurgitation. Tricuspid annulus typically dilates 
only in the area of the anterior and posterior leafl et, whereas 
its septal-leafl et length remains unchanged (Fig. 7.4) [4, 5]. 
Th is fact is the key feature of all tricuspid annuloplasty 
techniques: shortening of the tricuspid annulus in the area 
of the anterior and posterior leafl ets. Th e shortening can 
be achieved by suture repairs or by annuloplasty ring im-
plantation.
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Fig. 7.4 Disproportional dilation of tricuspid annulus in secondary tricus-
pid regurgitation. Dilation develops in the area of anterior and posterior 
leafl ets. Annulus does not dilate in the area of septal leafl et
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A variety of suture techniques have been described and 
introduced into clinical practice despite recent decline in 
their use in favor of annuloplasty ring implantation. Th e 
oldest repair was described by Kay et al. in 1965 [6]. Th e 
principle is posterior tricuspid leafl et exclusion, which trans-
forms the incompetent tricuspid valve into a competent bi-
cuspid valve; therefore, the technique is called suture bicus-
pidalization of the tricuspid valve.  Kay et al. [6] performed 
the repair by suturing together the annulus in the area of the 
posterior leafl et with several over-and-over stitches. In 1967 
Reed and Cortes [7] published a paper describing the bi-
cuspidalization technique with use of a mattress stitch with 
pledgets on both sides (Figs. 7.5, 7.6). Th ey also calculated 
that the shortened annulus circumference has to be at least 
8 cm [7]. In 1984  Nakano et al. described an analogous type 
of a bicuspidalization repair [8]. Th is technique is suitable 
for those valves where regurgitation occurs predominantly 
through pathologically distended commissure between the 
anterior and posterior leafl ets. Th e commissure is sutured 
and then Kay’s plasty is added to a somewhat lesser extent 
(Figs. 7.7, 7.8) [9].

Th e most popular and widely used suture technique is 
 DeVega annuloplasty (described in 1972) [10]. Th e princi-
ple of this technique lies in shortening the tricuspid annulus 
in the area corresponding to the anterior and posterior leaf-
lets. Two pledgeted parallel running stitches are placed in 
semicircular manner from the anterolateral to the postero-
septal commissure and tied (Figs. 7.9, 7.10). Th e possibility 
of failure of this repair, however, has been also described. 
One of the reasons for failure is cutting through of the 
stitches placed in a fragile tricuspid annulus (Fig. 7.11). 
To avoid this potential risk,  Antunes and Girdwood in 
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1983 suggested modifi cation of DeVega technique [11]. 
Th e semicircular stitch is passed through a pledget between 
every bit of annular tissue (Figs. 7.12, 7.13).  Revuelta and 
Garcia-Rinaldi in 1989 published a diff erent solution: for 
annular shortening they used separate pledgeted mattress 
stitches [12]. Another advantage of this technique is the 
possibility to aff ect selectively the degree of reduction in 
diff erent portions of the annulus by the width of the mat-
tress stitches (Figs. 7.14, 7.15).

Modifi cation of the classic DeVega technique, enabling 
selective regulation of the reduction of the anterior and 
posterior portions of the tricuspid annulus, was used by 
Senning and published by  Brugger et al. in 1982 [13]. Th e 
stitch is fi rst tied in the area of anteroposterior commissure 
and then its arms are passed through the tricuspid annulus 
in opposite directions analogous to the DeVega technique 
(Fig. 7.16). It is interesting that even in the current era of 
annuloplasty rings Sarraj et al. published in 2007 a very 
similar technique, which they named adjustable segmental 
tricuspid annuloplasty (Fig. 7.17) [14, 15].

In 1987  Kurlansky et al. described an interesting modi-
fi cation of the DeVega technique [16]. Placement of two 
rows of stitches along the annulus from the anteroseptal 
commissure to the posteroseptal commissure is the same, 
but then the stitches are led out through the right atrial 
wall and snared through a tourniquet. After restoration of 
the heart rhythm and weaning off  the cardiopulmonary 
bypass, the surgeon evaluates regurgitation with a forefi n-
ger inserted through the right atrial appendage (Fig. 7.18). 
Th e stitches are tightened until the moment of cessation of 
regurgitation. An identical principle can be applied with the 
aid of peroperative echocardiography (published by Cook 
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Fig. 7.5 Placement of sutures in tricuspid repair. (According to Kay et al. 
[6] and Reed and Cortes [7])
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Fig. 7.6 Result of tricuspid repair (bicuspidalization of the tricuspid valve). 
(According to Kay et al. [6] and Reed and Cortes [7])
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Fig. 7.7 Placement of sutures in tricuspid repair. (According to Nakano 
et al. [8])



Tricuspid Valve Surgery

323

Fig. 7.8 Result of tricuspid repair. (According to Nakano et al. [8])
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Fig. 7.9 Placement of two suture lines in tricuspid annuloplasty. (Accord-
ing to DeVega [10])
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Fig. 7.10 Result of suture tricuspid annuloplasty. (According to DeVega [10])
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Fig. 7.11 Failure of DeVega annuloplasty: cutting through of the stitches 
in a fragile tricuspid annulus (“guitar-string syndrome”)
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in 1994). Th e tightening proceeds until the echocardiogra-
phy confi rms cessation of regurgitation and simultaneously 
excludes creation of tricuspid stenosis [17].

Th e overview of suture-repair techniques should include 
also the less frequently used technique described by  Minale 
et al. in 1987 [18]. With this technique the anterior and 
posterior leafl ets are partially detached from the tricuspid 
annulus in the area of anteroposterior commissure to allow 
their central coaptation. Th e isolated portion of the annulus 
is reduced by its plication and exclusion. Th e cut edges of 
the leafl ets are then readapted to the shortened annulus 
(Figs. 7.19–7.21).

Finally, there exists a “triple-orifi ce” method termed also 
a trefoil or “ edge-to-edge” repair of the tricuspid valve. Th is 
technique was fi rst performed by Giedrius in 2000 and pub-
lished by DeBonis in 2004 [19]. Tricuspid regurgitation 
caused by myxomatous degeneration and leafl et prolapse 
can be treated in addition to the annuloplasty ring implanta-
tion by suturing the midpoints of all three leafl ets together, 
thus creating three orifi ces (Fig. 7.22) [20].

Competence of the tricuspid valve can also be restored 
by  implantation of the annuloplasty rings that have the ideal 
shape of tricuspid annulus (Fig. 7.23) [5]. Th e implanted 
ring not only reduces the annular circumference within the 
extent of the anterior and posterior leafl et, but also enforces 
its proper shape and guarantees annular shape and size re-
tainment in the long term. Implantation is performed with 
mattress sutures placed proportionally in the non-dilated 
septal portion of the annulus, whereas in the dilated an-
teroposterior circumference the sutures bite more of the 
annulus and are passed in narrower intervals through the 
ring fabric (Fig. 7.24). Th is results in controlled  plication 



Tricuspid Valve Surgery

328

Fig. 7.12 Tricuspid valve annuloplasty. Placement of two semicircular 
suture lines with pledgets. (According to Antunes and Girdwood [11])
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Fig. 7.13 Result of tricuspid valve annuloplasty. Pledgets prevent cutting 
through of the sutures. (According to Antunes and Girdwood [11])
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Fig. 7.14 Tricuspid valve annuloplasty. Placement of pledgeted mattress 
sutures. (According to Revuelta and Garcia-Rinaldi [12])
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Fig. 7.15 Result of tricuspid annuloplasty. (According to Revuelta and 
Garcia-Rinaldi [12])
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Fig. 7.16 Suture annuloplasty of tricuspid valve. (According to Brugger 
et al. [13])
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Fig. 7.17 Adjustable segmentary tricuspid annuloplasty. (According to 
Sarraj and Duarte [14])
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Fig. 7.18 Principle of modifi cation of DeVega tricuspid annuloplasty 
(tightening of suture repair as much as required for cessation of regur-
gitation). (According to Kurlansky et al. [16])
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Fig. 7.19 Tricuspid valve repair. Detachment of the valve from annulus 
in the area between posterior and anterior leafl ets. (According to Minale 
et al. [18])
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Fig. 7.20 Tricuspid valve repair. Shortening of the annular circumference. 
(According to Minale et al. [18])
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Fig. 7.21 Result of tricuspid valve repair. (According to Minale et al. [18])
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Fig. 7.22 Tricuspid valve repair (“triple orifi ce,” “edge to edge,” and  “trefoil 
method”). (According to DeBonis [19])
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Fig. 7.23 Annuloplasty ring for tricuspid valve repair. a Standard Carpen-
tier–Edwards. b Edwards MC3
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Fig. 7.24 Principle of tricuspid annuloplasty ring implantation for secon-
dary tricuspid regurgitation
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Fig. 7.25 Competent tricuspid valve after implantation of annuloplasty 
ring
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and remodelation of the annulus. Short interruption of the 
ring corresponds to the anterior septal area in close vicinity 
of the bundle of His penetration into the ventricular septum 
(Fig. 7.25).

In recent years annuloplasty ring implantations have 
been preferred to suture repairs for the abovementioned 
advantages (reshaping of the annulus and retainment of 
the achieved shape). Nonetheless, there have been papers 
published that failed to prove superior outcome after ring 
implantation compared with suture techniques [21–24]. 
Th e majority of authors and guidelines, however, favor an-
nuloplasty ring implantation [25]. Suture repair (in par-
ticular the Kay technique) is fast, inexpensive, simple, and 
even, according to current opinion, suitable for mild to 
moderate regurgitation and for combined procedures in 
patients of advanced age. In cases of severe tricuspid regur-
gitation and in young patients, an annuloplasty ring should 
be implanted.

Selection of a given type of repair or preference of an-
nuloplasty ring depends on the customary practice of the 
institution, the surgeon’s experience, as well as valve pathol-
ogy and severity of tricuspid regurgitation. In the present 
authors’ opinion, the decision to implant annuloplasty rings 
in all patients with secondary tricuspid regurgitation is jus-
tifi able and perhaps the correct strategy, although suture 
repair in mild to moderate regurgitation cannot be consid-
ered a fault.

Tricuspid valve repairs are seldom performed as isolated 
procedures. Most often they are part of the complex treat-
ment of mitro-tricuspid valve disease together with mitral 
valve replacement or repair. Th e majority of these patients 
are indicated too late for mitral valve surgery. Patients with 
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mitral valve disease should be indicated for surgery before 
development of secondary tricuspid regurgitation [26].

7.3.3.2 Repair for  Ebstein’s Anomaly
Ebstein’s anomaly is characterized by downward displace-
ment of the septal and posterior tricuspid leafl et attach-
ment toward the right ventricular apex. Th e trabeculized 
portion of the right ventricle beneath the valve is small and 
dysfunctional. Th e atrialized portion of the right ventricle 
above the valve is thin-walled and belongs to the dilated 
right atrium (Fig. 7.26) [27]. Hemodynamically the situ-
ation is characterized by decreased pulmonary blood fl ow, 
tricuspid regurgitation, and in the presence of atrial sep-
tal defect (in 50%), by a right-to-left shunt with cyanosis. 
Clinical symptoms may be striking in infancy or childhood, 
but often problems present only in adulthood (fatigue, cya-
nosis, signs of tricuspid regurgitation). Dysrhythmias occur 
frequently (supraventricular tachycardia, Wolff -Parkinson-
White syndrome).

 Indications for surgery are worsening of exercise tole-
rance, progression of cyanosis, congestive right-sided heart 
failure, and NYHA stages III–IV. Surgery is aimed at im-
provement of pulmonary blood fl ow, correction of tricus-
pid regurgitation, and closure of the right-to-left shunt (if 
present).

In case the anterior leafl et of the tricuspid valve is suf-
fi ciently developed, there exists a good chance for correction 
by  Danielson repair (fi rst performed in 1972) [28, 29] or by 
 Carpentier repair (published in 1988) [30]. Th e principle of 
both techniques is based on reduction of the dilated right 
atrium by plication of the atrialized right ventricular wall, 
reduction of the tricuspid annulus, and creation of a com-
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Fig. 7.26 Ebstein’s anomaly of the tricuspid valve (type A) with a well-de-
veloped mobile anterior leafl et. 1 Atrialized portion of the right ventricle, 
2 atrial septal defect, 3 sinus coronarius, 4 inferior vena cava
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petent monocuspid orifi ce from the anterior leafl et. Forms 
with severe malformation of the anterior leafl et require valve 
replacement usually with a bioprosthesis. Bidirectional cavo-
pulmonary connection has to be performed sometimes in 
the most severe cases [31].

With the Danielson technique [28, 29], plication of the 
atrialized right ventricular wall is achieved by a series of 
interrupted pledgeted mattress sutures. After the sutures are 
tied, the atrialized right ventricular wall is obliterated, which 
results in lowering the dilated right atrial capacity. Th e an-
nulus in the area of dysplastic posterior leafl et is moved to-
ward the septum by another stitch. Th is results in reduction 
of tricuspid annular circumference. Th e valve itself consists 
of the anterior tricuspid leafl et only (Figs. 7.27, 7.28).

Th e Carpentier technique is anterior leafl et rotating 
plasty [30]. Th e anterior leafl et is fi rst detached from the 
tricuspid annulus, and then vertical (perpendicular to the 
annular plane) plication of the atrialized right ventricular 
wall is performed in the area of posterior leafl et. Th e anterior 
leafl et is reattached with simultaneous clockwise rotatory 
shift to the area corresponding normally to the posteroseptal 
leafl et commissure (Figs. 7.29, 7.30). Carpentier fi nally adds 
annuloplasty ring implantation. Th e atrial septal defect is 
closed with a pericardial patch.

7.3.3.3 Tricuspid  Valve Replacement
Th e decision for tricuspid valve replacement is the ultimate 
solution in case the valve cannot be repaired. Th is situation 
occurs most often for advanced organic changes at rheu-
matic tricuspid stenosis, in heavily damaged valves due to 
endocarditis, and in severe forms of Ebstein’s anomaly. Th e 
problem of selecting the optimal valve for replacement has 



Tricuspid Valve Surgery

346

Fig. 7.27 Repair of Ebstein’s anomaly. Placement of sutures for oblitera-
tion of the atrialized portion of the right ventricle. (According to Danielson 
et al. [28, 29])
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Fig. 7.28 Repair of Ebstein’s anomaly. Atrialized portion of the right ven-
tricle is obliterated by tying of the sutures. Closure of the atrial septal 
defect. Placement of the suture for shortening of the tricuspid annulus 
in the area of the dysplastic and downward displaced posterior leafl et. 
After tying of the suture, a functionally monocuspid valve will be created. 
(According to Danielson et al. [28, 29])
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Fig. 7.29 Repair of Ebstein’s anomaly. Detachment of most of the anterior 
leafl et from the annulus. Marked in red is the zone of plication (perpen-
dicular to annulus in the area of dysplastic posterior leafl et). (According 
to Carpentier et al. [30])
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Fig. 7.30 Repair of Ebstein’s anomaly. Rotatory plasty of the anterior 
leafl et (which results in a monocuspid valve). Vertical plication of the 
atrialized right ventricle. Closure of the atrial septal defect. (According 
to Carpentier et al. [30])
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been extensively debated. In general, there is a slight prefer-
ence implantation of the bioprostheses [23, 32–35]. In the 
present authors’ unit, we implant bioprostheses in tricuspid 
orifi ce. Th e reason for this strategy is the very slow course of 
bioprosthesis degeneration thanks to lesser mechanical stress 
in low-pressure right-heart circulation and good clinical tole-
rance of eventually developed mild tricuspid regurgitation. 
Furthermore, mechanical valves in low-pressure right-heart 
circulation are susceptible to thrombosis. Mechanical valves 
also disable introduction of the pacemaker leads through the 
valve into the right ventricle. Th e advantage of bioprosthesis 
is, of course, avoidance of thromboembolic and bleeding 
complications related to chronic anticoagulation.

Tricuspid valve replacement is a relatively simple proce-
dure. Th e valve is sutured preferably with pledgeted mat-
tress sutures due to the very subtle and fragile tissue of the 
tricuspid annulus (Figs. 7.31, 7.32). It is advisable to leave 
the valve leafl ets in place in case of non-infective lesion.

Tricuspid valve replacement and repairs can both be carried 
out in cardioplegic heart arrest as well as on a beating heart 
after release of aortic cross-clamping. Choice of the strategy is 
infl uenced by the surgeon’s customary practice, accessibility of 
the tricuspid valve, and overall length of aortic cross-clamping. 
A compromise procedure can also be chosen, i.e., placement 
of the principal and most diffi  cult stitches during asystole and 
then, after aortic declamping, accomplishment of the rest of 
the valve implantation on an already beating heart.

7.3.3.4 Tricuspid  Valve Excision
In certain circumstances the tricuspid valve can be excised 
and left unreplaced. Th is option has been known since 
1981, when Arbulu et al. reported on 55 intravenous heroin 
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Fig. 7.31 Tricuspid valve replacement by a bioprosthesis. Pledgeted mat-
tress sutures are placed in the tricuspid annulus and the sewing ring of 
the bioprosthesis
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Fig. 7.32 Bioprosthesis St. Jude Medical Epic implanted into the tricuspid 
orifi ce
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 addicts operated for endocarditis in whom the tricuspid 
valve was excised without replacement [36, 37]. Only 6 
of them required prosthetic valve insertion from 2 days to 
13 years after excision of the valve. A prerequisite for this 
procedure is low or normal pulmonary pressure, i.e., the 
absence of pulmonary hypertension. Postoperatively, an in-
tensive volumotherapy is mandatory to maintain elevated 
right atrial pressure (systole >25 mmHg). Th e rationale for 
this rather dubious strategy lies in the fear of prosthetic 
endocarditis, which is very likely in patients who continue 
intravenous drug abuse. Th e authors have never chosen this 
method of treatment. Perhaps it might be considered in 
those addicts whose personal posture and history are un-
equivocally predictive of continuing the intravenous drug 
abuse. Another cause might be excessive infective annular 
destruction, in which fear of sewing-ring infection would 
justify choice of this procedure with the possibility to re-
place the valve later, after curing the infection.
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8 Pulmonary Valve  Surgery

Surgery for isolated pulmonary stenosis or pulmonary  re-
gurgitation is extremely rare in adulthood. Etiology of the 
isolated pulmonary stenosis is almost always congenital. 
Hemodynamically severe pulmonary stenosis is in most 
cases resolved in childhood by a percutaneous balloon val-
vuloplasty. Surgery is indicated in children with dysplastic 
pulmonary valve or infundibular stenosis. Other reasons of 
pulmonary stenosis (acquired) are mentioned in the litera-
ture (e.g., carcinoid or rheumatic etiology, obstruction by 
a vegetation), but incidence is very seldom and indication 
for surgery results extremely rarely.

Congenital pulmonary  stenosis may be diagnosed even in 
adulthood as either a valve disease not yet treated or a valve 
stenosis after inadequate percutaneous or surgical treatment. 
Adult patients with pulmonary stenosis are indicated for 
percutaneous balloon valvuloplasty if their peak gradient ex-
ceeds 50 mmHg, even when they are asymptomatic. Young 
patients, athletes, and women before planned pregnancy 
are indicated at the gradient of 40 mmHg, as is anyone 
who has become symptomatic (dyspnea, angina, presyncope, 
and syncope). If percutaneous intervention is not amenable, 
surgical treatment is required. At operation, the valve usu-
ally cannot be salvaged and valve replacement is performed, 
optimally with allograft or bioprosthesis that displays low 
rate of degeneration in the low-pressure right-sided circu-
lation. Use of mechanical valve is also an option, which 
almost guarantees freedom from reoperation but necessitates 
lifelong anticoagulation with all related risks.

Pulmonary regurgitation in adulthood usually has also 
congenital etiology. It may be either pulmonary regurgi-
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tation resulting from balloon or surgical valvulotomy of 
a congenital, isolated pulmonary stenosis, or more often 
regurgitation after radical correction of tetralogy of Fallot 
where a narrow right-ventricular outfl ow tract, pulmonary 
annulus, and pulmonary trunk were enlarged with an oval-
shaped patch [1]. Pulmonary regurgitation is well tolerated 
in the beginning, but a severe regurgitation within several 
decades leads to right ventricular dilation and dysfunction 
together with development of tricuspid regurgitation. Sur-
gery is indicated in such cases and should not be delayed 
to prevent right ventricular failure due to irreversible right 
ventricular dysfunction. Usually, for pulmonary valve re-
placement, an allograft or bioprosthesis is used. In case the 
pulmonary annulus and pulmonary trunk are narrow, they 
can be enlarged with use of allograft tissue, or a fabric patch 
should it be decided to implant the bioprosthesis (Fig. 8.1); 
however, the use of mechanical valves might be considered, 
especially in patients who have had multiple prior opera-
tions and require anticoagulation treatment for additional 
mechanical valve or rhythm disturbances. Th is idea is sup-
ported by a study that reports very good long-term results 
with mechanical prostheses [2].

Pulmonary regurgitation that developed due to dilation 
of the annulus and pulmonary trunk is usually hemodynam-
ically less signifi cant and is managed by operation on the left 
heart valves, which will alleviate pulmonary hypertension.

A recently available option is catheterization implanta-
tion of a stent with tissue valve into pulmonary position 
(“valve into valve”). Th is method will probably prove to be 
effi  cient not only in patients with pulmonary regurgitation 
after correction of tetralogy of Fallot, but also in patients 
with pulmonary allograft failure after Ross procedure.
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Fig. 8.1 Reoperation 33 years after radical correction of tetralogy of  Fallot. 
Incompetent pulmonary valve was replaced by a bioprosthesis, and the 
right ventricular outfl ow tract and the pulmonary artery trunk were en-
larged by a vascular graft
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9   Dysfunction of Implanted 
Heart Valves

9.1 Introduction

After valve replacement, patients are never healed com-
pletely. Cardiac operation restores their hemodynamics and 
improves, both subjectively and objectively, their functional 
status. Th e patients, however, become the carriers of a valve 
prosthesis, and as such they are exposed to a lifelong risk 
of postoperative complications caused by potential valve 
dysfunctions. Anticoagulation therapy, which is inevitable 
in all patients after implantation of mechanical prostheses, 
is associated with bleeding complications (resulting mostly 
from overdose) as well as thromboembolic events (due to 
ineff ective anticoagulation).

If the implanted cardiac valve does not work well for 
whatever reason, the clinical situation is termed dysfunction 
(malfunction) of the implanted valve. Dysfunctions include 
mechanical dysfunctions of the implanted valve due to de-
fects and wear of material or failure of valve mechanism. 
Th ese are true mechanical dysfunctions, so-called structural 
dysfunctions, caused by intrinsic factors. Valve malfunction 
can also be caused by external factors that interfere with 
the free motion of the occluder. Th is results usually from 
valve thrombosis, tissue overgrowth (pannus), interference 
of disc-tilting motion with myocardium, sutures, chordae, 
vegetations, etc.

Paraprosthetic leak, a situation when part of the valve 
ring remains disconnected from the recipient’s annulus, can 
also be counted among valve dysfunctions. Th e valve itself 
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works properly, but the leak causes regurgitation of variable 
severity, which sometimes requires reoperation. Paravalvular 
leak and some structural mechanical dysfunctions may cause 
signifi cant hemolysis. Infective endocarditis located on an 
implanted valve (i.e., prosthetic endocarditis) used to also 
be included in valve dysfunctions and in most instances 
necessitates explantation of the infected prosthesis and re-
implantation of a new valve.

All of the aforementioned dysfunctions of implanted 
valves are mostly life-threatening complications that may 
occur both in early- and long-term postoperative course. 
Th ey usually require diffi  cult reoperation (Fig. 9.1).

Incidence of any of the potential valve-related compli-
cations (including thromboembolic and bleeding events) 
ranges between 2 and 4% per patient-year. Risk of death 
(“prosthesis-related” mortality) is about 1% per year of life 
with prosthesis. Th e majority of these complications can 
be avoided by correct indications for surgery, choice of the 
optimal valve for replacement, proper surgical fi xation of 
the valve, meticulous anticoagulation therapy management, 
and strict prevention of infective endocarditis.

9.2   Structural Dysfunction 
of Implanted Heart Valves

Structural dysfunction of the implanted mechanical valves is 
defi ned as valve failure resulting from unfavorable changes 
of the valve material. Th ese events occurred formerly af-
ter implantation of “historic” valves (Figs. 9.2, 9.3) [1–7]. 
In most cases the reason was material defect, unsuitable 
material properties, or a construction defect in the valve 
mechanism. All currently used mechanical valves, however, 
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Fig. 9.1 Adhesions encountered in the anterior mediastinum at reopera-
tion. Inset shows the situation at initial operation
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Fig. 9.2 Cloth-covered caged-ball valve Starr–Edwards (model 2320) ex-
planted due to structural dysfunction 22 years after implantation
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Fig. 9.3 Disc valve Beall explanted due to structural dysfunction 16 years 
after implantation. Uneven wearing of the disc



369

Dysfunction of Implanted Heart Valves

work without structural deterioration and their durability is 
unlimited (valve lasts for the rest of the patient’s life).

Many mechanical heart valves have been replaced over 
the years by newly developed types, regardless of any struc-
tural dysfunction but as a result of improved construction, 
better hemodynamics, or superior materials. Some types, 
however, were withdrawn from production and the market 
due to higher incidence of structural deterioration.

Th e most serious  structural dysfunction was the escape 
of the occluder (disc) from the valve housing. Acute aortic 
or mitral regurgitation was a lethal condition unless an ur-
gent reoperation was performed immediately. Th is  sudden 
and catastrophic structural failure of mechanical valves was 
reported with several types of disc valves (monodiscs and 
bileafl et valves) as an extremely rare and strange occur-
rence. In the 1980s, however, a higher incidence of disc 
escapes due to strut fracture was noticed with popular and 
widely implanted convex–concave Björk–Shiley valves after 
2–3 years of proper postoperative function. Th e reason 
was imperfect weld between the valve housing and ring 
[8–10]. Currently all valves have their housing manufac-
tured from a single block of metal (or plastic). New valve 
models are subjected to long-term testing in pulsators at 
high frequency and overload in order to detect the hidden 
material defects. All types of currently used mechanical 
valves should have lifelong durability without development 
of serious structural changes.

On the other hand, structural deterioration is encoun-
tered even with modern bioprostheses.  Structural failure 
of bioprostheses is caused mainly by the development of 
degenerative changes in the leafl ets of biological valves. Cal-
cifi cation is the most frequent and serious feature (Fig. 9.4). 



Dysfunction of Implanted Heart Valves

370

Fig. 9.4 Structural failure of bioprosthesis. The leafl ets are stiff  and dif-
fusely calcifi ed (8 years after implantation)
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Leafl et tears and perforations also occur often, and occa-
sionally a whole leafl et tears off  the sewing ring (Fig. 9.5). 
Structural failure of bioprosthesis that requires reoperation 
appears usually several years after valve implantation. Th e 
rate of degeneration depends predominantly on the pa-
tient’s age and valve stress load (see Chap. 4).

New modifi cations of bioprostheses are under constant 
development as well as the procedures focused on blocking 
the onset of degenerative changes and calcifi cations in the 
valve leafl ets (e.g., detoxifi cation, antimineralization, anti-
calcifi cation, and antidegeneration treatments).

Indications for reoperation for tissue-valve failure are 
based on hemodynamic parameters and the patient’s clini-
cal status, and do not diff er from indications for primary 
valve replacement. Operative risk of a planned reoperation 
is generally higher for 2–3% of cases than the risk of initial 
operation. Nevertheless, reoperation for tissue-valve failure 
is usually required in a patient of advanced age and with 
many concomitant diseases, which makes the actual risk of 
reoperation much higher than the risk of initial operation.

9.3   Th rombosis of Implanted Heart Valves

Th rombosis of implanted heart valve is a rare but lethal 
complication unless prompt and correct diagnosis is estab-
lished and treatment undertaken. Its incidence with cur-
rently used mechanical valves is reported to be 0.2–0.5% 
per patient-year with the implanted valve. History of in-
adequate anticoagulation therapy has been documented in 
about 70% of patients with mechanical valve thrombosis, 
with the greatest risk resulting from international normal-
ized ratio (INR) value fl uctuation.
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Fig. 9.5 Pericardial bioprosthesis Ionescu–Shiley explanted due to struc-
tural dysfunction 22 years after implantation. Tearing of the leafl ets at 
a commissure
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Th rombus formation restricts the disc opening or closure, 
or leads to complete disc immobilization (Figs. 9.6–9.9). 
Obstruction of the valve orifi ce is the dominant feature, but 
regurgitation also may be present. Similar clinical condition 
may result from   pannus formation, a tissue overgrowing the 
valve ring [11–14]. In some cases, the thrombus is superim-
posed on pannus and thereby accelerates the acute clinical 
symptomatology (Figs. 9.10–9.13).

 Diagnosis can be established based on the patient’s his-
tory, auscultatory fi ndings, diagnostic imaging, and coagu-
lation tests. At auscultation, absence or decrease in intensity 
of the opening and closing click is a pathognostic sign. 
With some types of disc valves, the patient may witness 
the cessation of the “valve beat.” Cinefl uoroscopy can con-
fi rm the diagnosis of incomplete closure or opening of the 
poppet, or sometimes the poppet blockade. Transthoracic 
and, preferentially, transesophageal echocardiography is 
also diagnostic, providing information on the transvalvular 
gradient based on obstructing tissue echogeneity, and also 
discrimination between thrombus and pannus (not feasible 
in every case) [11, 14].

 Treatment has to be started promptly after diagnosis 
is established. Th ere is no consensus as to which treat-
ment strategy is superior. Th e options are either surgically 
demanding reoperation with cardiopulmonary bypass or 
thrombolysis with unpredictable effi  cacy and indispensable 
risks, or, rarely, eff ective administration of anticoagulation 
therapy only.

Th e mortality rate for acute reoperation in hemodynami-
cally stable patients [New York Heart Association (NYHA) 
stages I–III] without serious comorbidities is below 10% 
but varies widely (15–46%) in patients in NYHA stage IV 



Dysfunction of Implanted Heart Valves

374

Fig. 9.6 Acute thrombosis of bileafl et mitral valve St. Jude Medical
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Fig. 9.7 Explanted bileafl et mitral valve (viewed from the left atrium). 
Thrombosis has caused immobilization of both leafl ets
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Fig. 9.8 Explanted bileafl et mitral valve (viewed from the left ventricle). 
Thrombi of various age together with originating circular pannus restrict 
tilting of the semilunar discs
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Fig. 9.9 Mitral valve St. Jude Medical explanted due to thrombosis. 
Thrombolysis was successful in mobilization of only one leafl et
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Fig. 9.10 Pannus beneath mechanical disc aortic valve Medtronic–Hall 
reduces eff ective orifi ce area and can even restrict tilting of the disc
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Fig. 9.11 Aortic disc valve Medtronic–Hall explanted due to dysfunction 
resulting from tissue overgrowing from beneath the valve
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Fig. 9.12 Tissue overgrowing (pannus) mitral annulus after implantation 
of caged-ball valve Starr–Edwards
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Fig. 9.13 Explantation of the valve Starr–Edwards due to dysfunction 
resulting from tissue overgrowing into the mitral orifi ce
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[15, 16]. Th rombolysis carries risk of serious complications 
(e.g., embolizations, bleeding) that result in mortality in 
about 10% of cases, as reported in large cohorts. Failure of 
thrombolysis ranges between 10 and 15% [16, 17]. Choice 
of optimal treatment strategy is individual and is infl uenced 
by the given situation [18–23].

Surgery is necessary in cases of failure or contraindica-
tion of thrombolysis.

Surgery seems to be the most appropriate treatment in 
the following cases:

1. In patients with a large (>8 mm) billowing thrombus on 
left-sided prosthetic valves, which presents signifi cant 
potential for embolization at thrombolysis

2. In critically ill patients without comorbidities
3. In patients in good clinical condition (risk of surgery 

does not exceed risk of thrombolysis)
4. When the presence of pannus or organized thrombus is 

suspected (ineff ectiveness of thrombolysis)

Th rombolysis is advisable in the following cases:

1. In patients with a short history of disease (fresh thrombus 
is expected)

2. In high-risk patients (comorbidities)
3. In patients with echocardiographic fi ndings of fi rmly 

seated, non-billowing thrombus
4. In those who refuse surgery
5. In cases of thrombosis of implanted tricuspid valve
6. In situations in which surgery is not immediately available 

and the patient cannot be transferred
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Th rombolysis tends to be preferred in recent years. Many 
authors recommend thrombolysis as the fi rst-line treatment 
in all patients with obstructive prosthetic valve thrombosis, 
independent of NYHA function class and thrombus size. 
Surgery should be reserved only for patients in whom throm-
bolysis is contraindicated or has failed [20, 21, 24–26]. In 
case of failure of thrombolysis, surgery can be performed 
24 h after discontinuation of thrombolysis administration. 
Earlier surgery can be undertaken on the basis of vital indica-
tion with high risk of bleeding despite substitution therapy.

After successful management of valve thrombosis, pa-
tients who had been anticoagulated properly have to main-
tain anticoagulation therapy at INR between 3.0 and 4.5 
and antiaggregation comedication (acetylsalicylic acid) is 
usually recommended [21]. Patients with known poor com-
pliance to anticoagulation therapy should be given biopros-
thesis at reoperation.

9.4    Paraprosthetic Leak

Paraprosthetic leak is a pathological communication through 
the patient’s annulus outside of the sewing ring (Fig. 9.14). 
After closure of the valve, paraprosthetic blood regurgitation 
of various degrees of severity occurs through this commu-
nication. Paraprosthetic regurgitation is always pathological 
and has to be distinguished from transvalvular regurgita-
tion, which is in minimal quantity present in all prostheses. 
Transvalvular “physiological” regurgitation volume of an 
implanted valve varies between 5 and 10% of systolic vol-
ume and is hemodynamically insignifi cant.

Th e paraprosthetic leak results from tearing of (cutting 
through) the sutures or imperfect healing of the sewing ring 
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Fig. 9.14 Paraprosthetic leak in the area of original commissure between 
right and non-coronary aortic cusp
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to the patient’s annular tissue, or is due to infective loosen-
ing of the sutures. Insignifi cant leaks are present in a form of 
slit-like dehiscence, whereas severe leaks may occupy up to 
half, occasionally even more, of the annular circumference.

Occurrence of paraprosthetic leak is related to the fol-
lowing:

1. Poor-quality annulus (extensive calcifi cations, perian-
nular abscess, etc.)

2. Actions of the surgeon (e.g., choosing suboptimal tech-
nique of valve fi xation, insuffi  cient debridement of the 
calcifi ed annulus)

3. Infection (e.g., resulting from native valve endocarditis 
or secondary infection leading to early or late prosthetic 
endocarditis)

4. Material of the sewing ring (e.g., a higher incidence of 
paraprosthetic leak was reported with the fi rst-genera-
tion Omniscience valves with Dacron sewing ring in the 
1980s [27]. For that same reason a Silzone valve, which 
had the sewing ring impregnated with silver to prevent 
infection, was withdrawn from the market in 2000) [28].

Th e incidence of hemodynamically signifi cant leaks that 
necessitate reoperation is reported to be between 0 and 5% 
(mostly 1–2% of the operated patients). With regard to its 
etiology, paraprosthetic leak is classifi ed as non-infective and 
infective (resulting from infective endocarditis). In cases of 
leak several months or years after operation, infectious etio-
logy has always to be suspected. Th is underscores the impor-
tance of a detailed postoperative echocardiography analysis 
of the valve prosthesis, which serves as a referential for future 
comparison. Clinical course of prosthetic endocarditis is 



386

Dysfunction of Implanted Heart Valves

associated with development of paraprosthetic leak, which 
gradually worsens with the progression of infection.

Diagnosis of paraprosthetic leak is based on ausculta-
tory fi ndings (regurgitation murmur), echocardiography, or 
angiocardiography. If the leak occupies a substantial portion 
of the annulus, a pathological tilting of the contrast ring 
can be seen at cinefl uoroscopy.

Indication criteria for reoperation are similar to those for 
initial operation of incompetent valves and include onset 
of subjective complaints, enlargement of left ventricular 
dimensions, and verifi cation of signifi cant paraprosthetic 
regurgitation by means of echocardiography, angiocardio-
graphy, or by dilution quantifi cation at catheterization.

Surgical treatment consists of explantation of the valve 
and its replacement by a new valve. Minor and accessible 
non-infective leaks can be treated by suturing the dehis-
cence with pledgeted mattress sutures. Paraprosthetic leaks 
in the area of the former non-coronary cusp can be closed 
by transaortic mattress sutures with pledgets placed exter-
nally (Fig. 9.15).

Risk of reoperation for paraprosthetic leak is reported 
to be between 5 and 10% for patients in stable condition 
(assuming non-infective leaks).

9.5    Prosthetic Valve Endocarditis

Infection of an implanted heart valve is the most serious 
complication after heart valve replacement either in early 
or late postoperative course (Figs. 9.16–9.18).

Incidence of prosthetic endocarditis is reported in the 
litera ture to be most often between 0.2 and 0.8% for each 
year of life with an implanted valve [29]. Diagnosis of 
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Fig. 9.15 Closure of a non-infective paraprosthetic leak with a pledgeted 
mattress suture placed transaortically
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Fig. 9.16 Bileafl et valve explanted due to prosthetic endocarditis with 
extensive paraprosthetic leak. The extent of infective dehiscence (leak) 
is marked
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Fig. 9.17 Prosthetic endocarditis of aortic valve (postmortem fi nding). 
View from the left ventricle. Multiple periannular abscesses and para-
prosthetic leaks
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Fig. 9.18 Extensive, almost circular abscesses in the aortic annulus due to 
prosthetic endocarditis. 1 Right coronary ostium, 2 left coronary ostium
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prosthetic endocarditis is based on septic condition of the 
patient, positive hemocultures, detection of vegetations, 
and abscess or paraprosthetic leak on echocardiography, 
auscultatory fi ndings, and clinical development of heart 
failure. Other alarming signs include septic embolizations, 
conduction disorders, and also septal perforations. Large 
vegetations may interfere with tilting motion of the poppet 
(especially in mitral position). Considerable risk of emboli-
zation is present with vegetations larger than 10 mm.

 Th erapy is always initiated with conservative treatment 
with intravenous administration of high-dose bactericide 
antibiotics according to results of hemocultures. Should 
conservative therapy fail, radical surgical treatment has to 
be undertaken promptly, despite its higher operative risk, 
before development of complications which would further 
increase the risks of such surgery (e.g., heart failure, peri-
annular abscess, perforation, conduction disorders, and 
embo lization). Infection that is deep-seated in the fabric of 
the sewing ring and has already led to paraprosthetic leak 
or abscess formation can hardly be cured by conservative 
treatment.

 Indications for surgery are severe congestive heart failure, 
persistent sepsis despite 1 week of antibiotic therapy, progres-
sion of perivalvular pathology (annular abscess, paravalvular 
leak, new conduction abnormalities, false aneurysm, patho-
logical communication), large mobile vegetations, fungal 
and staphylococcal etiology, and valve obstruction with vege-
tation (Fig. 9.19) [14, 30–32].

Risk of reoperation for prosthetic endocarditis still re-
mains very high. In large cohorts, the 30-day mortality rate 
is reported to be 13–69%. Mortality due to early prosthetic 
endocarditis is substantially higher than that of late endocar-
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Fig. 9.19 Bioprosthesis 1 year after implantation into tricuspid orifi ce 
because of infective endocarditis in a drug addict. Prosthetic endocarditis 
in a patient who failed to stop his drug abuse resulted in obstruction of 
the orifi ce by vegetation
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ditis. In recent years mortality rates have gradually decreased 
and presently vary around 20% [29, 30, 32, 33].

Th e seriousness of prosthetic endocarditis accentuates 
the necessity of preventive measures (a) preoperatively (e.g., 
eradication of focal infection), (b) perioperatively (e.g., strict 
asepsis, antibiotic prophylaxis, early extraction of catheters 
and cannulas), and (c) postoperatively (e.g., antibiotic treat-
ment of every potential bacteremia).
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10  Results of Heart Valve Surgery

Before surgery, the patient has to be given accurate informa-
tion about the nature of his or her disease, expected natural 
history of the disease without operation, and the estimated 
risk of surgical procedure. Th e average in-hospital mortality 
rate, drawn from large patient cohorts [1–9] (Table 10.1), is 
approximately 3% for isolated aortic valve replacement, 6% 
for isolated mitral valve replacement, and 1–2% for mitral 
valve repair. Th e published mortality rate for concomitant 
aortic and mitral valve replacement is 9%, and 6% for aortic 
valve replacement with concomitant mitral valve repair. Th e 
mortality rate for tricuspid valve surgery(usually for mitral–
tricuspid valve disease) is approximately 10%. Aortic valve 
replacement with concomitant coronary bypass grafting has 
the expected mortality rate of approximately 6%, whereas 
the mortality rate for mitral valve replacement combined 
with coronary bypass grafting ranges between 10 and 12%. 
Th e mortality rate for mitral valve repair with concomitant 
coronary bypass grafting is about 6–8%.

All these mortality estimates increase in patients over 
70 years as well as in cases of urgent surgery, reoperation, 
active endocarditis, pulmonary hypertension (systolic pres-
sure >60 mmHg), low ejection fraction, long-term diabe-
tes mellitus, and serious renal, pulmonary, neurological or 
athero sclerotic disease. Risk of operation in patients without 
the abovementioned risk factors is lower than the average 
estimates, whereas risk of surgery in elderly and polymorbid 
patients exceeds the given data.

Prediction of mortality for a given patient can be cal-
culated more precisely by  EuroSCORE (European System 
for Cardiac Operative Risk Evaluation) [10]. It has to be 
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realized, however, that both additive and logistical Euro-
SCORE calculations take into account some important 
patient risk factors, but they ignore the extent of necessary 
surgical procedure [11, 12]. In valve surgery, EuroSCORE 
thus forecasts exactly the same probability of death for one 
valve procedure as for extensive complex procedures (e.g., 
aortic valve replacement with concomitant mitral valve 
 repair, tricuspid valve repair, and coronary bypass graft-
ing). EuroSCORE therefore works well predominantly for 
isolated coronary surgery and for single-valve surgery.

Table 10.1 Hospital mortality rates of heart valve surgery.

Procedure

Germany
2004–2008

Author J. D.
1978–2008

USA
2000–2008

n % n % n %

AVR 57 056 3.7 735 2.1 125 545 3.3

MVR 10 251 7.9 319 6.0 38 881 5.7

MVP 12 877 2.1 124 0.8 37 592 1.7

AVR MVR 3 647 12.2 105 8.6 9 849 9.7

AVR MVP 3 974 5.4 30 6.6

TVR,TVP 6 632 9.0 130 9.2 39 416 10.1

AVR CABG 40 829 6.3 361 5.3 119 579 5.5

MVR CABG 4 756 12.9 63 9.5 24 505 11.3

MVP CABG 8 440 8.5 15 6.7 37 562 7.1

AVR aortic valve replacement, MVR mitral valve replacement, MVP mitral 
valve plasty, TVR tricuspid valve replacement, TVP tricuspid valve plasty, 
CABG coronary artery bypass grafting. (From [2, 4–8])

+

+

+

+

+
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No less important than the early results of the heart valve 
surgery are the long-term outcomes. In the long term the 
patient is jeopardized by infrequent, but life-threatening, 
valve dysfunctions as well as thromboembolic and bleeding 
complications resulting usually from inadequately main-
tained anticoagulation therapy. After valve-sparing opera-
tions, failure of repair can occur during long-term follow-
-up. After heart valve surgery, before discharge, all patients 
have to undergo a detailed cardiological checkup, including 
echocardiography examination, which serves later as a refe-
rential for future checkups and eventual decision making in 
case of subsequent complications.
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