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INTRODUCTION

■ Mitral

Valve Anatomy: a Historical Perspective

 A brief history of the mitral valve
The mitral valve (also known as the left atrioventricular valve) is the valve between the left
atrium and left ventricle of the heart. When the mitral valve opens during diastole blood is
allowed to flow from the left atrium into the left ventricle and during systole the closed
mitral valve prevents blood from flowing back from the left ventricle into the left atrium.
The earliest drawings and descriptions of the (functional) anatomy of the mitral
valve were made in 1513 by the Italian artist, scientist and engineer Leonardo daVinci (Fig.
1A) [1]. His drawings and descriptions were mainly based on dissection of ox hearts.
Although daVinci continued to accept the untrue Galenic dogma with regard to the
circulation, he presented several important concepts in his drawings of the mitral valve,
such as the importance of chordae tendinae and the “atrioventricular loop” for mitral valve
competence (Fig. 1B), the three type of chords (i.e. primary, secondary en tertiary chords),

Figure 1. Leonardo daVinci and the earliest drawings of the mitral valve
(A) A portrait of Leonardo daVinci attributed to Francesco Melzi, c. 1515. Red chalk. (B) Small drawing reveals
the plait‐like arrangement of the chords to the atrioventricular valves. Detail from RL 19093 recto. Studies of the
heart, and the head of a youth in profile. Leonardo daVinci, c. 1511‐13. Pen and ink on blue paper. (C) The nature
of the closing mechanism of the atrioventricular valves. Lengthy coaptation is required for each leaflet to support
the other. Detail from RL 19074 recto. The ventricles, papillary muscles and tricuspid valve. Leonardo daVinci, c.
1511‐13. Pen and ink on blue paper. (D) The relationship between the aortic and mitral valves. Detail from RL
19080 recto. The left ventricle and mitral valve. Leonardo daVinci, c. 1512‐13. Pen and ink on blue paper.
A‐D lent by: Her Majesty The Queen. Royal Collection © Her Majesty Queen Elizabeth II; reproduced from:
Wells FC (ed). The heart of Leonardo. 1th edn. London, UK: Springer‐Verlag, 2013).

__________
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the concepts of coaptation and apposition (Fig. 1C), and the intimate relationship between
the mitral valve and the aortic valve (Fig. 1D) [1].
Anatomist Andreas Vesalius (Fig. 2A) first called the left atrioventricular valve the
mitral valve in 1543 because of its resemblance (in the open position) to a “mitre” (Fig. 2B,C)
[2]. The “mitre” (Greek: μίτρα, “headband” or “turban”), is a type of headgear now known
as the traditional, ceremonial head‐dress of bishops and certain abbots [3].

Figure 2. Andreas Vesalius and the “mitral” valve
(A) A portrait of Andreas Vesalius attributed to Johan Stefan van Kalkar, c. 1543. Andreas Vesalius first called
the valve between the left atrium and left ventricle of the heart the mitral valve in 1543 because of its resemblance
(in the open position) (B) to a “mitre” (C).
A reproduced from: Vesalius A. Andreae Vesalii Bruxellensis, de humani corporis fabrica libri septem. Basileae,
Joannes Oporinus, 1543.

Over the years our knowledge of mitral valve anatomy and mitral valve dynamics
has increased significantly. Major concepts are summarized in the following sections.

 Embryology of the mitral valve
Within the first 3‐4 weeks of human development a single large vessel (the primitive heart
tube, PHT) undergoes a series of rotations to create the primitive atria, which connect to a
single ventricle (Fig. 3A‐D) [4,5]. The atria and single ventricle are not separated at this stage
and form an atrioventricular canal (AVC) (Fig. 3E) [4,5]. Within this area lie the endocardial
cushions (EC), areas of developing tissue that form part of the ventricular walls (Fig. 3E) [6].
They fuse during the 4th week of development to form a ring of tissue from which the

__________
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atrioventricular valves (i.e. the tricuspid and mitral valve) will develop (Fig. 3E) [6].
Mesenchymal tissue near the area of the AVC will form the valve leaflets (Fig. 3F) [6]. Over
time the ventricular tissue is “hollowed out” until the mesenchymal tissue overhangs the

Figure 3. Embryonic development of the human heart and mitral valve
(A) Fusion of the endocardial tubes into the primitive heart tube (PHT). (B) Development of the PHT. (C and D)
Rotation and folding of the PHT to form the primitive atria, which connect to a single ventricle. (E) Partitioning
of the heart into four chambers; within the atrioventricular canal (AVC) lie endocardial cushions (EC), which fuse
to form a ring from which the atrioventricular valves will develop. (F) Over time the ventricular tissue is
“hollowed out” until the mesenchymal tissue overhangs the receding myocardium. Degenerating ventricular
muscle forms the chordae tendineae, which connect the valve leaflets to the papillary muscles of the ventricular
wall.
A = atrium; AVC = atrioventricular canal; BC = bulbus cordis; EC = endocardial cushion(s); ET = endocardial
tubes; FO = foramen ovale; IVS = interventricular septum; LA = left atrium; LV = left ventricle; MV = mitral
valve; PA = primitive atrium; PHT = primitive heart tube; PV = primitive ventricle; RA = right atrium; RV =
right ventricle; SP = septum primum; TA = truncus arteriosus; TV = tricuspid valve; V = ventricle.
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receding myocardium [6]. Degenerating ventricular muscle forms the chordae tendineae,
which connect the valve leaflets to the papillary muscles of the ventricular wall [6].

 Anatomy of the mitral valve
The mitral valve is one of the most complex structures of the human heart. The complexity
is determined by its anatomy, which is very closely related to its function. The mitral valve
is a functional unit that consists of six anatomical components: the left atrium, the mitral
valve annulus, the anterior and posterior leaflets, the chordae tendinae, the papillary
muscles and the left ventricular wall (Fig. 4A‐F). These six components are also called the
“valvuloventricular” complex [7]. The chordae tendinae, papillary muscles (and left
ventricular wall) are also called the “subvalvular apparatus” [7]. The subvalvular apparatus
facilitates the opening of the leaflets during diastole (active opening) and prevents the
upward displacement of the leaflets above the plane of the annulus during systole [8].
The left atrium
The left atrium is part of the mitral valve unit because it is continuous with the posterior
leaflet [7]. During systole the left atrium functions as a blood reservoir [9]. In diastole the left
atrium empties into the left ventricle passively (early in diastole) and actively (late in
diastole, through atrial contraction) [9]. When left ventricular pressure exceeds left atrial
pressure the mitral valve closes and it prevents blood from flowing back to the left atrium
during systole [9].
The annulus
The annulus is part of the fibrous skeleton of the heart and consists of connective and
muscular tissue. It forms the intersection of the left atrium and left ventricle where the
leaflets attach. The annulus of the mitral valve is not visible from the atrium; it is deeper and
2 mm external to the visible hinge of the leaflets [8]. The right and left fibrous trigones are
closely related to the anterior annulus, superior to the commissures, and contiguous with
the aortic valve curtain (Fig. 4B,F) [10]. The posterior half to two‐thirds of the annulus is
primarily muscular with little or no fibrous tissue [11]. The plane of the mitral valve annulus
makes a 120° angle with the plane of the aortic valve annulus [8]. The annulus has an overall
D‐ or oval shape and is saddle‐shaped (Fig. 4B,C) [12]. The unique shape has been shown to
reduce leaflet, annular, and chordal stress [13]. During systole the posterior part of the
annulus contracts. During this contraction the annular diameter reduces and consequently
the mitral valve orifice and annular area reduce with approximately 30% [14]. Because of it`s
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Figure 4. Anatomy of the mitral valve and its relationship to surrounding structures
(A) Longitudinal section through the heart to indicate the level of the heart valves (red line) and the position of the
mitral valve (MV). (B) Left atrial, superior view of the mitral valve in the open position (diastole). The mitral
valve has two leaflets; the anterior mitral valve leaflet (AMVL) and the posterior mitral valve leaflet (PMVL). The
PMVL contains three or more scallops separated by fetal clefts, indentations or subcommissures, which are
developed to variable degrees in different individuals. The three posterior leaflet scallops are called anterolateral
(P1), middle (P2), and posteromedian (P3) segments. The AMVL is also divided in anterolateral (A1), middle
(A2), and posteromedian (A3) segments. The two leaflets are separated by the commissures. The right and left
fibrous trigones (RFT and LFT) are closely related to the anterior annulus, superior to the commissures, and
contiguous with the aortic valve curtain (fibrous valvular continuity, FVC). Note that the chordae from each
papillary muscle are attached to the AMVL, PMVL and the corresponding commissure. (C) Three‐dimensional
echocardiographic virtual model of the mitral valve in the closed position (systole) (oblique commissure‐to‐
commissure view). Note the saddle‐shaped annulus, which reduces leaflet, annular, and chordal stress. (D) Lateral
view of the mitral valve (in the closed position (systole)) and its subvalvular apparatus. From the attachment point
of each leaflet at the annulus to the free edge, the leaflet is described as having basal, clear and rough zones. The
basal zone (BZ) is described as the area where the leaflet connects to the atrioventricular junction. The thin central
portion of the leaflet is the clear zone (CZ). The thick rough zone (RZ) at the free edge of the leaflet is the main area
of chordal attachment and the region of coaptation (C) (i.e. where the leaflets meet) and apposition (A) (overlap of
the leaflet free edge (i.e. coaptation line (CL) or surface)). Primary (or marginal) chords (PCh) attach to the edge of
both leaflets; secondary (or intermediary) chords (SCh) attach to the underside of both leaflets at the junction of
the rough and clear zones; tertiary (or basal) chords (TCh) attach to the undersurface of the posterior leaflets
directly from the ventricular wall or from the papillary muscles. (E) The mitral valve in the open position
(diastole) seen from within the left ventricle. (F) Cross‐section through the base of the heart (at the level indicated
by the red line in A); atrial, superior view of the mitral valve and its position relative to the other heart valves and
surrounding vitally important structures: the circumflex coronary artery laterally, the coronary sinus medially,
the aortic root superiorly, and the atrioventricular node superior‐medially.
C provided by: the Gorman cardiovascular research group.
A = apposition; AC = anterior commissure; (AL)PM = (anterolateral) papillary muscle; (A)MVL = (anterior)
mitral valve leaflet; AoV = aortic valve; AVN = atrioventricular node; BZ = basal zone; C(L) = coaptation (line);
CS = coronary sinus; Cx = circumflex coronary artery; CZ = clear zone; FVC = fibrous valvular continuity; LCC =
left coronary cusp; LFT = left fibrous trigone; MV(A) = mitral valve (annulus); NCC = non‐coronary cusp; PC =
posterior commissure; PCh = primary chords; (PM)PM = (posteromedian) papillary muscle; (P)MVL = (posterior)
mitral valve leaflet; PV = pulmonary valve; RCC = right coronary cusp; RFT = right fibrous trigone; RZ = rough
zone; SCh = secondary chords; TCh = tertiary chords; TV = tricuspid valve.

oval shape the annular diameter is smaller in the anteroposterior (or septolateral) direction
than in the transverse direction [12]. In annular dilatation the posterior annulus usually
dilates [15]; as a consequence especially the anteroposterior diameter increases. Recently, it
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has been shown that the anterior annulus may also dilate a limited amount [16]. Annular
dilatation also leads to annular flattening (increased nonplanarity) and loss of the
physiological saddle‐shape [17,18].
The leaflets
The mitral valve has two leaflets; the larger anterior (or aortic or septal) leaflet and the
smaller posterior (or mural) leaflet. The posterior leaflet contains three or more scallops
separated by fetal clefts, indentations or subcommissures, which are developed to variable
degrees in different individuals (Fig. 4B) [19]. The indentations are normal anatomical
structures that allow the leaflet to fully open during diastole [7,20]. The three posterior
leaflet scallops are called anterolateral (P1), middle (P2), and posteromedian (P3) segments
(Fig. 4B) [7,20]. The anterior leaflet is also divided in anterolateral (A1), middle (A2), and
posteromedian (A3) segments (Fig. 4B) [7,20]. The two leaflets are separated by the
posteromedian and anterolateral commissures (Fig. 4B). A commissure is a functional Y‐
shaped entity that provides the continuity between anterior and posterior leaflets and
allows them to coapt at their junction [8]. The exact limits of commissural leaflets are
difficult to determine because of their variability in size and continuity with the anterior and
posterior leaflets [20]. Commissural leaflets can be identified by the attachment of fan‐
shaped chordae [20]. The anterior leaflet is larger but is attached to a smaller portion of the
annulus (approximately one third) than the posterior leaflet (approximately two thirds) [21].
The anterior leaflet is in continuity with the left and noncoronary cusps of the aortic valve
(fibrous valvular continuity or aorto‐mitral curtain) (Fig. 4F). From the attachment point of
each leaflet at the annulus to the free edge, the leaflet is described as having basal, clear and
rough zones (Fig. 4D) [22]. The basal zone is described as the area where the leaflet connects
to the atrioventricular junction [22]. The thin central portion of the leaflet is the clear zone
[22]. The thick rough zone at the free edge of the leaflet is the main area of chordal
attachment and the region of coaptation (i.e. where the leaflets meet) and apposition
(overlap of the leaflet free edge (i.e. coaptation line or surface) (Fig. 4D) [22]. In the midline
of the valve the length of coaptation approximates 7 to 9 mm and this length decreases
towards the commissures [8]. The total area of leaflet tissue is approximately twice the total
area of the annulus, which allows for adequate coaptation and apposition, required for
mitral valve competence [9]. At closure, approximately 30% of the anterior leaflet and 50%
of the posterior leaflet are in apposition [9]. Normal coaptation and apposition produce the
characteristic ʺmitral smileʺ (Fig. 4F).
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The chordae tendinae and papillary muscles
Both papillary muscles (the anterolateral and posteromedian papillary muscle) are attached
to the leaflets by the chordae tendinae, chords of stringlike fibrous connective tissue (Fig.
4B,D,E). Primary (or marginal) chords attach to the edge of both leaflets; secondary (or
intermediary) chords attach to the underside of both leaflets at the junction of the rough and
clear zones and they serve to anchor the valve, are more prominent on the anterior leaflet,
and are important for optimal ventricular systolic function; tertiary (or basal) chords attach
to the undersurface of the posterior leaflets directly from the ventricular wall or from the
papillary muscles and they can be identified by their fan‐shaped patterns (Fig. 4D) [23].
Additionally, distinct commissural chords and cleft chords exist in the commissures (Fig.
4B) [7,20]. Approximately 25 major chordal trunks (range 15 to 32) arise from the papillary
muscles; on the other end, greater than 100 smaller individual chords attach to the leaflets
[23]. The papillary muscles each give off chordae to both leaflets and correspond to the
anterolateral and posteromedian commissures of the mitral valve (Fig. 4B,E) [19]. The
posteromedian papillary muscle is more prone to ischemia and rupture due to its
dependence on single blood supply from the posterior descending coronary artery (which is
either derived from the circumflex or from the right coronary artery) [24]. The anterolateral
papillary muscle is less vulnerable to rupture due to its dual blood supply (left anterior
descending and circumflex coronary artery) [24]. Typically, the anterolateral papillary
muscle is a single large structure, whereas the posteromedian papillary muscle is frequently
subdivided in 2 or 3 heads (Fig. 4E) [25].
The left ventricle
The left ventricle works together with the papillary muscles via the chordae to pull in the
leaflet edges during systole, thereby maintaining the line of coaptation and valve
competence [10]. Papillary muscle‐annular continuity plays an important role in left
ventricular geometry and left ventricular function [26].
 Mitral valve dynamics
The mitral valve opens during a forward pressure gradient (diastole) and closes during a
backward pressure gradient (systole). The flow patterns both through the mitral valve and
in the ventricle influence mitral valve function.
Mitral valve competence involves precisely timed interactions among the
previously described six anatomical components. These interactions can best be described
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during the cardiac cycle. The cardiac cycle can be divided into four periods: isovolumetric
contraction, systole, isovolumetric relaxation, and diastole.
During isovolumetric contraction left atrial filling starts directly after mitral valve
closure and before the aortic valve opens [9]. Flow through the mitral valve briefly reverses
as the leaflets coapt and bulge toward the atrium [9]. During systole the left atrium fills
rapidly and reaches maximum volume near endsystole. The position of the annulus
descends during systole [9]. The annulus asymmetrically contracts during atrial and
ventricular systole and reaches a minimal area in mid systole [14,27,28]. Annular motion can
be responsible for up to 20% of left ventricular filling and ejection [29]. Immediately after
atrial contraction, the mitral leaflets approach each other and close within 20‐60 milliseconds
after pressure crossover when left ventricular pressure exceeds left atrial pressure [9].
Chordae tendinae restrict the upward movement of the leaflets and produce a tight seal
along the line of apposition. Papillary muscles begin to shorten during late isovolumetric
contraction and throughout systole in synchrony with shortening of the adjacent ventricular
wall [30,31]. During systole the ventricle progressively twists counterclockwise along its
longitudinal axis [32].
During isovolumetric relaxation the left atrium starts to empty when left atrial
pressure exceeds left ventricular pressure [9]. The mitral annulus ascends during atrial
contraction, which occurs during late diastole [9]. The area of the mitral orifice increases
slightly during isovolumetric relaxation and continues to increase during diastole until it
reaches a maximum just before the left atrium contracts [14]. During isovolumetric
relaxation the mitral leaflets separate approximately 30 milliseconds before left atrial
pressure exceeds left ventricular pressure [33]. Peak blood flow through the valve occurs
early in diastole, but the mitral leaflets reach their maximal open position before peak flow
occurs and begin closing while flow is still accelerating [9]. The papillary muscles begin to
lengthen at the start of diastole [9]. Chordal tension decreases and the ventricle rapidly
untwists during diastole [32].

■ Mitral

Valve Disease : a Historical Perspective

After William Harvey published his descriptions of the function of the heart and the
systemic circulation in his groundbreaking book De Motu Cordis in 1628, the field of
cardiology started to develop [34]. Over the next centuries mitral valve disease was studied
regularly and diagnosis of mitral valve disease relied mainly on cardiac ausculatation [7,35‐
37]. After its introduction in 1954 [38], echocardiography truly revolutionized mitral valve
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assessment [7,39]. Mitral valve disease can results in mitral stenosis (MS), mitral
regurgitation (or insufficiency) (MR) or combined mitral stenosis and regurgitation.
 Mitral valve stenosis
MS is the most common valve lesion in developing countries and is usually caused by
rheumatic valve disease resulting in commissural fusion, leaflet thickening and calcification,
and chordal fusion and shortening [35,40], which will usually result in restricted leaflet
opening (Carpentier type IIIa dysfunction) (Table 1) [41]. Isolated MS is found in 40% of all
patients presenting with rheumatic heart disease [7]. The etiologic agent for acute rheumatic
fever is group A beta‐hemolytic streptococcus, but the specific immunologic and
inflammatory mechanisms leading to the valvulitis are less clear [40,42‐44]. Nonrheumatic
causes of MS include calcification in elderly patients, congenital mitral valve deformities,
neoplasm, left atrial thrombus, and endocarditic vegetations [35, 45‐50]. Rheumatic and
nonrheumatic causes of MS can also lead to mixed MS and MR.
The cross‐sectional area of the normal mitral valve is 4.0‐5.0 cm2. Narrowing of this
area to < 2.5 cm2 results in a pressure gradient across the mitral valve in diastole to expel
blood from the left atrium to the left ventricle [7,35]. This increases left atrial pressure and
pulmonary venous pressure and can result in pulmonary edema and pulmonary
hypertension (from passive pressure transmission) [7]. Chronic left atrial pressure overload
will results in left atrial enlargement, atrial fibrillation, and thrombus formation [51‐53].
Cardiac output diminishes as a result of inflow obstruction [54]. Approximately 25‐50% of
patients with severe MS have left ventricular systolic dysfunction [35,51,52,55].
MS is generally well tolerated with a long asymptomatic interval [35,56,57].
Characteristic symptoms of MS are associated with pulmonary venous congestion and/or
low cardiac output (i.e. dyspnea on exertion, orthopnea, nocturnal dyspnea and fatigue) [7].
Due to an increase in transmitral flow rate and pressure gradient across the mitral valve, the
first symptoms of dyspnea are usually precipitated by exercise, emotional stress, infection,
pregnancy or rapid atrial fibrillation [7]. Hemoptysis may develop secondary to rupture of
dilated pulmonary or bronchial veins [35,56,58]. Systemic thrombo‐embolism occurs in
approximately 20% of patients [56,59]. Patients with chronic MS are often thin and frail
(cardiac cachexia) [56]. On chest palpation an apical diastolic thrill may be present [7].
Auscultatory findings include a presystolic murmur, a loud S1, an opening snap, and an
apical diastolic rumble [35‐37]. A long or holodiastolic murmur indicates severe MS [7].
Echocardiography remains the best technique for assessing mitral valve pathology
[7,39]. MS severity can be assessed by measuring transvalvular mitral pressure gradient,
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pressure half‐time (time required for the initial diastolic gradient to decline by 50%), and
mitral valve area (MVA) [7]. Exercise echocardiography, transesophageal echocardiography,
three‐dimensional (3D) echocardiography, and cardiac catheterization can provide
additional useful information, but are not always necessary [7,35,60‐62].
Medical therapy for MS includes diuretics and long‐acting nitrates, which
transiently ameliorate dyspnea [63]. Beta‐blockers or heart‐rate regulating calcium channel
blockers can improve exercise tolerance [63]. Anticoagulant therapy with a target
International Normalized Ratio in the upper half of the range 2 to 3 is indicated in patients
with either permanent or paroxysmal atrial fibrillation [63]. In the minimally symptomatic
patient, 10‐year survival is 80%, which drops to 10‐15% once symptoms become limiting
[7,35]. In patients with moderate MS (MVA 1.6‐2.0 cm2) percutaneous balloon valvuloplasty
(PBV) or close follow‐up can be considered depending on symptoms and high‐risk
indicators [35,64]. In patients with severe MS (MVA ≤ 1.5 cm2) who are asymptomatic or in
New York Heart Association (NYHA) class I or II PBV or close follow‐up may be considered
[35,63,64]. For patients with severe MS who are in NYHA class III or IV surgery is generally
indicated (or PBV if the surgical risk is too high) [35,63,64]. PBV (which largely replaced
closed mitral valvotomy surgery) can double mitral valve area and significantly decrease
the gradient [35]. Most patients improve clinically if a valve area greater than 1.5 cm2
without significant regurgitation can be achieved [65]. Contraindications for PBV include
left atrial thrombus, moderate MR, or inadequate valve morphology (valvular calcifications
and subvalvular fusion) [41]. Surgical intervention (i.e. open mitral commissurotomy or
mitral valve replacement) significantly improves functional capacity and long‐term survival
of patients with (severe) MS [66‐69]. Leaflet pliability (or rigidity) and the presence of
subvalvular lesions and calcifications will determine whether the valve can be repaired or
whether it has to be replaced [41].
 Mitral valve regurgitation
MR is the most common valve lesion in the Western world with an prevalence of
approximately 1.7% [70]. Dysfunction of any one or more of the components of the delicate
mitral valvuloventricular complex (described previously) can lead to MR [7,71]. From a
surgical standpoint the etiology of MR is best described according to Carpentier’s
pathophysiological triad (Table 1) [72]. Valve dysfunction may include normal leaflet
motion (type I dysfunction), leaflet prolapse (type II dysfunction), restricted leaflet opening
(type IIIa dysfunction), or restricted leaflet closure (type IIIb dysfunction) (Fig. 5).
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Table 1. Etiology of mitral regurgitation according to Carpentier’s pathophysiological triad
Functional
Valve dysfunction
classification
Type I
normal leaflet motion

Type II

Type IIIa

Type IIIb

Valve lesions

Etiology

annular dilatation

ischemic disease
dilated cardiomyopathy (functional)
degenerative disease
leaflet perforation or tear
endocarditis
vegetations
endocarditis
leaflet prolapse
chordae rupture
degenerative disease
endocarditis
chordae elongation
degenerative disease
papillary muscle elongation
degenerative disease
papillary muscle rupture
ischemic disease
restricted leaflet opening leaflet thickening
rheumatic disease
commissure fusion
rheumatic disease
chordae thickening
rheumatic disease
chordae fusion
rheumatic disease
restricted leaflet closure calcification
degenerative disease
rheumatic disease
ventricular aneurysm
ischemic disease
ventricular dilatation with
ischemic disease
papillary muscle displacement dilated cardiomyopathy (functional)

The etiology of MR is degenerative disease (60‐70% of cases in western countries),
ischemic disease (20% of cases in western countries), endocarditis (2‐5% of cases in western
countries), rheumatic disease (2‐5% of cases in western countries), or (less frequently)
functional disease (dilated cardiomyopathy), connective tissue disorders (Marfan’s
syndrome), congenital mitral valve disease (cleft mitral valve), trauma (with chordae or
papillary muscle rupture), tumors (such as papillary fibroelastoma, myxoma, or fibroma),
systolic anterior motion (paradoxical motion of the anterior leaflet and occasionally the
posterior leaflet into the left ventricular outflow tract during systole often seen in
hypertrophic cardiomyopathy), or radiation‐ or medication‐induced injury [7,72‐75]. To
complicate matters, different forms of MR can co‐exist (e.g. combined degenerative and
ischemic MR). In addition, (associated) secondary lesions may mask the characteristic
pathological features and therefore confuse recognition of the primary etiology [41].
MR is often subdivided in primary, structural or organic MR versus secondary or
functional MR [76]. Degenerative MR is a form of primary MR and the most common cause
of MR in patients undergoing mitral valve surgery [71,77‐80]. Causes of degenerative MR
can be subdivided in mitral annular and leaflet calcification or myxomatous degeneration.
Mitral annular and leaflet calcification is usually confined to eldery individuals [71,81] and
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Figure 5. Carpentierʹs functional classification of mitral valve dysfunction
(A) Type I dysfunction: normal leaflet motion; (B) Type II dysfunction: leaflet prolapse; (C) Type IIIa dysfunction:
restricted leaflet opening; (D) Type IIIb dysfunction: restricted leaflet closure.

the gross appearance of calcification may vary from small, localized calcified spicules to
massive, rigid bars up to 2 cm in thickness in the annulus and leaflets [7,81]. Myxomatous
degeneration is also known as mitral valve prolapse syndrome, floppy valve syndrome, or
flail leaflet syndrome [77‐80]. There are two forms of myxomatous degeneration of the
mitral valve; fibroelastic deficiency (acquired and seen in older patients) and Barlow’s valve
(seen in Barlow’s syndrome (the “click‐murmur syndrome”)) (heritable and seen in younger
patients) [7]. In Barlow’s valves there is excessive weak fibroelastic tissue constituting the
leaflets and chordae and marked annular dilatation with extensive hooding and billowing of
both leaflets (giant valve with multi‐segment prolapse) [7]. To avoid confusion it is
important to understand the difference between mitral leaflet prolapse and mitral leaflet
billowing. In a normal mitral valve the free edge of the leaflets remains at the same level and
5 to 10 mm below the plane of the orifice during systole to ensure proper leaflet coaptation
and valve competency [82]. In mitral leaflet prolapse the free edge of a leaflet overrides the
plane of the mitral annulus during systole [82]. In mitral leaflet billowing there is excessive
leaflet tissue, but the free edge of the leaflets remains below the plane of the mitral annulus
[82]. Histopathologically, the leaflets and annulus of Barlow’s valves are thickened focally
with elastic fiber and collagen fragmentation and disorganization [7,83,84]. In patients with
fibroelastic deficiency these changes can be less pronounced and the noninvolved scallops
are generally normal and thin (“pellucid”) (small valve with single‐segment prolapse) [7].
Patients with myxomatous degeneration and mitral valve prolapse have an increased risk of
endocarditis [7]. Only 5‐10% of patients with myxomatous degeneration and prolapse
progress to develop severe MR [83,84], which is then primarily caused by annular dilatation
and/or chordal rupture (most frequently of chordae attached to segment P2) [85‐88].
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In secondary or functional MR (FMR) regurgitation occurs in the absence of any
inherent structural damage to the leaflets, chordae or papillary muscles [76]. FMR is the
result of incomplete mitral valve leaflet closure due to (ischemic or non‐ischemic) left
ventricular dysfunction and dilatation (left ventricular remodeling) with papillary muscle
displacement and apical tethering of the mitral valve leaflets with or without annular
dilatation [89‐92]. The term FMR can be confusing because it is sometimes used for chronic
ischemic MR (CIMR). Although CIMR is essentially a subset of FMR, the term FMR is best
used only for MR resulting from non‐ischemic dilated cardiomyopathy to avoid confusion
[76].
Ischemic MR (IMR) can be subdivided in acute IMR (AIMR) and chronic ischemic
MR (CIMR). In many patients AIMR (occurring in the immediate postinfarct period) is mild
and it may disappear completely [93‐95]. In other patients, however, IMR persists or
develops after a period of time, at which point IMR becomes chronic [96,97]. AIMR can also
be caused by (acute) post‐myocardial infarction papillary muscle rupture [98,99]. CIMR is
defined as MR occurring as a consequence of myocardial infarction or chronic myocardial
ischemia in the absence of any inherent structural damage to the leaflets, chordae or
papillary muscles [9]. CIMR is the result of incomplete mitral valve leaflet closure due to
ischemic left ventricular dysfunction and dilatation (left ventricular remodeling) with
papillary muscle displacement and apical tethering and flattening of the mitral valve leaflets
combined with annular dilatation and flattening [9,100‐105]. It is not always clear whether
the etiology of MR is truly ischemic; some patients with coronary artery disease may also
have co‐existing primary mitral valve disease such as degenerative MR [76].
Native mitral valve infective endocarditis can lead to severe MR. Predisposing
factors include intravenous drug abuse, immunosuppression, degenerative valvular disease,
hemodialysis catheters, long‐term indwelling catheters, nosocomial infections, and
fungemia associated with prolonged antibiotic therapy [106‐110]. Native mitral valve
endocarditis is most often caused by Streptococcus viridans, Staphylococcus aureus or epidermis,
or Enterococci [1‐7]. The pathogenesis begins with endocardial trauma resulting in changes
of the valvular endocardial surface, which predisposes to deposition of fibrin and platelets
with subsequent attachment of bacteria [106,111]. Destructive lesions include leaflet
perforation, aorto‐mitral separation, or chordae rupture [112]. Proliferative lesions include
vegetations and abscesses [112]. Vegetations can be seen anywhere on the leaflets and
chordae, but valvular destruction and invasion is at the base of the atrial aspect of the
leaflets [106]. Mitral annular invasion and invasion of the atrioventricular groove fat occur
less frequently, but can lead to even more complications [106]. The Duke criteria were
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developed to improve the specificity and sensitivity of the diagnosis of infective
endocarditis [113]. The Duke criteria are classified as “major criteria” (positive blood culture
and positive echocardiogram) and “minor” criteria (predisposition, fever, vascular
phenomena,

immunologic

phenomena,

suggestive

echocardiogram,

suggestive

microbiologic findings, and new‐onset heart failure or conduction disturbances) [113].
Patients with a definite diagnosis of infective endocarditis are those in whom pathologic
specimens from surgery or autopsy reveal positive histology and/or culture, those who have
two major criteria, those who have one major and three minor criteria, or those who have
five minor criteria [113]. MR can also be caused by Libman‐Sacks endocarditis, which is a
non‐bacterial (sterile) verrucous vegetative endocarditis and a cardiac manifestation of
systemic lupus erythematosus and the antiphospholipid syndrome [114‐118].
There are three stages of pathophysiological changes; acute MR, chronic
compensated MR, and chronic decompensated MR. Acute MR can be caused by infective
endocarditis (leaflet perforation or chordal rupture), degenerative chordal rupture, ischemic
heart disease (papillary muscle rupture), or chest trauma (chordal or papillary muscle
rupture) [7,71]. A sudden volume overload is imposed on the left ventricle, increasing
preload, reducing afterload (due to backward flow across the mitral valve), and resulting in
a small increase in total stroke volume [7,71]. Without compensatory left atrial and left
ventricular dilatation forward stroke volume and cardiac output are reduced leading to
congestive heart failure and cardiogenic shock [7,71]. The increased blood volume in the left
atrium raises the pressure up to 10‐25 mmHg and can lead to rapid pulmonary congestion
and edema [7,119]. The patient with acute severe MR is always symptomatic and generally
requires urgent surgery [7]. In chronic compensated MR reduced left ventricular impedance
and afterload allow the left ventricle to adapt to MR by increasing left ventricular end‐
diastolic volume (preload) [7,71,120]. The increased preload leads to left ventricular
dilatation and eccentric hypertrophy with an increased total stroke volume and forward
stroke volume returning to near normal levels [7,71,120]. Left atrial enlargement
accommodates volume overload at lower filling pressures, but predisposes to atrial
fibrillation and formation of thrombi [121,122]. These mechanisms allow the heart to
compensate for chronic MR for a long time before symptoms occur [7,71,120]. Because of the
low impedance during systole, left ventricular preload‐ and afterload‐dependent ejection‐
phase indexes of left ventricular systolic function, such as ejection fraction, stroke volume,
and cardiac output, can still be normal even if contractility is severely depressed
[123,124,125]. Left ventricular end‐systolic volume is less‐dependent on left ventricular
loading conditions and is therefore a better measure of left ventricular systolic contractile
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function than ejection fraction in patients with chronic MR [126]. In chronic decompensated
MR left ventricular systolic dysfunction leads to reduced stroke volume and cardiac output
and regurgitant flow leads to a rise in left atrial and pulmonary pressure [119,123,127,128].
Untreated decompensated MR rapidly progresses to pulmonary edema and congestive
heart failure [123,127,128].
Patients with mild or moderate MR may remain asymptomatic for years as the left
ventricle adapts to increased workload and maintains a normal forward cardiac output [7].
Eventually symptoms reflecting decreased cardiac output and/or pulmonary congestion
develop, such as weakness, fatigue, palpitations, and dyspnea (on exertion) [7]. If
pulmonary hypertension and right‐sided heart failure develop late in the course of the
disease, hepatomegaly, peripheral edema, and ascites occur [129,130]. Acute MR usually
leads to sudden pulmonary edema, congestive heart failure and cardiogenic shock [7]. Signs
of MR on physical examination include atrial fibrillation, a prominent sustained apex beat
and a systolic thrill on chest palpation [7]. Auscultatory findings include a diminished S1, an
S3 gallop, and an apical systolic murmur loudest at the apex radiating to the axilla [131]. In
patients with ischemic or functional MR the murmur is best heard in early systole [7]. There
is no correlation between the intensity of the systolic murmur and the hemodynamic
severity of MR, but a holosystolic murmur is characteristic of more regurgitant flow [131]. In
young patients with Barlow’s valves a characteristic midsystolic click followed by a late
systolic murmur is heard early in the disease process [7]. Symptoms, left ventricular
dysfunction, left atrial dilatation, atrial fibrillation, and pulmonary hypertension in patients
with MR are all associated with decreased long‐term survival [l32,133].
Changes on chest radiography or on the electrocardiogram are not particularly
useful and depend on the severity and duration of MR [7,62,134,135]. Echocardiography
remains the best technique for assessing mitral valve pathology [7,39]. M‐mode and two‐
dimensional (2D) Doppler transthoracic echocardiography are used to assess left ventricular
dilatation and function, left atrial dilatation, and leaflet and chordal morphology and
function [7,39,136,137]. The degree of MR is assessed with M‐mode and 2D color Doppler
echocardiography, which allows visualization of the origin, extent, direction, duration, and
velocity of the regurgitant leak [7,39,136,137]. Timing and direction of the regurgitant leak
can provide important information on the mechanism of MR [136,138,139]. IMR is primarily
an early‐systolic leak, functional MR occurs during early and middle systole, and prolapse is
associated with late‐systolic leaks [136,138]. MR severity is assessed semi‐quantitatively by
measuring color jet area (Fig. 6A) or the vena contracta (the smallest width of the color jet
that occurs at or just downstream from the regurgitant orifice) (Fig. 6B) [136,140] or
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quantitatively by measuring the effective regurgitant orifice (ERO) and regurgitant volume
(RV) using the proximal isovelocity surface area (PISA) method (Fig. 6C) [136,141].
However, measuring ERO and RV is demanding and time consuming [136,141]. Based on
these measurements MR can be graded as no or trace (grade 1+), mild (grade 2+), moderate
(grade 3+) or severe (grade 4+) (Table 2) [63,64,74,136,142,143,144]. Because adverse
outcomes are associated with lower MR severity values in IMR [137,146], some authors have
suggested modified MR severity grading criteria for IMR (Table 2) [41,136,142,144,145].
Exercise echocardiography can provide additional useful information, because it may
unmask higher degrees of MR [146]. 2D color Doppler transesophageal echocardiography
and real‐time 3D color Doppler transthoracic or transesophageal echocardiography can
provide superior image quality and can reveal additional anatomical and pathophysiologic
information (Fig. 7A‐C) [136,137,147‐152]. Intraoperative transesophageal echocardiography
is limited by the fact that the vascular unloading effects (vasodilatation) of general
anesthesia downgrade the severity of MR [153,154]. Cardiac catheterization and coronary
angiography can be performed to determine coronary anatomy and the presence of
coronary artery disease [7,71]. In most patients aged 45 years or older, coronary
angiography is routinely done preoperatively [155]. Right‐sided heart catheterization can be
useful occasionally [7]. Cardiac magnetic resonance imaging (MRI) and multidetector
computertomography (CT) are relatively new cardiac and valvular imaging techniques [156‐
160]. Cardiac MRI is an accurate method to measure mitral regurgitant volume and
regurgitant fraction [156,158,160].
Table 2. Mitral regurgitation severity grading
Grade Grade

Alternative grade

specificationa specificationa

Jet area Jet area /
(mm2)

Vena con‐

Regurgitant Regurgitant ERO

LA area (%)b tracta (mm) volume (ml) fraction (%) (mm2)
<10%
<3
<30
<30
<20
10‐20%
<3
30‐44
30‐39
20‐29
20‐40%
3‐7
45‐59
40‐49
30‐39
>40%
>7
>60
>50
>40

no or trace
no or trace
mild
<4
mild
moderate
<4
moderate
moderate‐to‐severe
4‐8
c,d
>8
severe
severe
ERO = effective regurgitant orifice; LA = left atrium; MR = mitral regurgitation.
0
1+
2+
3+
4+

a

Alternative grade specifications are used in the literature and in different guidelines [63,64,74,136,142‐144]; to avoid

confusion and to compare results, uniform grading should be used by using grade numbers (1+ ‐ 4+) (based on semi‐
quantitative and quantitative parameters) instead of grade specifications.
b

Alternative cut‐off values are sometimes used in the literature; jet area/LA area <20% (grade 1+), 20‐40% (2+),

40‐60% (3+), >60% (4+).
c

Systolic flow reversal in the pulmonary veins (pulsed wave Doppler) indicates severe MR.

d

Modified MR severity grading criteria have been proposed for ischemic MR:

severe (grade 4+) MR if vena contracta >4 mm, regurgitant volume >30 ml, ERO >20 mm2.
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Figure 6. Two‐dimensional color Doppler transthoracic echocardiography assessment of mitral
regurgitation severity
Apical four‐chamber view: severe MR as determined by (A) jet surface area (9.5 cm2) divided by the left atrial
surface area (25.2 cm2) (=38%); (B) vena contracta (VC = 6 mm); and (C) proximal isovelocity surface area
(PISA); effective regurgitant orifice area (ERO = 25 mm2) and regurgitant volume (RV = 65 ml). In this case the
cause of MR is chronic ischemic MR with LV dilatation, papillary muscle displacement, and apical tethering of the
mitral valve leaflets (Carpentier type IIIb dysfunction) combined with annular dilatation (Carpentier type I
dysfunction).
ERO = effective regurgitant orifice area; LA = left atrium; LV = left ventricle; MR = mitral regurgitation; PISA =
proximal isovelocity surface area; RV = regurgitant volume; VC = vena contracta.

Figure 7. Transesophageal and real‐time 3D echocardiographic imaging of the mitral valve
(A) 2D color Doppler transesophageal echocardiography (four‐chamber view): severe eccentric MR due to prolapse
and chordal rupture of P2; (B) real‐time 3D echocardiographic imaging of the mitral valve (left atrial view):
prolapse of P2; (C) intraoperative photograph showing prolapse of the P2 segment with chordal rupture (mitral
valve annular sutures have already been placed and the quadrangular resection has already been partially
completed). In this case the cause of MR is degenerative MR with prolapse of the P2 segment due to chordal
rupture (Carpentier type II dysfunction).
LA = left atrium; LV = left ventricle; MR = mitral regurgitation.
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The separation in the pathophysiological triad is important, because prognosis
depends upon etiology, repair strategy depends upon dysfunction, and techniques depend
upon lesions [41]. In patients with severe symptomatic chronic MR of any etiology the
prognosis is poor [161]. The average mortality rate is approximately 5% per year, and may
be as high as 70% at 8 years [162,163]. If surgical correction of MR is carried out before the
volume‐overload cardiomyopathy reaches an irreversible stage, left ventricular diastolic
filling characteristics and systolic contractile function return toward normal values [164]. In
fact, surgery is the only treatment proven to improve symptoms and prevent heart failure
[74] and repair is the only treatment that can restore life‐expectancy to normal (for patients
with degenerative MR) [80,138,165]. Mitral valve repair is generally superior to replacement
in terms of preservation of left ventricular function, survival rates, reoperation rates,
endocarditis risk, thrombo‐embolic complication rates, the need for lifelong anticoagulant
drugs, and costs [166‐169]. As the results of repair improve, the indications for mitral valve
repair broaden and patients are now routinely being offered repair at much earlier stages of
their disease.
Patients with isolated chronic mild or moderate MR are unlikely to require surgery
and therapy aims at treating symptoms and preventing complications [63,64]. Guidelines
recommend regular clinical and echocardiographic follow‐up to detect worsening of
symptoms and left ventricular or mitral valve deterioration [63,64]. Symptoms, atrial
fibrillation, pulmonary hypertension, and left ventricular dilatation or dysfunction are each
associated with a worse survival and are generally all indications for surgery in MR [63,64].
Early surgery may be indicated in asymptomatic patients with MR and no risk factors if
repair is very likely (>90%) [63,64]. Acute severe MR is an indication for urgent surgery
(Class I), after hemodynamic stabilization with an intra‐aortic balloon‐pump, positive
inotropic agents, and vasodilators (if possible) [63,64].
Severe chronic degenerative MR is a progressive condition leading to left
ventricular failure, atrial fibrillation, pulmonary hypertension, and death [70,132,133].
Medical treatment includes Angiotensin Converting Enzyme (ACE) inhibitors, which
should be considered in symptomatic patients with left ventricular failure [63,64]. Beta‐
blockers and spironolactone should also be considered [63,64]. According to the current
guidelines, mitral valve repair is indicated in patients with severe degenerative MR who are
symptomatic (and have a left ventricular ejection fraction >30% [63,64] and left ventricular
end‐systolic dimension <55 mm [63]) and in those who, regardless of symptoms, show
initial signs of left ventricular dysfunction defined as an end‐systolic diameter of ≥45 mm
(European Society of Cardiology 2012 guidelines) [63] or ≥40 mm (American College of
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Cardiology (ACC)/American Heart Association (AHA) 2014 guidelines) [64] and/or an
ejection fraction of ≤60% (Class I). In asymptomatic patients with preserved left ventricular
function, surgery should be considered in the presence of atrial fibrillation and/or
pulmonary hypertension (pulmonary artery systolic pressure >50 mmHg at rest) (Class IIa)
[63,64] or may be considered with low surgical risk and a high likelihood of durable repair,
combined with left atrial dilatation (volume index ≥60 ml/m2 body surface area) with sinus
rhythm, or pulmonary hypertension on exercise (systolic pressure ≥60 mmHg with exercise)
(Class IIb) [63]. In asymptomatic patients with preserved left ventricular function, normal
pulmonary artery pressure, and no episodes of atrial fibrillation, surgical timing is still an
object of debate. The controversial issue is whether a ʺwait and see (watchful waiting)ʺ
approach should be followed (delaying surgical referral until guideline triggers for surgery
are reached) or an ʺearly repairʺ policy (performing mitral repair before symptoms and
other MR complications) should be preferred. A randomized trial comparing the two
strategies has never been performed. The current guidelines reflect the controversial nature
of this issue. In asymptomatic patients with preserved left ventricular function and no atrial
fibrillation or pulmonary hypertension, the recommendation of ACC/AHA guidelines is
that mitral repair should be considered only if the operative risk is low (<1%) and the
likelihood of a successful repair is high (>95%) (Class IIa) [64]. The recommendation of the
ESC guidelines for such asymptomatic patients is that mitral repair should be considered in
patients with flail leaflets and a left ventricular end‐systolic dimension ≥40 mm, if the
surgical risk is low and the likelihood of a successful repair is high (Class IIa) [63].
Medical treatment is important in all patients with CIMR and should be given in
line with the guidelines on the management of heart failure [63,64]. This includes ACE
inhibitors and beta‐blockers, with the addition of an aldosterone antagonist in the presence
of heart failure [63,64]. A diuretic is required in the presence of fluid overload [63,64].
Nitrates may be useful for treating acute dyspnea, secondary to a large dynamic component
[63,64]. Cardiac resynchronization therapy (CRT) should be considered in accordance with
related guidelines [63,64]. In responders, CRT may immediately reduce MR severity
through increased closing force and resynchronization of papillary muscles [63,64]. The
indications for surgery in CIMR are not strictly defined. The general consensus is that
patients who have an indication for coronary artery bypass grafting (CABG) with moderate‐
to‐severe or severe CIMR (grade 3+ or 4+) should also undergo concomitant mitral valve
surgery [63,64,89,170‐172]. Restrictive mitral valve annuloplasty combined with CABG is
currently the preferred treatment strategy for CIMR and can provide good results in
selected patients with minimal left ventricular dilatation and minimal tethering [173,174].
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However, in general the CIMR persistence and recurrence rate for restrictive mitral valve
annuloplasty remains high [175‐177], and there does not appear to be a survival benefit of a
combined procedure after a 10‐year follow‐up compared to CABG alone [178,179]. Patients
at risk of annuloplasty failure based on preoperative echocardiographic and clinical
parameters may benefit from mitral valve replacement with preservation of the subvalvular
apparatus or from new alternative procedures targeting the subvalvular apparatus
including the left ventricle [76]. Mitral valve replacement with preservation of the
subvalvular apparatus is still a good surgical alternative in severe CIMR, especially in
patients with advanced tethering and a high risk of CIMR persistence or recurrence
[171,180,181]. It is controversial whether patients who have an indication for CABG with
mild or moderate CIMR (grade 1+ or 2+) should also undergo concomitant mitral valve
surgery. Different studies show that CIMR persists in 40‐60% of patients early after CABG
alone [182‐184]. Multiple studies have also shown progression of CIMR after isolated CABG
in patients with mild or moderate CIMR, which is associated with decreased long‐term
survival [182‐184]. These data suggest that mitral valve surgery should be performed as a
concomitant procedure at the time of CABG in patients with mild or moderate CIMR.
However, subsequent retrospective studies to confirm a survival benefit of a combined
procedure in mild or moderate CIMR showed conflicting evidence [185‐187]. A definite
advantage on survival could not be established. When choosing for a combined procedure,
the risk of long‐term CIMR and congestive heart failure progression must be balanced
against the increased perioperative risk of mitral valve surgery. Perioperative mortality for a
combined procedure in CIMR is approximately 6‐15% versus 3‐5% for CABG alone
[171,172,180,184,188,189].
Although effective antimicrobial agents have improved, endocarditis is still
associated with high rates of morbidity and mortality and frequently requires surgery
[64,106,190]. Surgical indications for native mitral valve infective endocarditis include
severe MR with or without symptoms of congestive heart failure, uncontrolled sepsis
despite proper antibiotic therapy, presence of an antibiotic‐resistant organism, fungal
endocarditis, endocarditis caused by Staphylococcus aureus or gram‐negative bacteria,
presence of mitral annular abscess, extension of infection to the intervalvular fibrous body
or formation of intracardiac fistulas, onset of a new conduction disturbance, large
vegetations (>1 cm) (particularly those that are mobile and located on the anterior leaflet
and thus at high risk for embolic complications), and multiple emboli despite appropriate
antibiotic therapy [64,106,190].
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■ Mitral

Valve Surgery : a Historical Perspective

 A brief history of mitral valve surgery
Sir Thomas Lauder Brunton first introduced the concept of mitral valve repair in 1902 [191].
Elliot Cutler performed the world’s first successful mitral valve operation in 1923 by
carrying out a transventricular commissurotomy [192] and in 1925 Henry Souttar performed
a transatrial finger commissurotomy [193]. Approximately 50 years later, In 1948 and 1949,
the first groundbreaking series of valvuloplasty for MS were published by Dwight Harken
[194] and Charles Bailey [195]. Technical modifications subsequently added to closed
commissurotomy including Tubbʹs transventricular dilator, used with digital control by a
finger inserted through the left atrial appendage [196]. Why it took over 50 years for the
surgical treatment of MS to be accepted and established as a routine procedure has been a
matter of speculation [197]. In that era of closed‐heart mitral valve surgery the focus was on
MS caused by rheumatic heart disease, which was very common at that time.
Open‐heart mitral valve surgery was only possible after the invention and
introduction of the heart lung machine in the 1950s and the first successful open‐heart
operation on May 6th 1953 (performed by John Gibbon at Thomas Jefferson Hospital in
Philadelphia) [198]. C. Walton Lillehei performed the first open‐heart mitral valve repair in
1957 [199]. MR was repaired by plicating the distended commissure and “edge‐to‐edge”
suturing of the corresponding leaflet segments [199]. Initial procedures were mainly
designed to restrict the mitral annulus by means of sutures [199‐201]. Although short‐term
results were generally good, long‐term results were very unpredictable. Repair techniques
were abandoned and gradually replaced by prosthetic mitral valve replacement.
The first successful mitral valve replacement was performed in 1960 by Starr and
Edwards using a caged‐ball‐valve prosthesis of their own design [202]. By 1967, nearly 2000
Starr‐Edwards valves had been implanted, and the caged‐ball‐valve prosthesis became the
standard against which all other mechanical prostheses would be compared [203].
Numerous other mechanical prostheses have been developed in the last decades and the
caged‐ball‐valve prosthesis has been replaced by tilting disk valve prostheses and bileaflet
valve prosthesis [204]. In the mid 1960s (the less thrombogenic) tissue valves were
developed and tested. Xenograft porcine valves were initially fixated with formaldehyde,
but this led to rapid degeneration and calcification [203]. Fixation with gluteraldehyde and
mounting of the valves on a stent to produce a bioprosthesis improved results significantly
[205].
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Alain Carpentier (Fig. 8) was convinced of the advantages of mitral valve repair
and after he introduced his concept of annular remodeling using prosthetic rings the first
ring annuloplasty was performed at Hôpital Broussais in Paris in 1968 [206]. This was the
beginning of a new era; the era of “valve reconstruction”. In the 1970s and early 1980s
reconstructive valve surgery became the gold standard in the surgical treatment of mitral
valve disease [15]. In addition to ring annuloplasty different, more complex, reconstructive
techniques for the mitral valve leaflets and subvalvular apparatus were developed, such as
leaflet segment resection, chordal shortening, and chordal transposition [15,103]. Carpentier
referred to his revolutionary anatomical repair techniques as “the French correction” [103].
To improve the repairability rate newer functional repair techniques have been developed,
in recent years, which leave the mitral valve and subvalvular apparatus intact (i.e “respect
instead of resect”) [207]. These techniques, referred to by the authors as “the American
correction”, include the use of polytetrafluorethylene (Gore‐Tex) artificial chorda or
neochords combined with annuloplasty [207].
In the 1960s and 1970s congenital malformations and rheumatic valvular diseases
prevailed, but in the 1980s the incidence of degenerative valvular diseases increased [208].
In the 1990s the superiority of reconstructive valve surgery was strongly established and
attention shifted to ischemic and functional valvular disease [209].
In 1984 the first comparative analysis of four different valve procedures outlined
the superiority of reconstructive valve surgery over mechanical and biological valve
replacement in mitral and tricuspid valve disease [210]. Mitral valve repair has now become
the procedure of choice for mitral valve pathology of virtually all etiologies and it is always
considered first when the mitral valve is regurgitant [10].
Carpentier’s principles of reconstructive valve surgery include; (1) preserve or
restore full leaflet motion; (2) create a large surface of coaptation; and (3) remodel and
stabilize the entire annulus [103,208].
 Mitral valve exposure
A median sternotomy (Fig. 9A) is the most commonly used approach for mitral valve
surgery or reoperative mitral valve surgery [211]. In this era of less invasive surgery a lower
ministernotomy may be used, which still allows central cannulation [212,213]. Alternatively,
a right anterolateral thoracotomy through the fourth intercostal space (Fig. 9B) may be used
for cosmetic reasons or in redo operations [211]. The patient is rotated 30 degrees to the left
side, a double‐lumen endotracheal tube is used to decompress the right lung, and an
external defibrillator is placed for defibrillation [211].
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Figure 8. Professor Alain Carpentier, MD PhD
Professor Alain Carpentier is considered the founding father of modern‐day reconstructive mitral valve surgery.
©2015 Meigneux/Sipa.

Figure 9. Surgical approach for mitral valve surgery
Median sternotomy (A); right anterolateral thoracotomy (B); right lateral minithoracotomy and an incision in the
groin for peripheral cannulation (C).

Less invasive surgery has certain advantages, such as better cosmetics, less
bleeding, decreased risk of infection, reduced pain, and a shorter hospital stay [214,215]. The
main potential disadvantage of less invasive mitral valve surgery is a suboptimal operation
as a result of suboptimal exposure [211,215]. A right lateral minithoracotomy through the
fourth intercostal space (Fig. 9C) is used in minimally invasive mitral valve surgery [216].
This approach requires a specific port, specific instruments, video assistance, and peripheral
cannulation [211,216].
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After opening of the pericardium cardiopulmonary bypass (or extracorporeal
circulation) is instituted by arterial cannulation of the ascending aorta and selective venous
cannulation of the superior and inferior vena cava (Fig. 10A,B). The vena cavae are snared
with tapes to prevent any warm blood from entering the right atrium [211]. Myocardial
protection is best achieved by cold blood cardioplegia [211]. After cross‐clamping the aorta
intermittent antegrade cold blood cardioplegia is delivered through an aortic root needle,
which is connected to the cardioplegia line and to a suction line used for de‐airing [211].
Retrograde cardioplegia through the coronary sinus can be a useful adjunct, especially in
complex mitral valve surgery [211]. Cardioplegia is repeated every 20 minutes in an
antegrade or retrograde fashion [211]. Further myocardial protection is obtained by systemic
moderate hypothermia between 28 and 32 °C [211]. A left ventricular vent should be
positioned and remain in place until myocardial contractility has recovered at the end of the
procedure. This is particularly important in the setting of aortic regurgitation or poor
ventricular function [139]. Continuous carbon dioxide insufflation is used to minimize the
risk of cerebral air embolism [211].
The most commonly used approaches to the mitral valve include the interatrial
approach and the transseptal approach [209,217]. In the interatrial approach (Fig. 11A) the
interatrial groove (Waterston’s groove or Sondergaard’s groove) is dissected and the two
atria are divided up to the fossa ovalis [217]. This dissection exposes the roof of the left
atrium. The left atrium is incised and the incision is extended superiorly to 1 cm from the
superior vena cava inferiorly to midway between the right inferior pulmonary vein and the
inferior vena cava [217]. To obtain optimal exposure a transseptal approach (Fig. 11B,C) may
be indicated, for instance after previous aortic valve replacement or in case of a small or
giant left atrium [217]. After a craniocaudal right atriotomy the septum is incised through
the fossa ovalis toward the space between the coronary sinus and the orifice of the inferior
vena cava [217]. The septal edge is then retracted. For additional exposure the right
atriotomy can be extended between the atrioventricular groove and the appendage to meet
the septal incision and the dome of the left atrium can be incised from the junction of these
incisions for about 2‐3 cm, away from the aortic root [218]. This extension of the transseptal
approach is called Guiraudon’s approach [218].
Adequate exposure is obtained by using a self‐retaining sternal retractor and by
tilting the operating table (head‐up and to the left). Once the left atrium is opened and the
mitral valve is exposed, a left atrial vent is placed to drain the pulmonary venous return
[217].
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 Mitral valve assessment (according to Carpentier)
Saline testing and a thorough mitral valve analysis are performed intraoperatively to
confirm or adjust conclusions based on preoperative echocardiographic imaging [217]. First,
the left atrium is checked for thrombus formation, calcification, and jet lesions [217]. Second,
the mitral valve annulus is checked for dilatation, shape (symmetrical or asymmetrical), and
calcification [217]. Third, the leaflets are examined with two nerve hooks (Fig. 12) (the so‐
called functional analyses of all leaflet segments) [217]. Tissue pliability and leaflet motion
are analyzed beginning at P1 and proceeding clockwise [217]. The free edge of P1 typically
serves a a reference point (Fig. 12), since P1 is only rarely affected by abnormal leaflet
motion [217]. The free edge of all segments should not override the plane of the mitral
orifice (prolapse) or be tethered by short chordae or displaced papillary muscles (restriction)
[217]. The type of valve dysfunction (type I, II, IIIa, IIIb, or combinations) is definitively
determined. Whenever P1 motion is abnormal, another segment should serve as the
reference point [217]. Whenever a prolapse involves all segments, the annulus serves as a
reference point [217]. Fourth, chordae and papillary muscles are checked for rupture and
calcification [217]. Exposure of the subvalvular apparatus may require atraumatic retractors
or papillary muscle clamps [217].
This functional approach allows recognition and localization of dysfunction and
lesions, which guides the selection of appropriate repair techniques according to the “one
lesion one technique” principle [217]. ʺFunctional classificationʺ and ʺsegmental analysisʺ
are the foundations for performing valve reconstruction [41].
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Figure 10. Cardiopulmonary bypass, myocardial protection, and mitral valve exposure after a median
sternotomy
After institution of cardiopulmonary bypass and myocardial protection the mitral valve is exposed with a
transseptal approach and the Cosgrove retractor. (A) Anesthesiologist’s point of view and (B) surgeon’s point of
view.
AC = antegrade cardioplegia; ACC = aortic cross clamp; AoC = aortic cannula; ARN = aortic root needle; CO2 =
carbon dioxide line; IVCC = inferior vena cava cannula; MV = mitral valve; RC = retrograde cardioplegia; SVCC =
superior vena cava cannula; V = vent.

Figure 11. Mitral valve exposure
Mitral valve exposure with (A) the interatrial approach and (B,C) the transseptal approach. (A) Left atriotomy
through the interatrial groove; (B) Right atriotomy followed by (C) opening of the septum through the fossa ovalis.
Ao = aorta; CS = coronary sinus; FO = fossa ovalis; IAG = interatrial groove; IVCC = inferior vena cava cannula;
RAA = right atrial appendage; RLPV = right lower pulmonary vein; RUPV = right upper pulmonary vein; SVCC
= superior vena cava cannula; TV = tricuspid valve.

Figure 12. Mitral valve assessment according to Carpentier
Thorough mitral valve assessment according to Carpentier involves a functional analysis of all leaflet segments
with nerve hooks. Tissue pliability, leaflet motion, and lesions are analyzed beginning at P1 and proceeding
clockwise. The free edge of P1 typically serves as a reference point.
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 Mitral valve repair techniques
Successful mitral valve repair begins with a comprehensive assessment and understanding
of the mitral valve pathology by the surgeon in conjunction with the cardiologist and/or
anesthesiologist [219]. High quality intraoperative 3D transesophageal echocardiography
has become a critical aspect of planning mitral valve repair and is more accurate than 2D
transesophageal echocardiography [220]. In addition to preoperative echocardiography‐
based planning, intraoperative ʺfunctional classificationʺ and ʺsegmental analysisʺ form the
foundation of mitral valve repair [41].
Mitral valve repair is generally superior to replacement in terms of preservation of
left ventricular function, survival rates, reoperation rates, endocarditis risk, thrombo‐
embolic complication rates, the need for lifelong anticoagulant drugs, and costs [166‐169].
Despite the success of mitral valve repair in specialized centers, there still persists a general
reluctance to perform repair [10]. In 2003 the Society of Thoracic Surgeons database
indicated that only 36% of mitral valves that could be repaired were actually repaired [221].
Recent studies indicate that repair rates may now be as high as 69% [222] and that mitral
valve repair rates correlate with surgeon and institutional experience [223]. Based on long‐
term studies the probability of a durable mitral valve repair at 10 years is greater than 90%
[224,225]. Etiology was noted to be the primary determinant of repair longevity and
freedom from reoperation [224,225].
To achieve a durable normal mitral valve function the three fundamental principles
of valve reconstruction should be respected; i.e. preserve or restore normal leaflet motion,
create a large surface of coaptation, and remodel and stabilize the annulus [217].
In the following section the most common repair techniques will be described
according to the type of valve dysfunction. These techniques represent Carpentierʹs
techniques for reconstructive mitral valve surgery. A complete overview of these techniques
is presented in Table 3. Several important repair techniques will be described in the
following sections.
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Table 3. Overview of mitral valve repair techniques according to Carpentierʹs type of valve dysfunction
Valve dysfunction
Type I (normal leaflet motion)

Type II (anterior leaflet prolapse)
‐limited prolapse (<1/4 of length)
‐extensive prolapse (>1/4 of length)

Specific condition
annular dilatation
annular calcification
annular abscess
leaflet vegetations/perforations
chordal rupture

chordal elongation (>10 mm)

chordal elongation (=10 mm)
papillary muscle rupture
Type II (posterior leaflet prolapse)
‐limited prolapse (<1/3 of free
margin of a segment)

‐extensive prolapse (<1/3 of free
margin of a segment)

‐extensive prolapse (entire
segment)
Type II (commissural prolapse)
‐limited prolapse (<5 mm of the
commissural edge)
‐extensive prolapse

-

chordal rupture/elongation

chordal elongation
chordal rupture/elongation

chordal rupture
chordal elongation

Type II (bileaflet prolapse)
Type IIIa (diastolic restricted
leaflet motion)
Type IIIb (systolic restricted
leaflet motion)

Systolic anterior motion (SAM)

a

commissural fusion
subvalvular fusion/thickening
leaflet thickening/retraction
annular dilatation
leaflet tethering

HOCM
post‐repair SAM

Repair techniquea
mitral ring annuloplasty
annular decalcification (reconstruction)
annular debridement (reconstruction)
vegetation removal/perforation closure
triangular leaflet resection
leaflet fixation on secondary chordae
anterior secondary chordae transposition
posterior leaflet chordae transposition
artificial chordae (neochords)
artificial chordae (neochords)
chordae shortening
papillary muscle shortening
papillary muscle sliding plasty
papillary muscle shortening
papillary muscle reattachment
triangular leaflet resection
chordae transposition
artificial chordae (neochords)
chordae shortening
quadrangular resection with annular
plication and leaflet height adjustment
chordae transposition
artificial chordae (neochords)
chordae shortening
quadrangular resection and sliding
leaflet technique
triangular leaflet resection
chordae transposition
quadrangular resection
artificial chordae (neochords)
papillary muscle sliding plasty
papillary muscle shortening
combined techniques
commissurotomy
chordae resection and fenestration
leaflet extension
mitral ring annuloplasty
secondary chordae cutting
papillary muscle repositioning
ventricular resection and papillary
muscle reimplantation
ʺnew techniquesʺ (Chapter 1)
Alfieri stitchb
a larger mitral ring annuloplasty
posterior leaflet height reduction
anterior leaflet height reduction

All reconstructive techniques should be combined with mitral ring annuloplasty, in order to reduce tension

on the sutures.
b

Alfieri stitch or edge‐to‐edge repair can be used to repair different types of MR, but it is not one of

Carpentierʹs reconstructive techniques.
HOCM = hypertrophic obstructive cardiomyopathy; SAM = systolic anterior motion.
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Mitral ring annuloplasty
In the beginning of mitral valve surgery annular dilatation was considered the main cause
of MR [226]. Different ʺpalliativeʺ narrowing annuloplasties were gradually abandoned
[226] and replaced by the ʺannular remodeling conceptʺ; (1) a prosthetic remodeling
annuloplasty ring restores the normal systolic size and shape of the annulus without
impairing leaflet motion, (2) ring selection is based on precise measurements of leaflet
tissue, (3) the ring stabilizes the annulus and eliminates the risk of recurrent deformation
[15,103,226].
Different types of annuloplasty rings can be used, including rigid versus flexible,
complete/closed versus incomplete/open, and flat versus saddle‐shaped rings. Fig. 13
provides an overview of commonly used mitral annuloplasty rings. Each ring has its own
advantages and disadvantages. Specific ring types may be more suitable or beneficial for
specific forms of mitral valve disease, but a consistent definite advantage for any specific
type of ring is frequently unclear. For CIMR it has been suggested that a complete
remodeling annuloplasty should be used rather than a posterior band because the anterior
mitral annulus dilates as well [227]. Although both flexible and rigid annuloplasty rings
provide good results in CIMR repair, there are some differences in favour of using rigid (or
semi‐rigid) rings, the most prominent being a more stable repair with less late failure
[173,228,229]. Although a flexible ring allows for a more physiological annular area, shape
and orifice area change during the cardiac cycle, a rigid or semi‐rigid ring seems to provide
better support of the posterior mitral annulus over time in CIMR with ongoing left
ventricular wall changes, which lowers the rate of CIMR recurrence [228,229].
Regardless of the type of ring, ring selection is based on the measurement of the
anterior leaflet, first its base and then its height [103,226] (Fig. 14A). Measurement of the
posterior leaflet is not required for ring sizing, but important to avoid systolic anterior
motion (SAM) of the anterior leaflet [230‐233]. Usually the height is 10‐15 mm, but if the
height of any segment is 20 mm or greater, then the posterior leaflet height should be
reduced to avoid SAM [226,230‐233]. Ring sutures and implantation technique are described
in Fig. 14B. The final result and repair assessment are described in Fig. 14C.
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Figure 13. Overview of commonly used mitral annuloplasty rings
(A) Carpentier‐Edwards Classic mitral annuloplasty ring (Edwards Lifesciences Corp, Irvine, CA) (rigid,
incomplete, flat ring); (B) Carpentier‐Edwards Physio mitral annuloplasty ring (Edwards Lifesciences Corp,
Irvine, CA) (semirigid, complete, flat ring); (C) Carpentier‐Edwards Physio II mitral annuloplasty ring (Edwards
Lifesciences Corp, Irvine, CA) (semirigid, complete, slightly saddle‐shaped ring); (D) Medtronic Profile 3D
(saddle) mitral annuloplasty ring (Medtronic Inc, Fridley, MN) (rigid, complete, saddle‐shaped ring); (E) Sorin
Memo 3D mitral annuloplasty ring (Sorin Group Inc, Milan, Italy) (semirigid, complete, flat ring); (F) Medtronic
Colvin‐Galloway Future mitral annuloplasty band (Medtronic Inc, Fridley, MN) (semirigid, incomplete, flat
ring).
A‐C reproduced from: Edwards Lifesciences Corp. ©2015 Edwards Lifesciences Corp. D and F reproduced from:
Medtronic Inc. ©2015 Medtronic Inc. E reproduced from: Sorin Group Inc. ©2015 Sorin Group Inc.
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Figure 14. Mitral ring annuloplasty
(A) Sizing. Ring selection is based on the measurement of the anterior leaflet, first its base and then its height
[103,226]. Measurement of the base of the anterior leaflet requires placement of two sutures at the commissures
[226]. The commissures can be easily identified by the characteristic fanlike commissural chordae [226]. Slight
traction is applied to these sutures and then the intercommissural distance is measured with specifically designed
sizers [226]. A sizer contains notches, which should be positioned to match the commissural sutures [226].
Measurement of the height of the anterior leaflet is performed by unfolding the anterior leaflet by vertical
downward traction on the marginal chordae with a nerve hook or a clamp [226]. The sizer should cover the entire
surface area of the stretched anterior leaflet and the free edge of the leaflet should not extend more than 2 mm
beyond the inferior edge of the sizer [209,226]. Careful sizing is important, since many imperfect results are due to
improper sizing [226]. (B) Ring sutures and implantation. Ring implantation is achieved by placing a series of 12
to 15 mattress sutures through the mitral annulus [226]. The annulus, which is not visible, is located at the
atrioventricular junction 2 mm external from the well‐visible hinge of the mitral valve leaflets [226]. The width of
each suture should be 8‐10 mm and the interval between the sutures should not exceed 2 mm [226]. At the
anterior commissural area it is critical to avoid injury to the circumflex coronary artery and the aortic leaflets
[226]. Sutures should penetrate the sewing band and avoid hitting the metallic core of the ring [226]. The two
commissural sutures are passed through the selected ring at the exact corresponding positions, the other sutures
are evenly and equally passed through the corresponding parts of the ring [226]. The valve is tested with saline
before tying down the sutures so that the ring can be pulled up if an additional repair is necessary [226]. A normal
saline test provides confidence that the valve will remain competent and the result will remain stable in the long
term [226]. (C) Final result in a patient who underwent mitral ring annuloplasty (photograph made during
minimally invasive mitral valve surgery). A satisfactory valve reconstruction is signified by a symmetrical aspect
and a closure line that is parallel and proximal to the posterior leaflet, which indicates a large surface of leaflet
coaptation, far from the outflow tract [226]. With the valve in the closed position, the ratio between the visible
(atrial) area of the anterior leaflet and the visible area of the posterior leaflet should be 3 : 1 [226]. Slight anterior
displacement or asymmetry of the closure line is acceptable provided that a large height of coaptation of at least 5
mm has been restored [226].

Techniques in leaflet prolapse
In a normal functioning mitral valve the free edges of both leaflets remain at the same level
and 5 to 10 mm below the plane of the orifice during systole to ensure leaflet coaptation and
valve competency [82]. In leaflet prolapse (type II dysfunction) the free edge of a leaflet
overrides the plane of the mitral orifice during systole [82]. Leaflet prolapse leads to leaflet
tissue proliferation and distension and secondary lesions [234].
In anterior leaflet prolapse the choice of repair technique is determined by the
extent of prolapse (length and number of segments involved), the degree of prolapse, and
the lesions producing the prolapse [82]. Triangular leaflet resection, chordae transposition,
chordal replacement with artificial chordae (neochords), chordae shortening, papillary
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muscle sliding plasty, papillary muscle shortening, and papillary muscle reattachment are
shown in Fig. 15‐18.
In posterior leaflet prolapse resection of a portion of excess leaflet tissue is
preferable to reduce the tension on the remaining leaflet tissue and chordae [234]. Leaflet
resection should be limited to 40% of the total surface area of the posterior leaflet and at
least one indentation should be preserved to facilitate free motion of the posterior leaflet
[234]. If the prolapse is more extensive a partial quadrangular resection can be performed
combined with several other techniques [234]. The choice of technique(s) is determined by
the extent of prolapse and the amount of residual leaflet tissue [234]. Triangular leaflet
resection, quadrangular resection with annular plication and leaflet height adjustment, and
the sliding leaflet technique are shown in Fig. 19. Chordae transposition, chordal
replacement with artificial chordae (neochords), and chordae shortening are techniques that
can be used as an alternative to triangular leaflet resection in case of limited posterior
prolapse or as an alternative to quadrangular resection and annular plication in case of
extensive posterior prolapse [234].
Commissural prolapse and bileaflet prolapse should be treated using techniques
described for anterior and posterior prolapse [235‐237]. In bileaflet prolapse the papillary
muscle shortening technique is particularly useful, because it corrects anterior, posterior,
and commissural prolapse at once in a harmonious way [235].

Figure 15. Triangular leaflet resection in (limited) anterior leaflet prolapse
(A) Triangular leaflet resection can be used in case of limited anterior prolapse (involving less than one fourth of
the total length of the free edge of the anterior leaflet), which results in an anterior leaflet resection of no more than
10% of its surface area [82]. Two sutures are placed on each side of the prolapsing area and gentle traction allows
visualization of the triangle that needs to be resected [82]. The height of the triangle should be slightly larger than
its base [82]. After resection the two edges are sutured using 4‐0 or 5‐0 sutures [82]. (B) Final result after
triangular leaflet resection for anterior leaflet prolapse and mitral ring annuloplasty.
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Figure 16. Chordae transposition
(A) Anterior secondary chordae transposition. A technique that can be used in case of extensive anterior prolapse
due to chordal rupture. Secondary chordae from the anterior leaflet are transferred to the free edge of the prolapsed
area [82,103]. One or two thick secondary chordae are selected and cut 1 to 2 mm from their leaflet attachment
[82]. The length of each detached chorda is compared to an adjacent non‐elongated chorda (reference point method)
[82]. The chorda is attached to the leaflet edge at the right level with a 5‐0 suture [82]. No portion of the free edge
greater than 4 mm should be left unsupported by chordae [82]. (B) Posterior leaflet chordae transposition can be
performed if no secondary chordae are available. A quadrangular segment with supporting chordae is transposed
to the anterior leaflet [82]. This implies annular plication to restore leaflet continuity [82]. (C) Simplified
technique. A narrow strip of posterior leaflet with its marginal chordae appeared to be just as efficient [82]. A 3
mm wide strip of posterior leaflet along the leaflet edge is mobilized along with its supporting chordae and
papillary muscle [82]. The posterior leaflet strip is reattached to the free edge of the prolapsed edge using 5‐0
sutures [82]. The posterior leaflet is then reconstructed by closing the defect with 5‐0 sutures [82].

Figure 17. Chordal replacement with artificial chordae (neochords)
A technique that can be used in case of extensive anterior prolapse due to chordae elongation (>10 mm) or as an
alternative to chordae transposition in case of extensive anterior prolapse due to chordal rupture [82,238,239]. (A)
Polytetrafluorethylene (PTFE) neochordae passing through an anterolateral papillary muscle in a patient with
degenerative mitral valve disease and A2 prolapse (photograph made during minimally invasive mitral valve
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surgery). After the length of a reference chorda has been measured a 5‐0 double‐armed PTFE suture (with or
without pledgets) is passed through the fibrous tip of the papillary muscle corresponding to the prolapsed area in a
figure‐of‐eight and tied [82]. (B) The two ends are passed through the leaflet and the knot is tied while adjusting
the length to the level of reference and performing a saline test [82]. Care is taken to avoid crossing native chordae
to prevent abrasion [82]. The knots are then tied completely and positioned on the leaflet with a 5‐0 suture.
Alternatively, the two ends are passed through the leaflet twice (at a distance of approximately 3 mm), which
allows the knot to be tied on the ventricular side [82]. The final result is shown with a remodeling annuloplasty
ring and two PTFE neochordae attached to A2 (knots tied on the atrial side and positioned on the leaflet with a 5‐0
suture). The main difficulty in using artificial chordae is length adjustment between the tip of the papillary muscle
and the leaflet edge [82,240].

Figure 18. Chordae shortening and papillary muscle sliding plasty, shortening and reattachment
(A,B) Chordae shortening. A technique that can be used in case of extensive anterior prolapse due to severe
chordae elongation (>10 mm) [82]. The technique has gone out of favor, as additional chordal ruptures may occur
after using this technique [241]. The extra length of the chordae is buried into a longitudinal trench created in the
papillary muscle) [82]. After measuring the degree of prolapse with the reference point method a longitudinal
incision is made in the upper half of the papillary muscle [82]. A double‐armed, pericardial pledget‐reinforced 4‐0
suture is passed through the papillary muscle and around the chordae at the appropriate level [82]. (B) The suture
is then tied and the trench is closed with additional sutures [82]. (C) Papillary muscle sliding plasty. A technique
that can be used in case of extensive anterior prolapse due to moderate chordae elongation (≤10 mm) [82]. The
portion of the papillary muscle with the elongated chordae is split longitudinally and reattached to the other
portion at a lower level using a 4‐0 nonpledgetted suture [82]. The length of the splitting and sliding is equal to
the degree of prolapse [82]. (D) Papillary mucle shortening. A technique that can be used as an alternative to
papillary muscle sliding plasty or chordae shortening or replacement in case of extensive anterior prolapse due to
chordae elongation [82]. This technique has the advantage of shortening all the chordae arising from a papillary
muscle at once [82]. A transverse wedge resection of the papillary muscle tip is performed 2 mm below the chordae
attachments [82]. The resection involves two thirds of the papillary muscle thickness to preserve vascularization of
chordae attachments [82]. The two sides of the trench are approximated with nonpledgetted 4‐0 sutures [82]. (E)
Papillary muscle reattachment to the left ventricular wall. A technique that can be used in case of papillary muscle
rupture [82]. The ruptured papillary muscle is trimmed of all necrotic tissue, leaving a cuff with chordae
attachments [82]. The cuff is retracted to the left ventricular wall at a position that restores appropriate tension on
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the chordae [82]. At that point a trench is created in the left ventricular wall and the papillary muscle is buried in
the trench with two 4‐0 mattress sutures and additional transverse sutures are used to reinforce the repair [82].
The ruptured papillary muscle can be reattached to the left ventricular wall or to the original papillary muscle
[82]. However, the preferred technique seems to be height and length adjusted reimplantation into the
corresponding healthy papillary muscle [242].

Figure 19. Triangular and quadrangular leaflet resection for posterior leaflet prolapse
(A,B) Triangular leaflet resection. A technique that can be used in case of limited posterior leaflet prolapse (<1/3 of
the free margin of a leaflet segment) [234]. Two sutures are placed on each side of the prolapsing area and gentle
traction allows visualization of the triangle that needs to be resected [234]. The height of the triangle should be
slightly larger than its base [234]. (B) After resection the two edges are sutured using 4‐0 or 5‐0 sutures [234].
After restoration of leaflet continuity open indentations should be closed, because they are a potential source of
leak [234]. (C,D) Quadrangular resection with annular plication. A technique that can be used in case of extensive
posterior prolapse (>1/3 of free margin of a leaflet segment) [234]. This is the most frequently used technique in
posterior leaflet prolapse [234]. The normal chordae at the limits of the prolapsing area are identified and
approximately 2‐3 mm from these chordae a trapezoidal or rectangular resection is performed from the free margin
down to the annulus [234]. One or two indentations should be preserved (if possible) to facilitate opening of the
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posterior leaflet [234]. After resection the secondary chordae (close to the edges of the resection) are cut to facilitate
leaflet mobility [234]. (D) Whenever the height of the remnants is <20 mm and the residual gap is <20 mm,
annular plication is performed with interrupted 2‐0 mattress sutures [234]. Leaflet continuity is restored with
everted or inverted 5‐0 sutures and repair is completed with a remodeling annuloplasty ring [234]. (E,F) Leaflet
height adjustment. When the height of one or both leaflet remnants exceeds 20 mm, a small horizontal triangular
resection at the base of the leaflet can reduce the height to 15 mm [234]. Each detached remnant is reattached to the
annulus with gentle traction (sliding) to reduce the gap [234]. (G,H) Quadrangular resection and sliding leaflet
technique. A technique that can be used in case of extensive posterior prolapse of 1 entire leaflet segment [234].
Whenever the residual gap after quadrangular resection is ≥20 mm a sliding leaflet technique is indicated to avoid
annular plication [234]. On each side of the gap adjacent leaflet tissue is detached from the annulus over a
distance equal to one half the length of the gap [234]. To facilitate ʺslidingʺ secondary chordae close to the edge of
the detached leaflet remnants are resected [234]. (H) Approximately 3 to 4 compression sutures are then used to
reduce the size of the annulus [234]. If necessary, leaflet height reduction can be performed and leaflet remnants
are secured to the annulus with a continuous 4‐0 suture and traction is exerted to facilitate the sliding of the
leaflets [234]. (I) Leaflet continuity is restored and repair is completed with a remodeling annuloplasty ring [234].

Techniques in diastolic restricted leaflet motion
The main cause of diastolic restricted leaflet motion (type IIIa dysfunction) is rheumatic
valve disease [243]. Restricted leaflet motion is due to commissural fusion, leaflet
thickening, chordae fibrosis, and frequently calcifications [244]. The lesions can produce MS,
MR, or combined MS/MR [244]. Commissural fusion is treated by commissurotomy.
Secondary chordae resection and marginal chordae fenestration are performed to improve
leaflet mobilization and to prevent early refusion [217,243]. Leaflet extension with a
pericardial patch is used whenever chordae resection and fenestration are insufficient to
mobilize the leaflets [243]. Gluteraldehyde‐treated autologous pericardium is used
[243,245,246]. Leaflet extension facilitates leaflet mobility and allows implantation of a larger
annuloplasty ring [243]. The surface area and pliability of the anterior leaflet and the
severity of subvalvular lesions determine the feasibility of repair [243].
Techniques in systolic restricted leaflet motion
The most common causes of systolic restricted leaflet motion (type IIIb dysfunction) are
ischemic myocardial disease and dilated cardiomyopathy (functional myocardial disease)
[244]. Both are characterized by systolic tethering of the mitral leaflets, which is either
symmetrical (due to global ventricular dilatation) or asymmetrical (due to segmental
ventricular dilatation) [244].
Annular remodeling using ring annuloplasty is the most important technique to
correct type IIIb regurgitation in ischemic mitral valve disease [244]. An undersized (or
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downsized) ring annuloplasty can restore leaflet coaptation [244]. The sizing method is
identical to the method described in Fig. 14A. After sizing an undersized ring is selected
(one or two sizes under, depending on the degree of leaflet tethering) [244]. Alternatively a
disease‐specific, asymmetrical ring can be used in posterior leaflet tethering, such as the
Carpentier‐McCarthy‐Adams Etiologix IMR ring (Edwards Lifesciences Corp, Irving, CA)
[247]. The technique of ring implantation is described in Fig. 14B. Aggressive downsizing
may increase the risk of ring dehiscence resulting from excess tension on the annular
sutures [244]. Sutures should be passed large and deep enough within the annulus and an
overlapping suture technique should be considered [244]. In asymmetrical dilatation careful
spacing of sutures is very important [244]. After injecting saline in the ventricular cavity, the
morphology of the reconstructed valve looks different than in other types of corrected MR
(Fig. 14C) as a consequence of persistent left ventricular dilatation [244]. The anterior leaflet
may occupy nearly the entire orifice and the line of closure may be symmetrical or
asymmetrical [244]. The surface of coaptation is positioned well below the plane of the
annulus (minimal length of coaptation is 3 mm and optimal length of coaptation is 5‐9 mm)
[244].
Adjunct techniques may be useful in advanced tethering. They comprise leaflet
extension or a variety of subvalvular techniques aimed at repositioning the papillary
muscles or preventing further left ventricular dilatation [244]. These new techniques are
described in Chapter 1.
Techniques in systolic anterior leaflet motion
SAM is systolic displacement of the distal portion of the anterior leaflet of the mitral valve
towards the left ventricular outflow tract (LVOT), which can result in LVOT obstruction and
MR [248]. SAM is commonly seen in Barlowʹs disease after mitral valve repair or in
hypertrophic obstructive cardiomyopathy (HOCM) [248]. In both conditions there is a
discrepancy between the amount of valvular tissue and the mitral valve orifice area [248].
Two major risk factors for SAM after mitral valve repair are excess (posterior)
leaflet tissue and an (inappropriately) undersized ring [248‐252]. On echocardiography the
anterior leaflet closes but the excess tissue of the posterior leaflet occupies approximately
two thirds of the mitral valve orifice and pushes the belly of the anterior leaflet towards the
LVOT [248].
Intraoperative SAM may disappear (within 30 minutes) after optimal ventricular
filling, after atrioventricular pacing to correct asynchrony, or after reduction of ventricular
hypercontractility by discontinuation of inotropes [248]. Most postoperative dynamic SAM
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disappears within days or weeks after the operation as a result of LVOT remodeling
[248,253]. In case of irreversible SAM (and peak gradients >50 mmHg or >2+ MR) a
reoperation should be considered [248].
Excess tissue of the posterior or anterior leaflet can be corrected by posterior or
anterior leaflet height reduction (while the ring stays in place) [248]. In case of prolapse of
the posterior leaflet a quadrangular resection and sliding leaflet plasty should be considered
[248]. In case of significant discrepancy between the anterior leaflet surface area and the
orifice area of the ring, the small ring can be replaced by a larger one [248]. Whenever one or
more risk factors for SAM are present preoperatively, the surgeon should pay particular
attention to the height of the posterior leaflet and the sizing of the anterior leaflet
[230,248,253]. If the height of any segment of the posterior leaflet is more than 20 mm, it
should be reduced by a sliding plasty (in case of posterior prolapse) or a transverse resection
at the base of the leaflet (in the absence of posterior prolapse) [248]. Whenever the height of
the anterior leaflet is greater than that of the appropriate sizer, an adjusted Classic ring (Fig.
13A) or Physio II ring (Fig. 13C) should be used to adjust the anteroposterior diameter of the
ring to the height of the leaflet [209,248,254]. Careful application of these principles and
techniques can virtually eliminate SAM after repair [248,255].
Similar techniques can be used to correct SAM associated with HOCM [248]. The
Alfieri edge‐to‐edge repair or Alfieri stitch (Fig. 20) has been used to correct SAM associated
with HOCM [256,257]. It has also been used as a rescue procedure to correct post‐repair
SAM [248]. However, the results are disappointing [248]. A more reliable procedure is
anterior (or posterior) leaflet height reduction (by transverse ovoid resection of a leaflet
segment) [248].
Trends in repair techniques
Alfieri introduced the edge‐to‐edge repair technique or double orifice technique in 1998 to
repair different types of MR [258‐260]. It is also called the ʺAlfieri stitchʺ and involves
placing a suture to join the centre of the anterior and posterior mitral valve leaflet, upon
which a double orifice is created (Fig. 20). In addition, an annuloplasty ring is inserted. This
technique greatly simplifies the repair of true bileaflet prolapse and has been adopted as a
standard therapy for anterior mitral leaflet pathology by several groups, especially in those
patients with a high probability of postrepair SAM [10,261]. Medium‐term results are
satisfactory [259,261], but long‐term results and a randomized comparison with classic
repair techniques are lacking. Carpentier is an opponent of this technique and argues that it
does not respect the fundamental principle of preserving or restoring full leaflet mobility

__________
57

INTRODUCTION
and that it can increase the load on non‐diseased portions of the valve [234]; due to
adhesions a redo repair is frequently difficult or impossible [234]; and turbulence produced
by the narrower orifices is a trigger of leaflet fibrosis and calcification [234]. Nevertheless,
newer (successful) percutaneous repair techniques (MitraClip) are based on this Alfieri
stitch.
Carpentier referred to his revolutionary anatomical repair techniques as “the
French correction” [103]. To increase the repairability rate, there has been a shift in recent
years towards repair techniques that leave the mitral valve and subvalvular apparatus intact
(i.e. “respect instead of resect”) [207]. These techniques, referred to by the authors as “the
American correction”, mainly include the use of polytetrafluorethylene (Gore‐Tex) artificial
chorda or neochords combined with annuloplasty [207].

Figure 20. Mitral valve edge‐to‐edge repair
A figure‐of‐eight braided polyester suture is placed to join the centre of the anterior and posterior mitral valve
leaflet, upon which a double orifice is created [258,259]. Preferably, both orifices should be at least 2 cm in
diameter [10].

Evaluation of repair and anticoagulation
After repair mitral valve competence is tested with the ʺsaline testʺ. Residual leaks should
be managed at that point. Indentations of the posterior leaflet may be a cause of residual
leaks and can be closed [234]. Although it is important to keep in mind that indentations are
physiological and required for full posterior leaflet mobility [234]. After weaning from
cardiopulmonary bypass mitral valve competence is evaluated again using 2D and 3D
transesophageal

echocardiography.

All

patients

should

undergo

transthoracic

echocardiography before discharge.
Warfarin is indicated for 2 months, which is the time necessary for the suture line
and the ring to be fully covered by host tissue. Warfarin is also frequently required for atrial
fibrillation which may occur in the weeks following surgery [262].
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 Mitral valve replacement
The role for mitral valve replacement as a whole has been diminished by improvements in
mitral valve repair [204]. Current indications for mitral valve replacement pertain to those
types of mitral valve problems that are unlikely to be repaired or which have been shown to
have poor long‐term success after reconstruction [204].
Valve replacement involves insertion of a biological or mechanical prosthesis (Fig.
12). Each prosthesis has its own advantages, disadvantages, and flow characteristics.
Currently available Food and Drug Administration (FDA)‐approved mechanical prosthetic
mitral valves include the Starr‐Edwards ball‐in‐cage prosthesis (Edwards Laboratories,
Santa Ana, CA) (current design introduced in 1965), the Medtronic Hall tilting‐disk
prosthesis (Medtronic Inc, Minneapolis, MN) (introduced in 1977), the Omnicarbon tilting‐
disk prosthesis (Medical Inc, Minneapolis, MN) (introduced in 1978), the St. Jude Medical
bilaeflet prosthesis (St. Jude Medical Inc, St. Paul, MN) (introduced in 1977) (current design
shown in Fig. 21A), the Carbomedics bileaflet prosthesis (CarboMedics Inc, Austin, TX)
(approved in 1986), the ATS bileaflet prosthesis (ATS Medical Inc, Minneapolis, MN)
(approved in 2000), and the On‐X bileaflet prosthesis (On‐X Life Technologies Inc, Austin,
TX) (approved in 2002) [204]. Bileaflet mechanical valves have the best hemodynamic profile
and the lowest thombo‐embolic risk and are most widely used today [204]. Discovery of
gluteraldehyde fixation in the 1960s, followed by antimineralization led to second‐ and
third‐generation tissue valves with improved durability. Currently available FDA‐approved
(stented) bioprosthetic mitral valves include the Carpentier‐Edwards standard porcine
heterograft (Edwards Lifesciences Corp, Irvine, CA) (introduced in 1975), the Hancock II
porcine heterograft (Medtronic Inc, Minneapolis, MN) (introduced in 1982), the Mosaic
porcine heterograft (Medtronic Inc, Minneapolis, MN) (approved in 2000), the Carpentier‐
Edwards mitral pericardial bovine heterograft (Edwards Lifesciences Corp, Irvine, CA)
(approved in 2000) (Fig. 21B), and the St. Jude Biocor porcine heterograft (St. Jude Medical
Inc, St. Paul, MN) (approved in 2005) [204].
Bioprosthetic valve replacement is associated with low embolic risk, but shorter
durability (probability of valve failure after 15 years of at least 40% due to structural valve
degeneration), whereas mechanical valve replacement is associated with high risk of
embolism and hemorrhagic complications (due to intensive warfarin treatment) but has
potential for long‐lasting durability [63,64,204]. Results of randomized trials showed that
within 10 years of surgery these risks are balanced [263,264]. Older age determines the
probability that bioprosthetic durability will be longer than life expectancy, and is the main
bioprosthesis insertion indication (usually >65 years of age) [64]. In general bioprostheses
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Figure 21. Mechanical and biological prosthetic mitral valves
(A) The St. Jude Medical bilaeflet mechanical valve prosthesis. The unique design was introduced in 1977 and has
evolved considerably [204]. This prosthesis is used most commonly in the aortic valve position, but it can also be
used in the mitral valve position [204]. Two seperate pyrolytic carbon semidisks in a pyrolytic carbon housing are
attached to a Dacron sewing ring. The housing has two pivot guards that project into the left atrium. The bilaeflet
design produces three different flow areas through the valve orifice that provide overall a more uniform, central,
and laminar flow. The improved flow results in less turbulence and decreased transmitral diastolic pressure
gradients at any annulus diameter size and cardiac output [275‐276]. The design of this prosthesis provides
excellent hemodynamic function even in small sizes in any rotational plane [278]. The anti‐anatomical plane,
however, with the central slit between the leaflets oriented perpendicular to the opening axis of the native valve
leaflets decreases the potential risk of leaflet impingement by the posterior left ventricular wall [279]. (B) The
Carpentier‐Edwards pericardial valve uses bovine pericardium as material to fabricate a trileaflet valve that is cut,
fitted, and sewn onto a flexible Elgiloy wire frame for stress reduction [204]. The tissue is preserved with
gluteraldehyde and the leaflets are treated with a calcium mitigation agent [204]. Hemodynamically, pericardial
valves provide the best solution to flow problems [204].
A reproduced from: St. Jude Medical Inc. ©2015 St. Jude Medical Inc. B reproduced from: Edwards Lifesciences
Corp. ©2015 Edwards Lifesciences Corp.
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Figure 22. Suturing techniques for prosthetic mitral valve implantation
(A) Technique to maintain the subvalvular apparatus (annular‐papillary muscle continuity); a flap is cut from the
central portion of the anterior leaflet. The remaining anterior flaps are flipped to the posterior annulus and tacked
to the caudal edge of the posterior leaflet and the posterior annulus. Additionally an ellipse can be removed from
the posterior leaflet before the anterior flaps are flipped to the posterior annulus. Sutures anchoring the prosthesis
include the annulus and the anterior and posterior leaflet remnants to which chordae are attached [280‐284]. (B)
Noneverting (subannular) sutures placed from ventricle to atrium for bioprosthetic valves. (C) Everting (supra‐
annular) sutures placed from atrium to ventricle for bileaflet or tilting‐disk mechanical valves.

tend to fail earlier in the mitral position than in the aortic position, which may be caused by
the fact that a mitral prosthesis must remain closed against systolic ventricular pressure,
whereas an aortic prosthesis only has to remain closed against aortic diastolic pressure
[161,265,266]. Comorbidity (such as renal failure), the ability to achieve high‐quality
anticoagulation and patientʹs desire also affect the choice of prosthesis. Irrespective of the
prosthesis selected, conservation of the subvalvular apparatus is essential for preservation
of ventricular function. Prosthetic valve related morbidity includes thrombo‐embolism,
anticoagulant hemorrhage, structural valve degeneration, perivalvular leak, endocarditis,
and patient‐prosthesis mismatch [204]. The risk of prosthetic complications makes surgical
indications more restrictive when valve replacement is likely [64].
Mitral valve replacement entails secure fixation of a valve prosthesis to the annulus
by a reliable suture techniques without damage to adjacent structures or the myocardium
and without tissue interference with valve function [204]. Implantation should prevent
injury to anatomical structures surrounding the mitral valve annulus [204]. Preservation of
papillary muscle‐chordal attachments to the annulus is important for maintenance of left
ventricular function [204]. Experimental and clinical evidence suggests that preservation of
the conical shape of the ventricle is important to maintain normal cardiac output and that
assumption of a globular shape from cutting papillary muscles is deleterious to left
ventricular function [267‐270]. Preservation of the posterior leaflet and chordae reduce the
incidence of left ventricular perforation and atrioventricular separation [271‐273]. If the
subvalvular apparatus cannot be spared, artificial Gore‐Tex chordae can be used to reattach
the papillary muscles to the annulus [274]. Techniques to maintain the subvalvular
apparatus in prosthetic mitral valve implantation are shown in Fig. 22A. Suturing
techniques vary according to the type of valve that is implanted [204]. Noneverting
(subannular) sutures are used for bioprosthetic valves (Fig.22B) and everting (supra‐
annular) sutures are used to ensure adequate function of bileaflet or tilting‐disk mechanical
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valves (the technique minimizes tissue interference of the prosthetic valve leaflets) (Fig.
21C).
Improvements in mechanical valve design and biologic valve preservation of
collagen structure and resistance to calcification are ongoing and are the hope for the future
[204].

■ Mitral

Valve Surgery : Technical Innovations

 Minimally invasive and robotic mitral valve surgery
Minimally invasive mitral valve surgery (MIMVS) is not a single approach, but rather a
continuum of new techniques [219]. These techniques include enhanced visualization and
instrumentation systems and modified perfusion methods and are all directed toward
minimizing surgical trauma by reducing incision size [219]. Safety and efficacy of MIMVS
have been confirmed in several reports [214,285‐287]. Less surgical trauma, blood loss,
transfusions, and pain, translating into shorter hospital stay, faster return to normal
activities, less use of rehabilitation resources, and overall healthcare savings, has driven
further development of minimally invasive mitral valve surgery [219].
In the continuum of MIMVS 4 different levels can be identified: level 1 direct vision
(10 to 12 cm incisions); level 2 direct vision/video‐assisted (4 to 6 cm incisions); level 3 video‐
directed and robot‐assisted (1.2 to 4 cm micro‐incisions); and level 4 robotic (computer
telemanipulation) (<1.2 cm incisions) [219].
Early MIMVS was based solely on modifications of previous incisions and nearly
all operations were done under direct vision. By 1998 Cosgrove had performed 250
minimally invasive mitral valve operations through either a ministernotomy or parasternal
incision [286]. In 1996 the Stanford group performed the first MIMVS using intra‐aortic
balloon occlusion (port‐access) and cardioplegia [214,288‐290]. Also in 1996, Carpentier
performed the first video‐assisted mitral valve repair through a minithoracotomy using
hypothermic ventricular fibrillation [291]. Shortly thereafter, the first mitral valve
replacement through a minithoracotomy using a percutaneous transthoracic aortic clamp
and antegrade cardioplegia was reported [292,293]. In 1997, Mohr performed the first video‐
directed MIMVS [294]. Vanermen perfected his method to perform video‐directed repairs
completely endoscopically with long‐shafted instruments and excellent results [295,296]. In
1998 Carpentier and Mohr completed the first true robotic mitral valve operations using the
da Vinci surgical system [297,298]. To date, Chitwood, Murphy, and Smith have the largest

__________
62

MITRAL VALVE DISEASE AND MITRAL VALVE SURGERY
experiences with robotic mitral valve repairs, and have independently shown that MIMVS
with the da Vinci system is very effective, even for performing complex bileaflet repairs
[299,300]. Together they have successfully completed well over 1000 repairs and now
routinely perform these procedures using only ports and a 2 to 4 cm mini‐incision [299,300].
Less invasive mitral valve repair procedures are more demanding, but have proven
safe, efficient, and durable [291‐304]. Vanermen described 187 patients undergoing totally
video‐directed repairs using the port‐access method and a 2D endoscopic camera [301].
Hospital mortality was 0.5% and there were only 2 conversions to sternotomy for bleeding
[301]. Freedom from reoperation was 95% at 4 years [301]. Over 90% of patients had
minimal postoperative pain [301]. In 2003 results were updated for 306 mitral valve surgery
patients (226 repairs and 80 replacements) [302]. Six patients (2.0%) were converted to
median sternotomy due to peripheral cannulation complications, and 30‐day mortality was
1% [302]. Overall freedom from reoperation was 91% at 4 years [302]. Mohr reported 1536
patients undergoing video‐assisted mitral valve surgery [303]. Repair rate was 87.2% and
conversion rate was only 0.3% [303]. Thirty‐day mortality was 2.4%, 5 year survival was
82.6%, and freedom from reoperation was 96.3% at 5 years [303]. The right chest
minithoracotomy also provides significant benefits in re‐operative settings by avoiding
sternal re‐entry and limited dissection of adhesions, avoiding the risk of injury to cardiac
structures or patent grafts, and limiting the amount of postoperative bleeding [305,306].
Despite expanding enthusiasm, many surgeons remained skeptical and feared
suboptimal results as a result of suboptimal exposure [219,307]. Today, MIMVS has become
standard practice for many surgeons as patients become more aware of its increasing
availability [219]. However, the steep learning curve still can be an impediment to more
widespread adoption [295,296].
Patient selection
MIMVS requires careful patient selection. Unsuitable patients include those with highly
calcified mitral annulus, severe pulmonary hypertension (especially with a small right
coronary artery), significant untreated coronary artery disease, severe peripheral
atherosclerosis, prior right chest surgery, and concomitant aortic or aortic valve pathology
requiring surgical interventions [219]. Suitable patients include those with primary mitral
valve disease, bileaflet and/or anterior leaflet disease, combined tricuspid and mitral valve
disease, and even patients with mild annular calcification, reoperative mitral valve patients,
obese patients, and elderly patients [219].
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Incisions
Incisions depend on the level of minimally invasive mitral valve surgery. For level 1 MIMVS
incisions vary from small sternal incisions (upper, midsternal, or lower hemisternotomy) to
para‐sternal incisions to (anterolateral) (mini)thoracotomy incisions [288,308,309].
For levels 2 and 3 MIMVS a right minithoracotomy yields excellent exposure for
both direct‐vision and videoscopic mitral valve access (Fig. 23) [219]. A 4 to 6 cm
submammary incision is placed along the anterior axillary line. After division of pectoral
and intercostal muscle fibers the chest is entered through the fourth intercostal space with
minimal rib distraction and no rib cutting [301,310‐313]. Minimal rib spreading to prevent
intercostal nerve injury and use of intraoperative local anesthetics are the keys to minimize
postoperative discomfort [219]. A soft tissue retractor can be used to enhance visualization
without the need for rib spreading [219].
For level 4 MIMVS a 3‐4 cm incision is made in the inframammary fold and the
chest is entered via the fourth intercostal space. 8 mm ports are positioned around the
incision for the left and right robot arms, the left atrial retractor and the camera [219,314].
Cannulation
MIMVS could not have developed without the introduction of thin‐walled arterial and
venous cannulas, transthoracic aortic cannulas, endoaortic balloon occluders, modified
aortic clamping devices, longer direct aortic antegrade cardioplegia catheters, percutaneous
retrograde coronary sinus cardioplegia catheters, and assisted venous drainage [219].
We prefer cannulation via a 1.5 cm transverse incision in the right groin. After
exposure of the femoral artery and vein with minimal dissection to prevent seroma
formation, arterial cannulation is established with an arterial perfusion cannula inserted
using the Seldinger guidewire method (Fig. 24) and venous cannulation is established with
a dual‐stage venous drainage cannula using the Seldinger guidewire method (Fig. 24). For
both venous and arterial cannulation, transesophageal echocardiographic guidance is
mandatory to ensure proper guidewire insertion before passing dilators and the cannulae
[219]. For superior caval drainage the anesthesiologist can place a venous cannula via the
right internal jugular vein with the Seldinger technique, positioning the tip at the
pericardial‐caval junction [219]. A right internal jugular venous catheter is combined with
femoro‐atrial active venous drainage for full bicaval access, which is important during atrial
retraction in a near closed chest where the cavae can be kinked with distraction [219].
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Figure 23. Patient positioning and incisions for level 2 MIMVS (heartport approach)
(A) The patient is positioned in the semi‐left lateral decubitus position. In most patients the arm is best left on the
side, obviating the need for an arm rest, which allows more room for instrument positioning. Incisions for the
minithoracotomy (3‐4 cm submammary incision over the fourth intercostal space), aortic cross‐clamp access
(small incision over the third or fourth intercostal space), camera access (small incision over the third intercostal
space), left atrial retractor access (parasternal incision), and right groin access are shown. (B) Magnification of A
to show the relative positions of the chest incisions for MIMVS.
ACC = aortic cross‐clamp access; CA = camera access; GA = groin access; MT = minithoracotomy; RA = retractor
access.

Figure 24. Arterial and venous cannulation in the right groin with the Seldinger guidewire method
(A) Venous perfusion cannula. (B) Arterial perfusion cannula. (C) Completed arterial and venous cannulation in
the right groin with the Seldinger guidewire method.
A reproduced from: Estech Inc. ©2015 Estech Inc. B reproduced from: Edwards Lifesciences Corp. ©2015
Edwards Lifesciences Corp.
AC = arterial cannula; VC = venous cannula.
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Myocardial protection
Myocardial preservation techniques used with MIMVS are similar to those used in
sternotomy‐based operations. Antegrade cold blood cardioplegia is efficient and preferable
to ensure uniform cardiac cooling and even distribution of cardioplegia [219]. An extra long
vent/cardioplegia catheter is passed through the incision and inserted into the aortic root
[219]. In the presence of significant aortic insufficiency, a retrograde coronary sinus
cardioplegia catheter is inserted directly via the right atrium (with echocardiographic
confirmation of its position) before bypass [219]. Alternatively, a percutaneous retrograde
cardioplegia catheter can be inserted preoperatively via the internal jugular vein under
echocardiographic guidance [219].
The Chitwood transthoracic aortic cross‐clamp is passed through a 4 mm incision
placed in the lateral right third intercostal space (toward the axilla) and placed carefully to
clamp the aorta [315]. The posterior or fixed prong of the clamp is passed through the
transverse sinus under direct or video visualization to avoid injury to the right pulmonary
artery, left atrial appendage, or left main coronary artery [315]. The mobile pong is passed
ventral to the aorta as far as the main pulmonary artery [315]. After aortic cross‐clamping,
antegrade cold blood cardioplegia is infused every 15 minutes [219]. When retractors are in
place, reduction of retraction during antegrade cardioplegia delivery reduces aortic
insufficiency and improves myocardial protection [219].
Alternatively, intra‐aortic balloon occlusion can be used by transfemoral placement
of an endoballoon just above the sinotubular junction in the ascending aorta [295,296,316‐
319]. Antegrade cardioplegia is delivered via the central lumen of the catheter [295,296,316‐
319]. Aortic dissection is a feared complication of using the endoballoon, but experience
with the technique dramatically reduces the risks [219]. A port‐access system with
transfemoral artery endoaortic balloon occluder, percutaneous internal jugular retrograde
coronary sinus cardioplegia catheter, pulmonary artery vent, and femoral venous drainage
catheter can be used for robotic mitral valve surgery [4,49].
Meticulous intracardiac air removal is important, because the left ventricular apex
is difficult to manipulate and deair [219]. Continuous carbon dioxide insufflation is helpful
in minimizing intracardiac air [219]. Before releasing the cross‐clamp, both lungs are
ventilated vigorously to deair the pulmonary veins [219]. After atriotomy closure and
following cross‐clamp release, suction is applied to the aortic root vent [219]. Constant
transesophageal echocardiography monitoring is essential to ensure adequate air removal
before weaning from cardiopulmonary bypass [219].
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Mitral valve exposure
Mitral valve exposure in MIMVS is shown in Fig. 25. The right lung is deflated, the
pericardium incised 2 cm anterior to the phrenic nerve under direct vision as far as the
aortic reflection. A camera can be placed through the third intercostal space. If port‐access
bypass is not being used, an aortic root vent and cardioplegia catheter can be placed
directly, and the aorta can be cross‐clamped by inserting the cross‐clamp through a 5 mm
incision in the third intercostal space or directly with a flexible clamp. The interatrial groove
is dissected for 1‐2 cm, a small atriotomy is made medial to the right superior pulmonary
vein (interatrial approach), and a purpose designed retractor inserted to expose the mitral
valve. For endoscopic and robotic mitral valve surgery a fixed‐blade transthoracic retractor
immobilized by a table‐mounted clamp is preferred [219]. Specialized long‐shaft
instruments and knot pushers are required for MIMVS.
Robotic mitral valve surgery
The da Vinci system for mitral valve surgery was approved by the FDA in 2002 [219]. The
da Vinci surgical system is comprised of three components: a surgeon console, an
instrument cart, and a visioning platform (Fig. 26) [314]. The system provides intracardiac
telepresence and facile tissue micromanipulation [314]. The operative console is removed
physically from the patient and allows the surgeon to sit comfortably, resting the arms
ergonomically with the head positioned in a 3D vision array [314]. A 3‐4 cm incision is made
in the inframammary fold and the chest is entered via the fourth intercostal space (working
port) [314]. The camera is passed either through the working port used for suture and
prosthesis passage or a separate port incision [314]. Additional 8 mm ports are positioned
around the incision for the left and right robot arms, the left atrial retractor and the camera
[314]. A cardioplegia line is inserted either through the incision or above the camera port
[314]. Carbon dioxide floods the field through an angiocatheter posterior to the right arm
port and a flexible sucker placed through the incision returns blood to the bypass machine
[314]. Perfusion technology is the same as described for video‐assisted operations and a
larger mini‐thoracotomy [314]. The surgeonʹs finger and wrist movements are registered by
sensors in the masters, transformed by a computer and then transferred to the instrument
cart, which operates end‐effecter instruments (such as the daVinci MicroWrist needle‐
holder) that are mounted on robotic arms [314]. Wristlike instrument articulation emulates
precisely the surgeonʹs actions at the tissue level, and dexterity becomes enhanced through
combined tremor suppression and motion scaling [314]. The system provides the surgeon
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Figure 25. Mitral valve exposure in MIMVS
(A) Soft tissue retractor and camera port. A 4 to 6 cm submammary incision is placed along the anterior axillary
line. After division of pectoral and intercostal muscle fibers the chest is entered through the fourth intercostal
space. A retractor can be used with minimal rib spreading, but a soft tissue retractor is preferred to enhance
visualization without the need for rib spreading. (B) A surgeonʹs view to demonstrate the position of the camera
port and the position of the aortic cross‐clamp access site relative to the minithoracotomy (in this case a rib
retractor was used, which is usually unnecessary). (C) Cross section through the chest to visualize the relative
positions of the aortic cross‐clamp, the camera, and the left atrial retractor. (D) Overview of the surgical field
during placement of the aortic cross‐clamp. Table‐mounted clamps are used to hold the camera and left atrial
retractor in place. (E) Initial exposure of the mitral valve after placement of the left atrial retractor.
ACC = aortic cross‐clamp access; CA = camera access; MT = minithoracotomy; MV = mitral valve; RA = retractor
access.
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Figure 26. The da Vinci Robotic Telemanipulation System
The surgeon consoles are on the left and the surgeons are positioned approximately 10 feet from the patient. The
instrument cart is at the table.
Reproduced from: Intuitive Surgical Inc. ©2015 Intuitive Surgical Inc.

with depth perception as a 3D image of the surgical field in full high definition (1080p) with
up to 10x magnification [314].
Advances in robotic technology, including 3D visualization and improved
dexterity with enhanced operative precision may ultimately lead to the development of new
mitral valve repair techniques [219].
 Percutaneous catheter‐based mitral valve surgery
In the past decade there has been an enormous development in percutaneous catheter‐based
techniques to manage valvular heart disease (especially in high risk surgical patients) [320‐
322]. Percutaneous catheter‐based mitral valve repair has progressed much slower than
percutaneous catheter‐based treatment of aortic valve disease, due to the complex
pathophysiology of MR, challenging imaging, and complex delivery issues [322]. There is a
wide spectrum of devices and approaches for percutaneous catheter‐based mitral valve
surgery and most of them are based on techniques that proved to be effective in open mitral
valve surgery [322]. The most important techniques are percutaneous edge‐to‐edge repair
(MitraClip), percutaneous annuloplasty, percutaneous placement of neochords, and
percutaneous mitral valve implantation.
Percutaneous edge‐to‐edge repair
The Evalve MitraClip system (Abbott Vascular Inc, Santa Clara, CA) is a catheter‐based
device designed for endovascular beating‐heart repair of MR [323,324]. The system is based
on the Alfieri surgical edge‐to‐edge repair technique and includes a 4 mm wide, cobalt‐
chromium clip device (MitraClip) and a (percutaneous, transfemoral, transseptal) delivery
system with a steerable guide catheter that enables placement of the clip on the free edges of
the mitral valve leaflets, resulting in permanent leaflet approximation and a double orifice
mitral valve (Fig. 27A,B) [323,324]. By placing the MitraClip on the central portions of the
anterior and posterior leaflets, it acts to anchor prolapsing leaflets (degenerative MR) and to
coapt tethered leaflets (ischemic MR) [323,324]. The procedure is performed in a cardiac
catherization laboratory under general anesthesia and with transesophageal 2D‐ and 3D‐
echocardiographic guidance (Fig. 27C,D) [322‐324]. The advantage of the MitraClip is repair
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while avoiding the need for open chest surgery, cardiopulmonary bypass, aortic cross‐
clamping, and cardiac arrest [322‐324]. Potential risks include those associated with cardiac
catherization and transseptal puncture [322‐324].
The MitraClip approach to percutaneous mitral valve repair was evaluated in the
EVEREST (Endovascular Valve Edge‐to‐Edge REpair Study) trials. The safety and feasibility
study EVEREST I showed that, in 107 patients, procedural success (post‐procedure MR ≤2+)
was achieved in 74% with <1% in‐hospital mortality [325]. At 1‐year, freedom from death,
mitral valve surgery or MR >2+ was 66%. Freedom from death and freedom from surgery
were 90.1% and 76.3% at 3 years, respectively. No clip embolized, although partial clip
detachment occurred in 10 patients (9%). Subsequently, 32 patients required surgery for
MR; repair (when planned) was possible in 84%, demonstrating that surgery generally
remains a viable option after a MitraClip procedure [325,326]. The EVEREST II trial was a
multi‐center randomized controlled trial to evaluate the benefits and risks of mitral valve
repair using the MitraClip device compared with open mitral valve surgery in 279 patients
with moderate (grade 3+) or severe (grade 4+) MR [327]. Echocardiographic anatomical
inclusion criteria were very specific [327]. Patients were randomized in a 2:1 (device :
surgery) fashion with 184 patients receiving the device and 95 patients receiving surgical
repair or replacement [327]. Freedom from the combined endpoint of death, mitral valve
surgery or reoperation >90 days after index procedure, and MR >2+ at 1 year was 72.4% and
87.8% in the device and surgical groups, respectively, meeting the noninferiority hypothesis
[327]. The safety endpoint (all predefined adverse events plus blood transfusions ≥2 units)
was superior in the device group (9.6% vs. 57% for surgery) [327]. Patient benefit was also
demonstrated in the trial as defined by improved left ventricular ejection fraction, improved
NYHA functional class, and improved quality of life [327]. At 4‐year follow‐up, patients
treated with the MitraClip system were reported to require mitral valve surgery more
frequently to treat residual MR compared with the surgical group, although no differences
were observed after 1‐year follow‐up. In addition, there were no differences in the
prevalence of moderate or severe MR or mortality at 4‐year follow‐up [328]. The MitraClip
thus seems to be an alternative option for selected patients [327]. As a result, the MitraClip
system obtained approval from the FDA in 2013 for patients with significant symptomatic
degenerative MR who are at prohibitive risk for mitral valve surgery.
The 2014 AHA/ACC Valvular Heart Disease Guideline states that transcatheter
mitral valve repair may be considered for severely symptomatic patients (NYHA class III to
IV) with chronic severe primary MR who have favorable anatomy for the repair procedure
and a reasonable life expectancy but who have a prohibitive surgical risk because of severe
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Figure 27. The Evalve MitraClip system
(A) The Evalve MitraClip delivery system; (B) The Evalve MitraClip; (C) Two‐dimensional and (D) Three‐
dimensional echocardiogram demonstrating the MitraClip in position.
A and B reproduced from: Abbott Vascular Inc. ©2015 Abbott Vascular Inc.
LA = left atrium; LV = left ventricle; M = MitraClip.

Figure 28. The Edwards Sapien XT transcatheter heart valve
The Edwards Sapien XT transcatheter heart valve consists of a balloon‐expandable cobalt‐chromium frame and
leaflets made from bovine pericardial tissue.
Reproduced from: Edwards Lifesciences Corp. ©2015 Edwards Lifesciences Corp.

comorbidities and remain severely symptomatic despite optimal guideline determined
medical therapy for heart failure (recommendation class IIb, level of evidence B) [64,327].
The 2012 ESC/EACTS (European Association for CardioThoracic Surgery) Guideline on the
Management of Valvular Heart Disease states that a percutaneous edge‐to‐edge procedure
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may be considered in patients with symptomatic severe primary MR who fulfil the echo
criteria of eligibility, are judged inoperable or at high‐surgical risk by a ʺheart teamʺ, and
have a life expectancy greater than 1 year (recommendation class IIb, level of evidence C)
[64]. Trials in patients studying the role of the MitraClip system in patients with
symptomatic secondary MR are still ongoing.
Percutaneous annuloplasty
The close proximity of the coronary sinus to the posterior mitral valve annulus (Fig. 4F) has
led to the development of percutaneous transvenous annuloplasty devices which can be
placed in the coronary sinus to remodel the mitral annulus [329,330]. However, variability
in the anatomic relationship of the coronary sinus to the mitral annulus (frequently located
superior to the mitral annulus) has been problematic in obtaining consistent annuloplasty
results [331,332]. In addition, the distance between the coronary sinus and the mitral
annulus is generally much larger in patients with severe MR [322] and the left circumflex
coronary artery or its major branches course between the coronary sinus and the mitral
annulus in up to 80% of patients, which increases the risk of ischemia or myocardial
infarction substantially [333]. At this point there is clinical experience with several
percutaneous transvenous annuloplasty devices, such as the Monarch device (Edwards Life
Sciences Corp, Irving, CA), the Carillon XE device (Cardiac Dimension Inc, Kirkland, WA),
and the Viacor device (Viacor Inc, Wilmington, MA) [322,334].
Percutaneous placement of artificial chords
After a left minithoracotomy a pursestring is placed at the apex of the heart (transapical
approach) [322,334]. A delivery system that contains an infrared sensor grasps the edge of
the mitral valve leaflet [322,334]. Using the device a suture is passed through the grasped
free edge [322,334]. The two ends of the suture that are passed through the edge of the
leaflet are then brought through the apex of the heart and tied on the epicardial surface
[322,334]. Proper chordal length is determined by adjustment under echocardiographic
guidance [322,334].
Percutaneous mitral valve implantation
Percutaneous transcatheter mitral valve implantation has the potential to become an
alternative treatment modality for patients with severe MR who are at high surgical risk.
The feasibility of this approach has been reported with the Sapien XT valve (Edwards Life
Sciences Corp, Irving, CA) (Fig. 28) and the Melody valve (Medtronic Inc, Minneapolis, MN)
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in dysfunctional mitral bioprostheses and annuloplasty rings [335‐338]. These percutaneous
valve‐in‐valve and valve‐in‐ring implantations of transcatheter heart valves have shown
excellent hemodynamic performance with low transvalvular gradient and perivalvular
regurgitation [335‐338]. In February 2014, Edwards received CE (Conformité Européenne)
Mark approval for transcatheter mitral valve‐in‐valve procedures using the Sapien XT valve
[339]. However, design and implantation of a valved stent within a native mitral valve is
challenging due to the saddle‐shape of the native mitral annulus, chordal structures, limited
fluoroscopic landmarks, and the need to avoid obstruction of the left ventricular outflow
tract [322,339]. Several devices are under investigation; generally combining a self‐
expanding or balloon‐expandable valved stent with percutaneous transseptal, percutaneous
transfemoral, direct left atrial, or transapical access to the mitral valve [339]. Most devices
are still being investigated in a preclinical stage, but the first in‐human use has been
reported for the CardiAQ valve (CardiAQ Valve Technologies, Irvine, CA), the Tiara valve
(Neovasc Inc, British Columbia, Canada), the Tendyne valve (Tendyne Inc, Roseville, MN),
and the Fortis TMV valve (Edwards Life Sciences Corp, Irving, CA) [339].
Multiple technical challenges are still to be overcome before percutaneous
transcatheter mitral valve implantation for native MR will become an option in daily clinical
practice. However, with technological advancements percutaneous transcatheter mitral
valve implantation may become a valuable alternative to mitral valve surgery for patients
with severe MR and a high surgical risk.
Percutaneous catheter‐based mitral valve surgery is a team‐effort and requires
collaboration

between

cardiac

surgeons,

cardiologists

(interventionalists

and

echocardiologists), and cardiac anesthesiologists. The next decade will bear a similar focus
on transcatheter approaches and careful patient selection. The MitraClip system represents a
first‐generation step in this direction and is remarkable for its success.
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INTRODUCTION
The mitral valve and mitral valve repair techniques have been subject of extensive research
over the past few decades. Mitral valve repair techniques have evolved considerably and
have become the gold standard for common conditions such as degenerative mitral
regurgitation (MR). In less common conditions, such as ischemic mitral regurgitation (IMR)
(chronic and acute), MR caused by (special forms of) endocarditis or MR in heart transplant
recipients, repair techniques are still subject of much debate. Although it has become clear
from different studies that mitral valve repair is generally superior to valve replacement in
terms of preservation of left ventricular (LV) function, survival rates, reoperation rates,
endocarditis risk, thrombo‐embolic complication rates, the need for lifelong anticoagulant
drugs, and costs [1‐4], it is not always clear whether valve repair is indeed better or even
feasible for specific, less common forms of MR. This thesis provides new insights into the
surgical treatment of these specific and often complex forms of MR.
Part 1 focuses on chronic ischemic mitral regurgitation (CIMR). IMR occurs frequently after
acute myocardial infarction (MI) [5‐7]. In many patients acute IMR (AIMR) (occurring in the
immediate postinfarct period) is mild and it may disappear completely [5‐7]. In other
patients, however, IMR persists or develops after a period of time, at which point IMR
becomes chronic [8,9]. CIMR is defined as MR occurring as a consequence of MI or chronic
myocardial ischemia in the absence of any inherent structural damage to the leaflets,
chordae or papillary muscles [10]. According to Borger et al., CIMR should be defined as MR
occurring more than 1 week after MI, with one or more LV segmental wall motion
abnormalities, significant coronary artery disease in the territory supplying the wall motion
abnormality and structurally normal leaflets and chordae [11]. However, due to LV
remodeling CIMR may appear up to 6 weeks after MI [12]. CIMR remains one of the most
complex and unresolved aspects in the management of ischemic heart disease. The presence
of CIMR adversely affects prognosis, increasing mortality and the risk of congestive heart
failure in a graded fashion according to CIMR severity [13‐15]. The primary mechanism of
CIMR is ischemia‐induced LV remodeling with papillary muscle displacement and apical
tethering of the mitral valve leaflets combined with annular dilatation and flattening
[10,11,16‐20]. Current repair techniques often do not target these pathophysiological
mechanisms; they only provide an annular solution to a subvalvular problem, which may
explain limited repair durability with high CIMR recurrence rates [21,22] and the inability to
demonstrate a survival benefit of undersized annuloplasty for CIMR [23]. Chapter 1
provides a detailed overview of the present knowledge about the different aspects of CIMR
with an emphasis on mechanisms, current surgical treatment results and new mechanism‐
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based surgical approaches designed to improve repair durability. Chapter 2 discusses CIMR
repair with posterior leaflet augmentation in more detail. Chapter 3 focuses on the influence
of papillary muscle infarction (PMI) detected by late gadolinium‐enhanced cardiac magnetic
resonance imaging on CIMR. Chapter 4 analyzes the influence of preoperative annular
geometry and regional leaflet tethering on CIMR recurrence after mitral ring annuloplasty.
Chapter 5 focuses on the influence of saddle‐shaped annuloplasty on leaflet coaptation in a
porcine CIMR model. Advanced real‐time three‐dimensional echocardiographic imaging
models are used to assess three‐dimensional annular geometry, leaflet tethering and leaflet
coaptation in these last two chapters.
Part 2 focuses on AIMR caused by papillary muscle rupture (PMR). In the current era of
early reperfusion with primary percutaneous coronary intervention (PCI) following acute
ST‐elevation myocardial infarction (STEMI), the incidence of post‐myocardial infarction
papillary muscle rupture (post‐MI PMR) has dropped from 1‐5% in the eighties and early
nineties to <0.5% in recent years [24‐26]. Although rare, PMR is still a devastating
complication, which can lead to rapid clinical deterioration and death [24]. Approximately
80% of ruptures occur within 7 days after MI, but a delayed rupture several weeks or
months after MI is also possible [24,25,27]. The natural history of post‐MI PMR is extremely
unfavorable and under medical treatment alone mortality may be as high as 50% in the first
24 hours (especially when PMR is complete), and as high as 80% in the first week [27,38].
Since the first mitral valve replacement for post‐MI PMR in 1965 [29], several reports have
emphasized that immediate surgical intervention is the optimal and most rational treatment
for acute PMR, despite high risks [25,27,30]. Mitral valve replacement is generally preferred
in these unstable, high‐risk patients [30‐35], but several reports suggest that mitral valve
repair is feasible in selected cases and offers a potential for improved surgical outcome [36‐
39]. Chapter 6 analyzes the outcome of mitral valve repair for post‐MI PMR and provides a
systematic review of the literature on this topic. Because of the high risk some surgeons may
be reluctant to operate certain patients with post‐MI PMR, while others are willing to accept
the high risk. At this point it is not entirely clear which patients are at highest risk.
Therefore, Chapter 7 focuses on short‐term outcome after mitral valve surgery for post‐MI
PMR and identifies predictors of in‐hospital mortality. Chapter 8 analyzes predictors of
long‐term survival after mitral valve surgery for post‐MI PMR.
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Part 3 of this thesis will deal with surgical treatment of MR caused by endocarditis. Chapter
9 analyzes the outcome of mitral valve surgery for MR caused by Libman‐Sacks
endocarditis and provides a systematic review of the literature on this topic.
Part 4 of this thesis focuses on mitral valve disease and mitral valve repair in heart
transplant recipients. Chapter 10 shows that mitral valve repair and redo repair are feasible
in a heart transplant recipient.
The new insights into the surgical treatment of these specific and often complex forms of
MR are summarized. To conclude, the new insights and future perspectives are discussed.
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■ Abstract
Chronic ischemic mitral regurgitation (CIMR) remains one of the most complex and
unresolved aspects in the management of ischemic heart disease. This review provides an
overview of the present knowledge about the different aspects of CIMR with an emphasis
on mechanisms, current surgical treatment results and new mechanism‐based surgical
approaches. CIMR occurs in approximately 20‐25% of patients followed up after myocardial
infarction (MI) and in 50% of those with post‐infarct congestive heart failure (CHF). The
presence of CIMR adversely affects prognosis, increasing mortality and the risk of CHF in a
graded fashion according to CIMR severity. The primary mechanism of CIMR is ischemia‐
induced left ventricular (LV) remodeling with papillary muscle displacement and apical
tenting of the mitral valve leaflets. CIMR is often clinically silent, and color‐Doppler
echocardiography remains the most reliable diagnostic tool. The most commonly performed
surgical procedure for CIMR (restrictive annuloplasty combined with coronary artery
bypass grafting (CABG)) can provide good results in selected patients with minimal LV
dilatation and minimal tenting. However, in general the persistence and recurrence rate (at
least MR grade 3+) for restrictive annuloplasty remains high (up to 30% at 6 months
postoperatively), and after a 10‐year follow‐up there does not appear to be a survival benefit
of a combined procedure compared to CABG alone (10‐year survival rate for both is
approximately 50%). Patients at risk of annuloplasty failure based on preoperative
echocardiographic and clinical parameters may benefit from mitral valve replacement with
preservation of the subvalvular apparatus or from new alternative procedures targeting the
subvalvular apparatus including the LV. These new procedures include second‐order
chordal cutting, papillary muscle repositioning by a variety of techniques and ventricular
approaches using external ventricular restraint devices or the Coapsys device. In addition,
percutaneous transvenous repair techniques are being developed. Although promising, at
this point these new procedures still lack investigation in large patient cohorts with long‐
term follow‐up. They will, however, be the subject of much anticipated and necessary
ongoing and future research.
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■ Introduction
Chronic ischemic mitral regurgitation (CIMR) remains one of the most complex and
unresolved aspects in the management of ischemic heart disease. CIMR is not only common,
but it also significantly affects prognosis. CIMR occurs in approximately 20‐25% of patients
followed up after myocardial infarction (MI) [1‐5] and in 50% of those with post‐infarct
congestive heart failure (CHF) [6]. In patients with CHF, even a mild degree of mitral
regurgitation (MR) adversely affects survival. Increasing MR severity is associated with a
progressively worse 5‐year survival rate [2]. Restrictive annuloplasty, combined with
coronary artery bypass grafting (CABG), is currently the most commonly performed
surgical procedure to treat CIMR; however, subvalvular and ventricular approaches are
under investigation. The sobering results of the current strategies [7,8] create the need for a
better understanding and preoperative assessment of mitral valve and left ventricular (LV)
geometry and function. This will help to improve risk stratification and the identification of
patient subgroups that are likely to benefit from different surgical strategies.
Although our knowledge about ischemic mitral valve disease has increased
dramatically over the past 15 years, a great amount of uncertainty concerning this subject
remains. This review provides an overview of the present knowledge about the different
aspects of CIMR with an emphasis on mechanisms, current surgical treatment results and
new mechanism‐based surgical approaches.

■ Definition
CIMR can be defined as MR occurring as a consequence of MI or chronic myocardial
ischemia in the absence of any inherent structural damage to the leaflets, chordae or
papillary muscles (PMs) [9]. According to Borger et al., CIMR should be defined as MR
occurring more than 1 week after MI, with one or more LV segmental wall motion
abnormalities, significant coronary artery disease (CAD) in the territory supplying the wall
motion abnormality and structurally normal leaflets and chordae [10]. Myocardial ischemia
can induce both LV remodeling and mitral annular remodeling [11,12]. As a consequence,
remodeling can lead to significant changes in the geometry of the mitral valve apparatus
leading to MR. Thus, CIMR is primarily caused by a disease of the LV and not by a disease
of the valve itself [9,10]. CIMR is also often defined as functional MR or secondary MR (as
opposed to structural, primary or organic MR), which indicates that MR occurs in the
absence of any inherent structural damage to the leaflets, chordae or papillary muscles. In
our opinion, functional MR is a term that should be used for non‐ischemic MR resulting
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from dilated cardiomyopathy. It is important to verify that the etiology of MR is in fact
ischemic. Some patients with concomitant MR and CAD do not have ischemic MR, but
instead have a primary mitral valve condition and co‐existing CAD. Ischemic MR can also
have an organic substrate in the case of papillary muscle rupture resulting from acute MI.
This review, however, focuses on chronic ischemic MR.

■ Prevalence and risk factors
The prevalence of CIMR is difficult to assess because of the heterogeneity of MR patients
presented in different studies. In addition to the impact of the modality used to identify MR,
discrepancies are also related to the timing of imaging [13]. CIMR occurs in approximately
20‐25% of patients followed up after MI [1‐5], in 50% of patients with post‐infarct CHF [6],
in 11‐19% of patients undergoing cardiac catherization for symptomatic CAD [5,14] and in
28% of patients undergoing CABG [15]. CIMR is more common after inferior MI (38%) than
after anterior MI (10%) at echocardiographic follow‐up after 24 months [16]. CIMR may
appear up to 6 weeks after MI [17]. The delay is attributed to remodeling of the LV [17].
CIMR is a widespread problem and is likely to increase in the next few decades as survival
rates for acute MI improve.
Risk factors for development of CIMR after MI include advanced age, female
gender, prior acute MI, large infarct size, recurrent myocardial ischemia, multi‐vessel CAD
and CHF on admission [1].

■ Impact of

CIMR on prognosis

Patients with CAD and CIMR have a worse prognosis than patients with CAD and no
CIMR. After analyzing the left ventriculograms of 11,748 cardiac catheterization patients,
Hickey et al. revealed that 1‐year mortality for severe CIMR was 40%, for moderate CIMR
17%, for mild CIMR 10% and for patients without CIMR 6% [14].
The SAVE (Survival and Ventricular Enlargement) study demonstrated that mild
CIMR increases the risk of cardiovascular mortality, even in patients without CHF [4].
Patients with CIMR had a higher incidence of cardiovascular mortality (29% vs 12%,
P<0.001) and CHF (24% vs 16%, P<0.001) than patients without CIMR at a mean of 3.5 years
after MI [4].
Grigioni et al., in a case‐control study, demonstrated that patients with MR
detected in the chronic phase (more than 16 days) after Q‐wave MI have lower 5‐year
survival than patients without MR (38±5% vs 61±6%, P< 0.001) (Fig. 1A) [2]. Mortality
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Figure 1. The influence of CIMR on survival after myocardial infarction
(A) Survival depending on the presence or absence of CIMR diagnosed after MI. (B) Survival depending on
CIMR severity expressed as the effective regurgitant orifice area (ERO) diagnosed after MI. Numbers at the
bottom indicate patients at risk for each interval.
Reproduced with permission from: Grigioni et al. Copyright 2001, American Heart Association Inc.
ERO = effective regurgitant orifice (area); MI = myocardial infarction; MR = mitral regurgitation.

increases even when CIMR is mild, and there is a graded relationship between CIMR
severity and mortality (Fig. 1B) independent of LV function [2]. Grigioni et al., more
recently, showed that CIMR is independently related to a 3.6‐fold increase in the risk of
CHF in patients with no or minimal symptoms [18]. These studies may differ in design,
setting and technique, but they consistently indicate that CIMR has an adverse prognosis
with increased risk of death and CHF.
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■ Mechanisms
CIMR is a complex and multifactorial disease, which starts primarily in the LV wall and
leads to secondary valvular changes. The main pathophysiological mechanisms include
ischemia‐induced LV remodeling with papillary muscle (PM) displacement and leaflet
tethering, a reduced leaflet closing force, PM dysfunction and dyssynchrony and annular
enlargement.
Leaflet tethering
Systolic tethering of mitral leaflets secondary to LV dilatation is the main causative
mechanism of CIMR (Carpentier type IIIb; restricted leaflet motion during systole) [19‐21]. It
provides a mechanistic and geometric explanation of CIMR.
MI leads to LV remodeling. In this process the LV becomes less elliptical and more
spherical [11]. This causes apical and lateral displacement of the papillary muscles and
tethering of the leaflets [11]. Restricted systolic leaflet motion displaces the coaptation point
apically relative to the annular plane, which results in mitral valve tenting and ʺincomplete
mitral leaflet closureʺ (Fig. 2) [11].
Mitral valve chordae can be divided in primary and secondary chordae. Secondary
chordae are the most responsible chordae for leaflet restriction in CIMR, but are not
required to prevent leaflet prolapse. Apical tenting of the mitral valve leaflets is regionally
augmented in the middle portion of the anterior leaflet with basal (second‐order) chordal
insertion, which produces a typical anterior leaflet concavity or anterior leaflet bend (the so‐
called ʺseagull signʺ or ʺhockey stick configurationʺ) (Fig. 2B) [22].
The systolic position of the leaflets is determined by two opposing forces.
Transmitral pressure force (or closing force) pushes the leaflets towards the left atrium,
while tethering force of the chordae pulls the leaflets towards the PMs [12,23]. Apical
displacement of the leaflets results from a greater tethering force, caused by a reduced
closing force and/or an increased tethering force [12,23]. Displacement of the PMs directly
increases tethering force [12,23]. The position of the anterior annulus is fixed at the aortic
root. Therefore, the distance between the anterior annulus and the PM tips can be used as a
measure of PM displacement [12]. These distances can be measured in the apical two‐ and
four‐chamber views during routine two‐dimensional transthoracic echocardiography [24].
PM tethering is not always proportional to LV dilatation. In anteroseptal MI, there
may be significant global LV remodeling without outward PM displacement and without
MR [25]. In inferoposterior MI, however, there may be less global LV remodeling, but more
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Figure 2. Mechanisms of chronic ischemic mitral regurgitation (CIMR)
(A) Normal mitral valve: the leaflets coapt at the level of or just below the mitral valve annular plane. (B) Mitral
valve tethering: myocardial infarction leads to left ventricular remodeling, which causes apical and lateral
displacement of the papillary muscles and tethering of the leaflets. Restricted systolic leaflet motion displaces the
point of coaptation apically relative to the annulus which results in mitral valve tenting. Note the regionally
augmented tenting in the middle portion of the anterior leaflet with basal (second‐order) chordal insertion, which
produces a typical anterior leaflet bend (the so‐called ʺseagull signʺ or ʺhockey stick configurationʺ).
ALPM = anterolateral papillary muscle; AMI = acute myocardial infarction; AMVL = anterior mitral valve leaflet;
Ao = aorta; CT = chordae tendinae; LA = left atrium; LV = left ventricle; MRjet = mitral regurgitant jet; PMPM =
posteromedian papillary muscle; PMVL = posterior mitral valve leaflet.

local LV remodeling with significant PM displacement and significant MR [16,25]. Thus,
CIMR is proportional to the outward displacement of the PMs rather than to global LV
dilatation [23]. Consequently, two types of leaflet tethering occur in CIMR. Symmetric
tethering results from global LV remodeling with apical displacement of both PMs [26]. This
generally produces a central MR jet. Asymmetric tethering results from regional LV
remodeling with displacement of the posteromedian PM and systolic posterior leaflet
restriction [26]. This generally produces an eccentric MR jet directed towards the posterior
left atrial wall. However, it is controversial whether asymmetric PM displacement leads to
asymmetric tethering. Approximately symmetric leaflet tethering can occur in inferior MI
with potential asymmetric PM displacement [27].

__________
115

CHAPTER 1
The additional influence of closing force
Reduced closing force due to LV dysfunction can increase CIMR in the presence of
increased tethering force due to PM displacement [12,20]. LV dysfunction without LV
dilatation and mitral valve tethering fails to produce significant MR [12,28]. Interestingly,
Schwammenthal et al. showed that the severity of CIMR dynamically changes within a
cardiac cycle, with the severity maximal in early and late systole and minimal in mid‐systole
with maximal LV pressure (also known as the ʺloitering patternʺ) [29].
Papillary muscle dysfunction
PM dysfunction (syndrome) was first described as the main cause of CIMR [30,31]; however,
this could not be confirmed [20]. In the leaflet tethering theory, the effect of PM dysfunction
can be twofold. LV remodeling in the wall close to the PM may result in increased tethering
[32]. In this case, PM dysfunction increases tethering [32]. On the other hand, when LV
remodeling occurs in the wall close to the PM and extends to include the PM, PM
dysfunction may decrease longitudinal PM shortening and tethering [32,33]. This may even
cause leaflet prolapse [34]. In addition, PM dyssynchrony can potentially worsen CIMR
[35,36].
Annular dilatation
Much debate remains about the exact contribution of annular dilatation (Carpentier type I
dysfunction) to CIMR. Although annular dilatation is often associated with LV dilatation in
CIMR, it is at this point unclear whether annular dilatation is a major determinant of CIMR
in the absence of leaflet tethering due to LV dilatation. Annular dilatation as an isolated
lesion is suggested to be insufficient to cause significant MR [37]. Annular dilatation may,
however, as a modulating factor, influence CIMR in the presence of leaflet tethering [12].
In addition, flattening of the physiological annular saddle shape in dilated
ventricles can lead to increased tethering and development of CIMR [38,39]. A reduced
systolic contraction of the annulus can also contribute to the development of CIMR [24].
CIMR as a dynamic lesion
CIMR is a dynamic lesion and, depending on the hemodynamic conditions, its severity may
vary over time [40]. Anesthetic induction and inotropic agents change the loading
conditions and can substantially reduce CIMR, confounding intraoperative assessment of
CIMR and intraoperative decisions regarding repair [41]. CIMR also responds dynamically
to exercise [42].
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Hemodynamic consequences of CIMR
The increase in preload caused by CIMR after MI is not accompanied by a parallel increase
in contractility [43]. The chronic volume overload in a ventricle that has decreased
compliance causes an increase in wall stress and left atrial, ventricular end‐diastolic and
wedge pressures. The left atrium (LA) and ventricle enlarge, resulting in pulmonary
hypertension and congestion, leading ultimately to heart failure and death [44,45].
Ventricular dilatation increases tethering, which worsens MR severity, creating a cycle
whereby MR begets MR in a self‐perpetuating manner [46].

■ Diagnosis
Clinical examination
Patients with CIMR are often asymptomatic. Symptoms are mainly related to the underlying
LV dysfunction and may include dyspnea, fatigue and a reduced exercise tolerance. CIMR is
often unrecognized clinically and its severity is often underestimated [13]. A murmur is
heard only in a small percentage of patients, estimates ranging from 4% to 50% [4,5,47].
Compared to structural MR, CIMR produces a softer murmur and its intensity correlates
poorly with the actual degree of MR due to decreased LV systolic function and LA
compliance [48]. To conclude, cardiac auscultation is not a reliable tool to diagnose CIMR or
to assess its severity.
Echocardiography
CIMR can be reliably diagnosed with color‐Doppler echocardiography. Two‐dimensional
transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE) are the
preferred diagnostic imaging tools. Echocardiography provides accurate information about
LV dimensions and function, regional wall motion abnormalities, MR etiology, MR severity
and mitral valve geometry, including annular dilatation and mitral valve tenting. An
important issue is the optimal timing for imaging after MI. At this point there are no data
that suggest the optimal timing. This will require further research.
MR severity
Measurement of the regurgitant color jet area has been widely used as a semi‐quantitative
method to assess the degree of CIMR (Fig. 3A) [49]. However, measurement of the color jet
area can lead to a misquantification of MR severity when an eccentric jet is present in CIMR
[50,51]. In addition, the vena contracta, defined as the smallest width of the color jet that
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Figure 3. Two‐dimensional TTE assessment of CIMR severity (A‐C) and mitral valve tethering (D‐F)
(A) Apical four‐chamber view: severe ischemic mitral regurgitation as determined by jet surface area (9.5 cm2)
divided by the left atrial surface area (25.2 cm2) (= 38%). (B) Apical four‐chamber view: severe ischemic mitral
regurgitation as determined by vena contracta (VC = 6 mm). (C) Apical four‐chamber view: severe iscemic mitral
regurgitation as determined by proximal isovelocity surface area (PISA); effective regurgitant orifice area (ERO =
25 mm2) and regurgitant volume (RV = 65 ml). (D) Parasternal long‐axis view, mid‐systolic. (E) Apical four‐
chamber view, mid‐systolic. (F) Parasternal short‐axis view, end‐systolic. The schematic overlays in views D‐F
show several important echocardiographic parameters (italic font) used in the assessment of mitral valve tethering
severity.
AD = annular diameter; ALPM = anterolateral papillary muscle; Ao = aorta; ATA = anterior tethering angle;
ERO = effective regurgitant orifice area; IPMD = interpapillary muscle distance; LA = left atrium; LV = left
ventricle; MR = mitral regurgitation; PISA = proximal isovelocity surface area; PMPM = posteromedian papillary
muscle; PTA= posterior tethering angle; RV = regurgitant volume; RV = right ventricle; TA = tenting area; TH =
tenting height; TTE = transthoracic echocardiography; VC = vena contracta.

occurs at or just downstream from the regurgitant orifice [52], is a semi‐quantitative method
to assess CIMR severity (Fig. 3B) [53,54]. A particular strength of the vena contracta is that it
works equally well for central and eccentric jets [52]. However, color‐Doppler measurement
of the vena contracta is significantly affected by flow rate and can overestimate the true
regurgitant orifice [55]. Accurate quantification of CIMR severity can be achieved by
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Table 1. Independent preoperative echocardiographic predictors of restrictive mitral annuloplasty
failurea
Echocardiographic parameters

View

Cutoff value

AP4CH
AP4CH
PLAX
AP4CH
PLAX
PLAX

> 2.5 cm2
> 10 mm
> 11 mm
> 45º
> 39.5º

Sensitivity

Specificity

References

Transthoracic echocardiography (TTE)
‐ Tenting Area (TA)
‐ Tenting Height (TH)
‐ Posterior Tethering Angle (PTA)
‐ Anterior Tethering Angle (ATA)
‐ Anterior/Posterior Tethering Angle Ratio
(APTAR)
‐ MR jet direction
‐ Interpapillary Muscle Distance (IPMD)
‐ Left Ventricular End‐Systolic Volume
(LVESV)
‐ Systolic Sphericity Index (SSI)
‐ Myocardial Performance Index (MPI)
‐ Wall Motion Score Index (WMSI)
‐ Diastolic LV function
Transesophageal echocardiography (TEE)
‐ Mitral Annulus Diameter (AD)
‐ Tenting Area (TA)
‐ MR grade
a

0.76

64%
64%
81%
100%
98%
87%

95%
90%
84%
95%
97%
86%

[57]
[57]
[59]
[57]
[59]
[59]

PSAX

central or complex
>20 mm

96%

97%

[110]
[60]

-

>145 ml

90%

90%

[122]

-

> 0.7
> 0.9
> 1.5

100%
85%
80%
-

100%
84%
82%
-

[122]
[122]
[122]
[123]

restrictive filling

4CH

> 37 mm

84%

76%

[124]

LAX
-

> 1.6 cm2
> 3.5

80%
42%

54%
81%

[124]
[124]

Defined as postoperative persistence or recurrence (within 1‐5 years) of grade >2+ CIMR.

(AP)4CH = (apical) four‐chamber view; (P)LAX = (parasternal) long‐axis view; PSAX = parasternal short‐axis view.

measuring the effective regurgitant orifice area (ERO) and the regurgitant volume (RV)
using the PISA method (proximal isovelocity surface area) (Fig. 3C) [52,56]. The RV depends
on the hemodynamic conditions and loading, whereas the ERO does not [52]. Current
echocardiography guidelines recommend the following criteria to define severe MR: an
ERO >40 mm2, a RV ≥60 ml and a vena contracta width ≥7 mm [52]. However, for CIMR,
adverse outcomes are associated with lower values, suggesting the following criteria to
define severe CIMR: an ERO >20 mm2, a RV ≥30 ml and a vena contracta width ≥4 mm
[2,52].
Mitral valve geometry
A method to assess annular dilatation and mitral valve tethering severity in CIMR during
routine two‐dimensional TTE is presented in Fig. 3D‐F. As shown in Fig. 3D‐F, several
parameters can be measured to evaluate the severity and pattern of mitral valve tethering.
Tenting area (TA) (the area between the tented leaflets and the annular plane in systole) and
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tenting height (TH) (distance between the point of leaflet coaptation and the mitral annular
plane in systole) show a strong and positive correlation with the ERO [24].
Apart from providing additional information on tethering severity and pattern,
measurement of parameters such as TA, TH, posterior and anterior leaflet tethering angles
(PTA and ATA) and interpapillary muscle distance (IPMD) has been shown to provide
prognostic information about the surgical treatment results of CIMR (Table 1) [57‐60].

Exercise echocardiography
Semi‐supine bicycle exercise echocardiography can provide additional useful information
about the dynamic component of CIMR, because it may unmask higher degrees of MR
[42,61]. The degree of MR at rest is unrelated to exercise‐induced changes in MR [42].
Therefore, resting evaluation of CIMR may underestimate the full severity of the lesion and
its impact [42]. Increased MR with exercise is associated with greater tethering at both the
annular and PM ends of the leaflets [42]. Exercise echocardiography can be helpful in
clinical decision making and in predicting clinical outcome [61], especially in certain patient
subgroups, including (1) in patients with LV dysfunction who present exertional dyspnea
out of proportion to the severity of resting dysfunction or MR; (2) in patients in whom acute
pulmonary oedema occurs without an obvious cause; (3) for stratifying the risk of mortality
and heart failure decompensation in the individual patient; and (4) before surgical
revascularization in patients with moderate MR [62]. An increase in ERO ≥13 mm2 during
exercise is associated with an increased mortality and increased CHF hospital admission
rate [61,63]. A decrease in ERO because of recruitable contraction of the basal LV segments
is associated with a good long‐term prognosis [61,63].
According to Piérard and Lancellotti, dobutamine stress testing for CIMR is not as
useful, because dobutamine itself reduces preload, afterload and MR [62].
New imaging modalities
In addition to TTE and TEE, new imaging modalities for the assessment of CIMR, such as
three‐dimensional echocardiography and cardiac magnetic resonance imaging (MRI), are
subject of ongoing investigation [64‐67]. They may provide superior‐quality images and
measurements compared to echocardiography [64‐67]. However, their incremental value
over TTE and TEE in clinical and surgical decision making remain to be determined.
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■ Treatment

and outcome

Non‐surgical treatment
There are only a few studies that focus on the impact of medical treatment on CIMR.
Medical treatment of CIMR may lead to a reduction in MR severity, and/or it may lead to
attenuation or reversion of post‐MI LV remodeling. Several studies suggest that
angiotensin‐converting enzyme inhibitors (ACEi), nitrates and diuretics can lead to a partial
short‐ or long‐term reduction in MR by increasing the transmitral valve pressure gradient
through either afterload or preload reduction [68‐71]. In addition, inotropic vasopressors,
such as dobutamine, can decrease CIMR [72]. As shown by the SAVE (Survival And
Ventricular Enlargement) and SOLVD (Studies of Left Ventricular Dysfunction) studies,
ACE inhibition can attenuate [73,74], arrest [75] or reverse [76] post‐MI LV remodeling. In
addition, the CAPRICOR (Carvedilol Post‐Infarct Survival Controlled Evaluation) and
CARMEN (Carvedilol and ACE Inhibitor Remodeling Mild Heart Failure Evaluation Trial)
studies showed that the combination of ACE inhibition and beta‐blockade inhibits [77] or
synergistically reverses [78] LV negative remodeling. There are, however, no data from
large trials that show a decrease in the incidence of CIMR after attenuation or reversal of LV
remodeling with ACE inhibition and beta‐blockade [79]. Despite the use of these drugs
CIMR remains common.
Cardiac resynchronization therapy (CRT) significantly and immediately reduces
functional MR and CIMR due to improved coordinated timing of the PM insertion sites [35]
and increased closing force [80]. Long‐term CRT (up to 12 months) results in progressive
structural and functional LV reverse remodeling, improved LV systolic and diastolic
function and decreased MR severity in patients with moderate‐to‐severe heart failure and
dyssynchronous ventricular contraction [81‐83]. This effect is also evident during exercise,
preventing the increase of MR during exercise [84]. However, approximately 30% of CHF
patients treated with CRT do not respond to treatment [81,85]. Independent predictors of
lack of response to CRT are ischemic heart disease, severe MR and LV end‐diastolic
dimension ≥75 mm [86]. This indicates that patients with CIMR are less likely to benefit
from CRT, especially in advanced stages of LV dilatation and tenting [83].
Early reperfusion, that is, prompt thrombolysis within 3 hours after the onset of
symptoms during a first (inferior) MI, may help reduce the incidence of CIMR [87,88].
Percutaneous coronary intervention (PCI) may also result in CIMR improvement, especially
in the setting of acute MI [89,90]. Increasing CIMR severity at the time of PCI is associated
with a significantly worse 3‐year [91] and 5‐year survival rate (57.5% for moderate‐to‐severe
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MR, 83.3% for mild MR and 97% for patients without MR after 5 years, P<0.0001) [92]. CIMR
is an independent predictor of survival 5 years after PCI [92]. Despite prompt thrombolysis
and PCI CIMR remains common.
Surgical treatment
Indications for surgery in CIMR
The indications for surgery in CIMR are not strictly defined. The general consensus is that
patients who have an indication for CABG with moderate‐to‐severe or severe CIMR (grade
3+ or 4+) should also undergo concomitant mitral valve surgery [17,93‐95].
It is controversial whether patients who have an indication for CABG with mild or
moderate CIMR (grade 1+ or 2+) should also undergo concomitant mitral valve surgery.
Different studies show that CIMR persists in 40‐60% of patients early after CABG alone [96‐
98]. Multiple studies have also shown progression of CIMR after isolated CABG in patients
with mild or moderate CIMR, which is associated with decreased long‐term survival [96,98].
These data suggest that mitral valve surgery should be performed as a concomitant
procedure at the time of CABG in patients with mild or moderate CIMR. However,
subsequent retrospective studies to confirm a survival benefit of a combined procedure in
mild or moderate CIMR showed conflicting evidence [99‐101]. A definite advantage on
survival could not be established. When choosing for a combined procedure, the risk of
long‐term CIMR and CHF progression must be balanced against the increased perioperative
risk of mitral valve surgery. Perioperative mortality for a combined procedure in CIMR is
approximately 6‐15% vs 3‐5% for CABG alone [93,94,98,102‐104].
Mitral valve replacement (MVR)
Before the introduction of mitral valve annuloplasty (MVA), mitral valve replacement with
a mechanical or bioprosthesis was the preferred surgical treatment for severe CIMR. It
involved complete excision of the subvalvular apparatus. As a consequence, LV function
deteriorated quickly, and initial mortality rates were high [105]. David et al. showed that the
subvalvular apparatus can be preserved and that it results in improved preservation of LV
function and improved survival [106].
Although restrictive MVA is currently the preferred treatment option in severe
CIMR, we believe MVR with preservation of the subvalvular apparatus is still a good
surgical alternative in severe CIMR, especially in patients with advanced tethering and a
high risk of CIMR persistence or recurrence (Table 1) [93,102]. In addition, severely ill
patients who require emergency surgery and patients with a complex MR jet or a lateral
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wall motion abnormality should be considered for MVR [107]. In these patients with a short
life expectancy a bioprosthesis may be indicated [93,95].
Mitral valve annuloplasty (MVA)
Suboptimal results of MVR initiated development of MVA for CIMR. Restrictive MVA to
reduce the septal‐lateral mitral valve dimension combined with CABG is the most
frequently used technique in the surgical treatment of severe CIMR. The concept of
restrictive MVA by implanting undersized rings was introduced in 1995 by Bolling and
Bach [108,109].
CABG with or without MVA
Data showing a definite advantage of CABG and restrictive MVA over CABG alone are
comparatively sparse. To date, there have been no randomized trials. Instead, propensity
score matching is used as a statistical tool to help neutralize the inherent patient selection
bias. Two retrospective studies using propensity score‐matched cohorts recently showed
that CABG and restrictive MVA are superior to CABG alone in reducing CIMR and in
improving the early postoperative symptomatic status in patients with grade 3+ or 4+ CIMR
[7,8]. However, after a long‐term follow‐up of 10 years, there did not appear to be any
difference in the functional status or survival (Fig. 4A) [7,8].
MVA versus MVR
Although there have been no randomized trials comparing MVA to MVR for CIMR, two
major retrospective studies show that both mitral valve repair (predominately MVA) and
replacement are effective in eliminating CIMR immediately postoperatively [93,94].
Although mitral valve repair (predominately MVA) is associated with a lower perioperative
mortality [93,94], high‐risk patients with severe CIMR did just as well, and maybe even
better, with replacement [93]. In a propensity score‐matched study, Gillinov et al. showed
that in the most complex, high‐risk settings, 5‐year survival rates for both repair
(predominately MVA) and replacement did not differ significantly and were approximately
50% (Fig. 4B) [93]. The majority of patients have a lower risk profile, however, and will
derive a survival benefit from MVA (Fig. 4C) [93]. The current opinion is that MVA results
in lower perioperative mortality than replacement and should therefore be performed
whenever possible [102].
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Figure 4. Survival after surgery for CIMR
(A) Propensity‐matched survival after CABG alone and after CABG and restrictive mitral valve annuloplasty
(MVA) for grade 3+ or 4+ CIMR. After 10 years survival is similar. Modified and reproduced with permission
from Mihaljevic et al. Copyright 2007, the American College of Cardiology Foundation. (B) Survival for
propensity‐matched quintiles of patients after mitral valve repair (predominately MVA) and mitral valve
replacement for CIMR. Quintile I represents the most severely ill patients. Survival is similar after repair or
replacement. (C) Quintiles III through V represent progressively better risk patients, and they derive a survival
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benefit from mitral valve repair (predominately MVA). Reproduced with permission from: Gillinov et al.
Copyright 2006, Springer Science and Business Media LLC. Original copyright 2001, the American Association
for Thoracic Surgery.

MVA recommendations
Annular downsizing does not relieve leaflet tethering, but it does shift the posterior annulus
and leaflet anteriorly, which leads to restored coaptation [110]. Although it targets only the
consequence and not the (ventricular) cause of the disease, restrictive MVA is able to
improve outcomes in selected patients [111‐113]. In addition, MVA is simple to perform,
reproducible and effective in eliminating CIMR [111‐113]. Careful downsizing is warranted,
because restrictive MVA may create some degree of functional mitral stenosis [114].
Different types of annuloplasty rings can be used, including rigid versus flexible and
complete versus incomplete rings. There do not appear to be definite advantages for any
specific type of ring [10,110]. It has been suggested that a complete remodeling annuloplasty
should be used rather than a posterior band because the anterior mitral annulus dilates as
well [115] and that MVA should include a prosthetic device rather than simple suture or
suture supported by pericardium [110,116]. Although both flexible and rigid annuloplasty
rings provide good results in CIMR repair, there are some differences in favour of using
rigid (or semi‐rigid) rings, the most prominent being a more stable repair with less late
failure [111,117,118]. Although a flexible ring allows for a more physiological annular area,
shape and orifice area change during the cardiac cycle, a rigid or semi‐rigid ring seems to
provide better support of the posterior mitral annulus over time in CIMR with ongoing LV
wall changes, which lowers the rate of CIMR recurrence [117,118].
Persistence and recurrence of CIMR after restrictive MVA
Different studies report a high rate of persistent and recurrent CIMR after restrictive MVA.
In the early postoperative phase (<6 months), 15‐30% of patients experience return of CIMR,
which is grade 3+ or 4+ (Fig. 5) [110,119,120]. On the other hand, 70‐85% of patients receive
durable repair using current techniques. However, according to some investigators, the
prevalence of CIMR grade 3+ or 4+ can increase up to 70% after 5 years [119].
Because restrictive MVA does not address tethering, advanced tethering may result
in persistent or recurrent CIMR [110,119]. Restrictive MVA displaces the posterior annulus
anteriorly and can lead to a significant increase in the posterior leaflet angle. Consequently,
augmented asymmetric tethering with predominant posterior leaflet tethering occurs. This
phenomenon is associated with persistent or recurrent CIMR after surgery [51,58,121]. In
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Figure 5. Persistence and recurrence of CIMR after restrictive mitral annuloplasty
Postoperative prevalence of CIMR grades 3+ or 4+. Dashed lines are 68% confidence limits of average prevalence.
Reproduced with permission from: McGee et al. Copyright 2004, the American Association for Thoracic Surgery.

addition, even mild residual CIMR contributes to continued LV negative remodeling and
increased tethering, leading to a vicious circle whereby MR begets more MR [119]. The
presence of persistent or recurrent CIMR results in a significantly lower 3‐year event‐free
survival (26±20%) compared to nonpersistent CIMR (75±12%, P=0.01) [57].
The suboptimal results of restrictive MVA for CIMR have led different
investigators to identify preoperative echocardiographic predictors of restrictive MVA
failure (defined as persistent or recurrent grade ≥2+ CIMR) (Table 1).
Interestingly, Bax and Braun et al. showed that stringent use of rigid or semi‐rigid,
complete annuloplasty rings that are one to two sizes smaller than the measured inter‐
trigonal length provide excellent freedom from CIMR recurrence up to 2 years [111]. They
also demonstrated that preoperative LV dimensions predict LV reverse remodeling [112],
which is unlikely if preoperative LV end‐diastolic diameter exceeds 65 mm and/or end‐
systolic diameter exceeds 51 mm [112].
To conclude, restrictive MVA and CABG can provide good results in selected
patients with minimal LV dilatation and minimal tenting. However, in general the
persistence and recurrence rate for restrictive MVA remains high, and there does not appear
to be a survival benefit of a combined procedure after a 10‐year follow‐up compared to
CABG alone. Patients at risk of MVA failure based on preoperative echocardiographic and
clinical parameters may benefit from mitral valve replacement with preservation of the
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subvalvular apparatus or from new alternative procedures targeting the subvalvular
apparatus including the LV.
Evolving annular and valvular surgical techniques
Geometrically shaped annuloplasty rings
New annuloplasty rings are geometrically shaped to address the specific needs of patients
with CIMR.
The GeoForm ring (Edwards Lifesciences Corp, Irvine, CA) was specifically
designed to treat ischemic and functional MR. Its unique 3D shape pulls the PMs together
by a geometric reshaping of the mitral annulus [125]. The initial results in five patients with
CIMR and in five patients with functional MR were promising and showed a reduction of
MR grade 3.5±0.3 to 0.1±0.1 (P<0.05) 3 months after surgery, with significant tenting area
reduction and LV reverse remodeling (Table 2) [125].
CIMR is associated with asymmetric changes in annular and ventricular geometry
[126].

The

new

asymmetrical

Carpentier‐McCarthy‐Adams

(CMA)

IMR

ETlogix

annuloplasty ring (Edwards Lifesciences Corp, Irvine, CA) is the first remodeling ring
specifically designed to treat asymmetric leaflet tethering and annular dilatation [127]. The
initial early results in a series of 59 patients with grade ≥2+ CIMR and relatively mild tenting
were promising (Table 2). A total of 57 patients had grade ≤1+ CIMR early after surgery with
a significant reduction in mean annular diameter, TA and TH [127].
It has become clear that the mitral valve annulus has a physiological saddle shape
[128,129], which reduces force distribution on the annulus, leaflets and chordae [130‐133].
Annuloplasty ring shape appears to affect leaflet curvature [130,132]. Implantation of a
saddle‐shaped ring reflecting normal human annular geometry increased ovine three‐
dimensional leaflet curvature [132]. Increased leaflet curvature has been shown to reduce
leaflet strain [130,131]. An improved stress distribution on the mitral annulus, leaflets and
chordae may ultimately improve repair durability. The St. Jude Medical rigid saddle ring
(St. Jude Medical Inc, St. Paul, MN) showed promising early results in patients with CIMR
[134]. Preoperative grade ≥2+ MR was reduced to grade ≤1+ MR 3 months after surgery
(Table 2) [134]. Saddle‐shaped ring annuloplasty is now undergoing clinical trials in a series
of 150 patients.
Alfieri edge‐to‐edge repair
Alfieri et al. introduced the edge‐to‐edge repair technique or double orifice technique to
repair different types of MR [135,136]. It involves placing a suture to join the centre of the
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Table 2. Summary of established and selected new and evolving surgical repair techniques for CIMR
Subjectsa MVA CABG Preop
Follow‐up Mortality
b
(n=)
(n=) (n=) MR grade
at follow‐up

Surgical techniques

MR grade
at follow‐upb

Ref

>3+ (20%)
>3+ (30%)

[7]
[110]

Annular and valvular techniques
c

‐ Mitral valve annuloplasty

290
585

n.a.
n.a.

290
554

>3+
>3+ (84%)

‐ GeoForm annuloplasty ring
‐ CMA IMR ETlogix asymmetric
annuloplasty ring

10

d

n.a.
n.a.

4
37

3.5±0.3
>2+

‐ Rigid saddle‐shaped
annuloplasty ring

12

f

n.a.

5

‐ Alfieri edge‐to‐edge repair

143

127

121

59

3 months
3‐10 days

0%
2%

0.1±0.1
[125]
<1+ (97%), 2+ (3%) [127]

>2+

3 months

0%

0 (83%), 1+ (17%) [134]

>3+ (82%)

1 year

e

e

g

>3+ (30% )

19%
h

[137]
i

13 months

16%

180 days

25%

1.6±1.1

3+

6 months

0%

2+

[147]

40

1+/2+ (43%)
>3+ (57%)

2 years

21%

>2+ (15%)

[150]

18
12

18
12

2+/3+
>3+

2 months
4‐16 months

0%
0%

0
<1+

[153]
[154]

10
8

10
8

10
8

2+/3+
2+/3+

3‐24 months
7‐14 months

0%
38%

3

0

3

3+

7 months

0%

46

0

46

>2+

early postop

15%

25

>3+

j

n.a.

n.a.

3.0±0.7

1

n.a.

n.a.

43

43

18
12

25

‐ Percutaneous transvenous
mitral annuloplasty (PTMA)
‐ Percutaneous transvenous
Alfieri edge‐to‐edge repair

5

‐ Relocation of the PMPM (string)
‐ Relocation of the PMPM (trans‐
ventricular string)
‐ PM sling
‐ PM approximation

26%
40%

25

‐ Anterior leaflet augmentation
(pericardial patch)

Subvalvular techniques
‐ Second‐order chordal cutting

5 years
5 years

e

3+ (17%), 4+ (0%) [138]
e

[142]

0 (90%), 1+ (10%) [155]
<1+
[156]

Ventricular techniques
‐ PM repositioning by infarct
plication
‐ Ventricular restoration and PM
imbrication

0

[158]

<1+ (84%),

[163]

2+ (13%), 4+ (3%)

‐ Ventricular restoration

108

‐ External ventricular restraint
device (epicardial balloon)

10

‐ Coapsys device
a

h

2.9±1.2e

108

108

k

0

0

7.8±3.1

11

0

11

2.9±0.5e

e,l

early postop

17%

0.7±0.7e

[164]

intraoperative

0%

0.9±0.8

e,l

[165]

1 year

0%

1.1±0.8e

[172]

b

Patients, unless otherwise indicated; MR severity grading: 0, no or trace MR; 1+, mild MR; 2+, moderate MR; 3+, moderate‐
c

to‐severe MR; 4+, severe MR; i.e. Cosgrove‐Edwards band or Carpentier‐Edwards classic ring or autologous or Peri‐Guard
d

e

bovine pericardial annuloplasty; Five patients with CIMR and five patients with functional MR; Mean±standard deviation;
f

g

Four patients with CIMR, seven patients with myxomatous valve disease, one patient with endocarditis; Predicted mean
h

i

j

k

percentage; Mean follow‐up; Echocardiographic follow‐up in 12 patients; Succesful implantation in four patients; Sheep;
l

Mitral regurgitant volume (mL/beat) instead of MR grade.

CABG = coronary artery bypass grafting; CIMR = (chronic) ischemic mitral regurgitation; CMA = Carpentier‐McCarthy‐
Adams; MR = mitral regurgitation; MVA = mitral valve annuloplasty; n = number; n.a. = not applicable; (PM)PM =
(posteromedian) papillary muscle; Ref = references.

anterior and posterior mitral valve leaflet, upon which a double orifice is created. In
addition, an annuloplasty ring is inserted. A relatively large study by Bhudia et al. showed a
high CIMR recurrence rate of 30% (CIMR grade 3+ or 4+) after a follow‐up of 1 year after
MVA combined with edge‐to‐edge repair (Table 2) [137]. This procedure does not address
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the subvalvular apparatus involved in tenting and CIMR, which may explain the high
recurrence rate.
Anterior leaflet augmentation
Kincaid et al. introduced the technique of anterior leaflet augmentation to address the
tethered leaflets in CIMR [138]. The technique consists of pericardial patch enlargement of
the anterior mitral leaflet combined with a flexible annuloplasty band and CABG. This
technique was used in 25 patients with grade ≥3+ CIMR. At 2 years actuarial freedom from
grade ≥3+ CIMR was 81% (Table 2) [138]. Patch enlargement of the restricted posterior
mitral leaflet has been described by Dobre et al. in only two patients [139].
Percutaneous annuloplasty and edge‐to‐edge repair
Percutaneous transvenous mitral annuloplasty (PTMA) (Viacor Inc, Wilmington, MS) has
recently been described in large animal models [140,141]. PTMA is based on the close
proximity of the coronary sinus to the posterior mitral annulus. PTMA involves delivery of
an annuloplasty device into the coronary sinus to shrink the mitral annulus. Initial
experience with PTMA in five patients showed that the procedure is feasible and may
reduce CIMR (Table 2) [142]. Percutaneous annuloplasty offers the advantage of avoiding an
operation, but carries potential risks including coronary sinus perforation or thrombosis or
injury to the adjacent circumflex coronary artery [143]. Lack of a fibrous connection between
the coronary sinus and the mitral annulus may compromise the effectiveness and durability
of the procedure [144,145].
Alfieri edge‐to‐edge repair has been applied percutaneously with a newly designed
clip device (MitraClip; Evalve Inc, Menlo Park, CA) in a large porcine model [146] and is
now undergoing clinical trials in patients [147]. Initial results from the phase I clinical trial
with the MitraClip (EVEREST I) have demonstrated the safety and feasibility of the device
in 55 patients [147]. However, only one patient had CIMR (Table 2). Because this procedure
does not involve MVA, recurrence rates may be high [136].
Both percutaneous procedures were not specifically designed to treat CIMR and
did not address tethering, which may also compromise durability.
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■ New and evolving

mechanism‐based subvalvular and ventricular

surgical techniques
The relatively high CIMR recurrence rate of restrictive MVA has led to the development of
new alternative surgical procedures targeting the subvalvular apparatus including the LV.
The objective is to tailor the ideal combination of annular, valvular, chordal, PM and
ventricular approaches based on preoperative clinical and echocardiographic characteristics
to achieve the best result in each patient. This will lead to a ʺcontinuum of therapiesʺ that
can be customized to the individual patient’s needs [79]. An overview of selected new and
evolving subvalvular and ventricular surgical repair techniques for CIMR is presented in
Table 2. These new strategies designed to improve repair durability at this point still lack
large patient cohorts and long‐term follow‐up, but will be the subject of future research.
Second‐order chordal cutting
Messas et al. proposed to reduce leaflet tethering by cutting critically positioned second‐
order chordae tendinae, initially those attached to the anterior leaflet (Fig. 6A) [148,149].
In animal models of CIMR, this approach eliminated MR by restoration of the
convex configuration and improved leaflet coaptation, without leaflet prolapse or a decline
in LV ejection fraction [148,149]. Consequently, chordal cutting in combination with MVA
has also been successfully applied to 43 clinical patients, and, when compared to MVA
alone, this leads to improved coaptation and a reduction in the prevalence of recurrent
CIMR (prevalence of grade ≥2+ CIMR 2 years after chordal cutting and MVA is 15% vs 37%
for MVA alone, P=0.03) (Table 2) [150]. Although concern has been raised regarding the
effect of chordal cutting on regional and global LV function [151], both Messas and Borger
showed that chordal cutting did not adversely affect LV function [150,152].
Surgical relocation of the posteromedian PM
Kron et al. described a new technique to treat CIMR with severe restriction of the P3
segment of the posterior mitral valve leaflet [153]. In addition to implanting an annuloplasty
ring, a suture is used to connect the posteromedian PM to the mitral annulus, adjacent to the
right fibrous trigone [153]. Subsequently, the suture can be shortened to decrease tethering
and improve coaptation. In 18 patients with grade 2+ or 3+ CIMR, this procedure reduced
CIMR to grade 0 2 months postoperatively (Table 2) [153]. Based on this ʺring and string
techniqueʺ, Langer and Schäfers introduced a valuable variation on this concept (ʺthe
transventricular suture techniqueʺ) [154]. After a horizontal aortotomy, a suture is anchored
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to the head of the posteromedian PM. The suture is then passed through the fibrosa (mid‐
septal annular saddle horn) under direct vision and exteriorized through the aortic wall
underneath the commissure between the non‐coronary and left coronary aortic cusps.
Subsequently, the suture is tied under echocardiographic guidance in the loaded beating
heart to reposition the posteromedian PM. This technique, combined with MVA and CABG,
effectively reduced grade ≥3+ CIMR to grade ≤1+ CIMR at a mean follow‐up of 12 months
(Table 2) [154].
Papillary muscle sling
Hvass et al. introduced another new experimental approach to treat CIMR [155]. It involves

Figure 6. Several new mechanism‐based subvalvular and ventricular surgical techniques for CIMR
(A) Second‐order chordal cutting. Inferior MI causes leaflet tethering (including a typical anterior leaflet bend)
and loss of coapting surface resulting in CIMR. Second‐order (or basal) chordal cutting eliminates the anterior
leaflet bend and improves coaptation and CIMR. The primary (or marginal) chordae prevent leaflet prolapse.
Reproduced with permission from: Messas et al. Copyright 2003, American Heart Association Inc. (B) Papillary
muscle approximation by passing a single U‐shaped suture reinforced by two patches of autologous pericardium
through the bodies of the posterior and anterior papillary muscles. Reproduced with permission from: Rama et al.
Copyright 2007, the Society of Thoracic Surgeons. (C) Infarct plication to restore papillary muscle position closer
to the anterior mitral annulus and to reduce tethering. Reproduced with permission from: Liel‐Cohen et al.
Copyright 2000, American Heart Association Inc. (D) The Coapsys device (Myocor Inc, Maple Grove, MN,) was
designed to treat mitral annular dilatation and PM displacement. The device consists of epicardial posterior and
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anterior pads connected by a flexible subvalvular chord. The two pads are located on the epicardial surface of the
heart with the load‐bearing subvalvular chord passing through the LV. When the device is tightened under
echocardiographic guidance, the annular head increases coaptation and the papillary head repositions the PMs.
Reproduced with permission from: Fuckamachi et al. Copyright 2004, the Society of Thoracic Surgeons.
AML = anterior mitral leaflet; Ao = aorta; AP = anterior papillary muscle; (CI)MR = (chronic ischemic) mitral
regurgitation; CHO = mitral valve chordae; LA = left atrium; LV = left ventricle; MI = myocardial infarction; PM
= papillary muscle; PML = posterior mitral leaflet; PP = posterior papillary muscle.

correcting abnormal PM displacement with an intraventricular Gore‐Tex sling, encircling
the trabecular base of both PMs. In addition, a moderately undersized mitral annuloplasty
ring is inserted. In 10 patients, this ʺdouble ringʺ or ʺring and slingʺ approach re‐established
a more normal annular‐to‐PM alignment and reduced grade 2+ or 3+ CIMR to grade 0 (nine
patients) or grade 1+ CIMR (one patient) (Table 2) [155].
Papillary muscle approximation
PM approximation was introduced by Rama et al. and involves repositioning of both PMs to
the midline as a supplementary procedure to MVA and CABG [156]. A single U‐shaped
stitch reinforced by two patches of autologous pericardium is passed through both PMs and
tightened (Fig. 6B). In eight patients with grade 2+ or 3+ CIMR, this procedure reduced
CIMR to grade ≤1+ at a mean follow‐up of 11.4 months (Table 2) [156].
PM repositioning by infarct plication
Plication of the infarcted region of the LV with mattress sutures reduces myocardial bulging
and can result in repositioning of the displaced PM tips towards the anterior mitral annulus
with additional LV reverse remodeling in sheep (Fig. 6C) [157]. This procedure was effective
in reducing moderate CIMR to mild or trace CIMR, without changing LV ejection fraction
and with the additional advantage of preventing opening of the left side of the heart [157].
Recently, infarct plication for CIMR was described in humans [158]. CABG without MVA
was combined with infarct plication of the posterolateral infarcted myocardial region in
three patients with grade 3+ CIMR. After a mean follow‐up of 7 months, all three patients
had grade 0 CIMR (Table 2) [158].
PM repositioning and LV restoration
The Dor procedure (endoventricular circular patch plasty repair through a left
ventriculotomy) is a surgical technique that was first developed to exclude LV aneurysms
[159]. Subsequently, it is now also used for excluding the dilated dys‐ or akinetic area of the
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LV in severe dilated ischemic cardiomyopathy. Placing an endoventricular patch restores
LV wall geometry. In addition to improving LV ejection fraction, the Dor procedure can
reduce MR in dilated ischemic cardiomyopathy by reducing LV size and improving PM
orientation [160,161]. However, tethering and CIMR may recur [162]. Menicanti et al. used a
combined procedure of CABG, Dor’s excision and patching, and imbrication of the PMs
without annuloplasty [163]. In 46 patients with grade ≥2+ CIMR, this combined approach
was effective in reducing CIMR to grade ≤2+ immediately postoperatively in 38 patients
(seven patients died during or immediately after surgery) (Table 2) [163]. Ventricular
restoration and CABG can also be combined with MVA, by performing mitral valve repair
through the left ventriculotomy [164]. In 108 patients with CIMR grade 2.9±1.2, this
combined approach reduced CIMR to grade 0.7±0.7 (P=0.0001) immediately postoperatively
in 90 patients (18 patients died during or immediately after surgery) (Table 2) [164].
External ventricular restraint devices
Hung et al. have devised a localized patch that contains an epicardial balloon, which is
applied over inferior infarcts in the beating heart [165]. The patch is also positioned over the
area of insertion of the PM, and the volume of the balloon is adjusted under
echocardiographic guidance to optimize the reduction of tethering and CIMR. Initial results
are promising. In 10 sheep with CIMR, this approach effectively reduced MR (Table 2)
without any constriction or negative side effects on left ventricular end‐diastolic pressure or
LV function [165]. Moainie et al. used a Marlex mesh patch to restrain infarct expansion
after posterolateral MI in six sheep. This attenuated remodeling and reduced CIMR [166].
However, patch placement occurred before MI. The Corcap Cardiac Support Device (CSD;
Acorn Cardiovascular Inc, St. Paul, MN) has a long‐term beneficial impact on LV reverse
remodeling in patients with CHF [167] and has been shown to provide an additional
improvement in LV structure and function compared to mitral valve surgery alone for
ischemic and functional MR in humans [168]. This combined approach may ultimately
improve repair durability.
The Coapsys device
The Coapsys device (Myocor Inc, Maple Grove, MN) was designed to treat mitral annular
dilatation and PM displacement (Fig. 6D) [169,170]. It has the advantage that it can be
placed on a beating heart without cardiopulmonary bypass. Grossi et al. compared
restrictive MVA to implantation of the Coapsys device [171]. Both techniques were effective
in reducing mitral annular diameter and CIMR [171]. However, the Coapsys device
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provided significantly greater LV reshaping than annuloplasty [171]. One‐year follow‐up of
the first 11 patients with a Coapsys device and off‐pump CABG showed effective CIMR and
NYHA (New York Heart Association) class improvement [172]. Preoperative CIMR grade
2.9±0.5 was reduced to CIMR grade 1.1±0.8 at 1‐year follow‐up (P<0.05) (Table 2) [172].
Recently, a novel trans‐catheter system was developed for percutaneous implantation of the
so‐called iCoapsys device (Myocor Inc, Maple Grove, MN) in animals [173].

■ Conclusion
The primary mechanism of CIMR is ischemia‐induced LV remodeling with PM
displacement and apical tenting of the mitral valve leaflets. Restrictive MVA combined with
CABG can provide good results in selected patients with minimal LV dilatation and
minimal tenting. However, in general the persistence and recurrence rate for restrictive
MVA remains high (up to 30% at 6 months postoperatively), and there does not appear to be
a survival benefit of a combined procedure after a 10‐year follow‐up compared to CABG
alone (10‐year survival rate for both is approximately 50%). Patients at risk of MVA failure
based on preoperative echocardiographic and clinical parameters may benefit from mitral
valve replacement with preservation of the subvalvular apparatus or from new alternative
procedures targeting the subvalvular apparatus including the LV. Although promising,
studies concerning these new techniques at this point still lack large patient cohorts and
long‐term follow‐up. Subvalvular and ventricular approaches will, however, be the subject
of much anticipated and necessary ongoing and future research.
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We thank Atoui and de Varennes for their interest and positive comments [1] regarding our
review article [2]. We agree with them that, in their recently published article in
ʺCirculationʺ [3], a promising technique is described with good mid‐term results that would
have been a valuable addition to Table 2 of our review [2]. However, their article was
published after submission and acceptance of our review article.
The technique described by de Varennes and colleagues involves remodeling
annuloplasty combined with augmentation of the posterior mitral valve leaflet height
(medial half of P2 to the end of P3) with bovine pericardium to relieve mitral valve leaflet
tethering in 44 patients with type IIIb grade 4+ chronic ischemic mitral regurgitation
(CIMR). The observed actuarial freedom from recurrent grade ≥3+ mitral regurgitation was
90% at 2 years.
Although there is debate about the relative importance of anterior and posterior
leaflet tethering in CIMR recurrence, promising mid‐term results of anterior leaflet
augmentation combined with annuloplasty have also been described in 25 patients with
grade ≥3+ CIMR. Two‐year actuarial freedom from grade ≥3+ CIMR was 81% [4].
Both posterior and anterior leaflet augmentation can effectively relieve tethering,
but we would like to stress again at this point that such a combined annular/valvular
technique does not address the main pathophysiological mechanism of CIMR (i.e., ischemia‐
induced left ventricular (LV) dilatation) and thus renders it prone to CIMR recurrence. An
interesting subject for future research would be to investigate whether or not there is an
additional benefit of combined remodeling annuloplasty, posterior or anterior leaflet
augmentation, and a subvalvular or ventricular technique, especially in patients with
advanced stages of LV dilatation, who are unlikely to undergo LV reverse remodeling
following an isolated annular/valvular repair technique [5].
In addition, long‐term results of a pericardial patch sutured in a valve leaflet are
unknown. The risk of decreasing pliability due to calcification or shrinking of the patch may
compromise repair at follow‐up. Longer follow‐up is necessary to reveal the long‐term
competence of annuloplasty and (posterior) leaflet augmentation, either as an isolated
procedure or combined with subvalvular/ventricular techniques.
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■ Abstract
BACKGROUND: Both papillary muscle infarction (PMI) and chronic ischemic mitral
regurgitation (CIMR) are associated with reduced survival after myocardial infarction. The
influence of PMI on CIMR and factors influencing both entities are incompletely
understood. We sought to determine the influence of PMI on CIMR after primary
percutaneous coronary intervention (PCI) for ST‐segment elevation myocardial infarction
(STEMI) and to define independent predictors of PMI and CIMR.
METHODS: Between January 2011 and May 2013, 263 patients (mean age 57.8 ± 11.5 years)
underwent

late

gadolinium‐enhanced

cardiac

magnetic

resonance

imaging

and

transthoracic echocardiography 4 months after PCI for STEMI. Infarct size, PMI, and mitral
valve and left ventricular geometric and functional parameters were assessed. Univariate
and multivariate analyses were performed to identify predictors of PMI and CIMR (≥grade
2+).
RESULTS: PMI was present in 61 patients (23%) and CIMR was present in 86 patients
(33%). In patients with PMI 52% had CIMR and in patients without PMI 27% had CIMR
(P<0.001). In multivariate analyses infarct size (odds ratio (OR) 1.09 (95% confidence interval
1.04‐1.13), P<0.001), inferior MI (OR 4.64 (1.04‐20.62), P=0.044), and circumflex infarct‐related
artery (OR 8.21 (3.80‐17.74), P<0.001) were independent predictors of PMI. Age (OR 1.08
(1.04‐1.11), P<0.001), infarct size (OR 1.09 (1.03‐1.16), P=0.003), tethering height (OR 19.30
(3.28‐113.61), P=0.001), and interpapillary muscle distance (OR 3.32 (1.31‐8.42), P=0.011)
were independent predictors of CIMR.
CONCLUSIONS: The risk of PMI is mainly associated with inferior infarction and
infarction in the circumflex coronary artery. Although the prevalence of CIMR is almost
doubled in the presence of PMI, PMI is not an independent predictor of CIMR. Tethering
height and interpapillary muscle distance are the strongest independent predictors of CIMR.
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■ Introduction
Both papillary muscle infarction (PMI) and chronic ischemic mitral regurgitation (CIMR) are
associated with reduced survival after myocardial infarction (MI) [1‐3].
Ischemic mitral regurgitation (IMR) is a common complication of MI with an
estimated incidence of 20% to 50% [4‐8]. IMR is frequent early after MI, but it is often mild
and may disappear completely [4‐8]. When IMR develops, persists or increases over the
course of several week after MI, it becomes chronic [4‐8]. Several studies showed that (even
mild) CIMR after MI increases the risk of congestive heart failure and death in a graded
fashion according to mitral regurgitation (MR) severity (independent of left ventricular (LV)
function) [1,2]. The exact mechanism for development of IMR after MI remains a subject of
debate [9]. IMR may develop acutely after post‐MI papillary muscle rupture, or more
gradually with scar formation, LV remodeling, papillary muscle (PM) displacement, and
mitral valve tethering or tenting (i.e. CIMR) [9].
PMI has a strong (negative) prognostic value after MI [3]. This may be related to
development of CIMR, but the precise role of PM involvement in development of CIMR is
still unclear. Factors influencing PMI are incompletely understood. Late gadolinium‐
enhancement (LGE) cardiac magnetic resonance imaging (MRI) enables the noninvasive
detection of papillary muscle infarction (PMI) with high spatial resolution [3,10]. Therefore,
LGE cardiac MRI is the technique of choice for PMI assessment.
In this study we sought to determine the influence of PMI detected by LGE cardiac
MRI on CIMR after primary percutaneous coronary intervention (PCI) for ST‐segment
elevation myocardial infarction (STEMI) and to determine independent predictors of PMI
and CIMR.

■ Methods
Study Design
This study was performed as a substudy of the Glycometabolic Intervention as adjunct to
Primary percutaneous intervention in ST elevation myocardial infarction (GIPS)‐III trial
(clinicaltrials.gov NTC01217307) [11,12]. The GIPS‐III trial was a prospective, single center,
double blind, randomized clinical trial, that compared metformin 500 mg twice daily to
placebo treatment in 380 non‐diabetic patients requiring primary PCI for STEMI. The
primary endpoint, left ventricular ejection fraction (LVEF) after 4 months, was similar
between groups [12]. The final results of the GIPS‐III trial have been reported previously
[12]. In brief, patients aged ≥18 years presenting with a first STEMI and undergoing primary
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PCI with implantation of at least 1 stent with a diameter of at least 3 mm resulting in
Thrombolysis in Myocardial Infarction (TIMI) flow grade 2 or 3 post PCI were included.
Major exclusion criteria were known diabetes, the need for coronary artery bypass grafting,
severe renal dysfunction, and contraindications for MRI. All patients provided written
informed consent. The study protocol was in accordance with the Declaration of Helsinki
and was approved by the local ethics committee (Groningen, the Netherlands) and national
regulatory authorities.
PMI Substudy
Between January 2011 and May 2013 380 patients were enrolled in the GIPS‐III trial. A total
of 275 patients underwent cardiac MRI and transthoracic echocardiography (TTE) 4 months
after PCI. 263 patients had an evaluable cardiac MRI and were eligible for the current
substudy. None of these patients had a history of (organic) mitral valve disease.
Standard laboratory assessment including serum concentrations of creatinine
phosphokinase (CK) was performed.
Angiographic Analysis
Coronary angiography and coronary intervention were performed using standard
techniques. The choice and order of coronary intervention (i.e. thrombus aspiration, balloon
angioplasty, or stenting) was left to the discretion of the operator. Perfusion was evaluated
according to the TIMI criteria [13]. Myocardial blush grade was assessed for the infarct‐
related artery and was defined as previously described [14]: 0, no myocardial blush; 1,
minimal myocardial blush; 2, moderate myocardial blush; and 3, normal myocardial blush
or contrast density. Persistent myocardial blush suggesting leakage of contrast medium into
extravascular space was graded as 0.
Cardiac MRI Protocol
Cardiac MRI was performed 4 months post‐PCI with a 3.0 Tesla clinical scanner (3 T
Achieva, Philips, Best, the Netherlands) using a phased array cardiac receiver coil.
Electrocardiogram‐gated cine steady‐state, free precision magnetic resonance images were
acquired during repeated breath holds in the standard long‐axis views (4‐, 3‐, and 2‐
chamber view) and contiguous short‐axis slices of 1 cm covering the entire LV were used to
assess global and regional ventricular function and to calculate LVEF. Using identical slice
locations, late contrast‐enhanced images were acquired 10 min after intravenous
administration of a gadolinium‐based contrast agent (Dotarem, Gorinchem, The
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Netherlands; 0.2 mmol/kg) with an inversion recovery, gradient‐echo pulse sequence to
identify the location and extent of MI and PMI. The inversion time was set to null the signal
of viable myocardium for every individual patient.
Cardiac MRI Analysis
Images were stored and sent to an independent cardiac MRI core laboratory (Image
Analysis Center, VU University Medical Center, Amsterdam, The Netherlands) for
assessment by fully blinded operators. Additional assessment of PMI and mitral valve
geometry was performed using an open‐source software package (OsiriX Imaging
Software).
Summation of the volumes per slice of areas of hyperenhancement was outlined,
allowing calculation of total infarct size (% LV myocardium). PMI was evaluated by LGE
cardiac MRI images from short‐axis views. Cine images of the same location were used as a
side‐by‐side reference for localizing the PM within the blood pool during interpretation of
contrast‐enhanced images. PMI was considered present if any papillary hyperenhancement
was present on LGE short‐axis images. PMI was further categorized by location
(anterolateral PMI and/or posteromedian PMI) and extent (partial (≤50% hyperenhanced
papillary myocardium) or complete (>50% hyperenhanced papillary myocardium)) (Fig. 1)
[10].
Left atrial volume was calculated using the summation of slices method multiplied
by slice thickness. Left ventricular end‐diastolic diameter (LVEDD) and left ventricular end‐
systolic diameter (LVESD) were measured in the short axis view at mid‐LV level.
Additionally, the systolic sphericity index (SSI) (ratio of LV width to length) was measured
in the four‐chamber view at end‐systole. Interpapillary muscle distance (IPMD) was
measured in the short‐axis view at end‐systole. On the stack of short‐axis cines, the
endocardial and epicardial borders were outlined in end‐systolic and end‐diastolic images.
Left ventricular end‐diastolic volume (LVEDV) and left ventricular end‐systolic volume
(LVESV) were calculated using the summation of slice method multiplied by slice thickness.
LVEF was calculated as LVEF = 100% x (LVEDV‐LVESV)/LVEDV. Regional LV contractile
function was graded with the Wall Motion Score Index (WMSI) using a 17‐segment, 5‐point
scoring

system

(1=normal

contraction;

2=hypokinesia;

5=aneurysmatic).
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Figure 1. Assessment of PMI by LGE cardiac MRI
Patient with inferolateral STEMI with complete infarction of the of the posteromedian PM. (A) LGE image. (B)
Cine image of the same location as a side‐by‐side reference for localizing the PM within the blood pool during
interpretation of contrast‐enhanced images. Patient with inferior STEMI and partial infarction of the
posteromedian PM. (C) LGE image. (D) Cine image. Patient with anterolateral and inferior STEMI and combined
partial infarction of the anterolateral PM and complete infarction of the posteromedian PM. (E) LGE image. (F)
Cine image.
(AL)PM = (anterolateral) papillary muscle; LGE = late gadolinium‐enhancement; MRI = magnetic resonance
imaging; PMI = papillary muscle infarction; (PM)PM = posteromedian papillary muscle; STEMI = ST‐elevation
myocardial infarction.
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Mitral annular diameter, tethering height (distance between the leaflet coaptation
point and the mitral annular plane), tethering area (area enclosed between the annular plane
and the mitral leaflets), posterior tethering angle, and anterior tethering angle were
measured in the 3‐chamber view (mid‐systolic) (Fig. 2) [9].

Figure 2. Evaluation of interpapillary muscle distance, mitral valve geometry, and CIMR severity
(A) Evaluation of interpapillary muscle distance measured with cardiac MRI in the short‐axis view (end‐systolic).
(B‐C) Evaluation of mitral valve geometry with cardiac MRI in the 3‐chamber view (mid‐systolic); mitral annular
diameter (a‐c), tethering height (d‐b), tethering area (area enclosed by a‐b‐c), posterior tethering angle (angle
between c‐a and c‐b), anterior tethering angle (angle between a‐c and a‐b). (D) Evaluation of CIMR severity with
TTE in the apical four‐chamber view (mid‐systolic) (jet area/LA area).
AD = annular diameter; ALPM = anterolateral papillary muscle; Ao = aorta; ATA = anterior tethering angle;
CIMR = chronic ischemic mitral regurgitation; IPMD = interpapillary muscle distance; LA = left atrium; LV =
left ventricle; MV = mitral valve; PMPM = posteromedian papillary muscle; PTA = posterior tethering angle; TA
= tethering area; TH = tethering height.

Echocardiographic Analysis
TTE was performed with commercially available equipment (Vivid‐7, General Electric,
Horten, Norway) with a phased‐array transducer. CIMR was defined as MR caused by MI
in the absence of structural mitral valve abnormalities and present 4 months after PCI.
Based on echocardiography guidelines [15‐17] the severity of MR was scored as no or trace
(grade 1+), mild (grade 2+), moderate (grade 3+), or severe (grade 4+) as defined by jet area
divided by left atrial area measured with TTE in the apical four‐chamber view (Table 1).
CIMR was considered present if jet area/left atrial (LA) area ≥10% (≥grade 2+).
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Table 1. Echocardiographic CIMR severity grading

Grade
1+
2+
3+
4+
a

Grade specification
no or trace
mild
moderate
severe

Jet area / left atrial area (%)a
<10%
10‐20%
20‐40%
>40%

Color‐doppler apical four‐chamber view, mid‐systolic.

CIMR = chronic ischemic mitral regurgitation.

Statistics
Continuous variables were expressed as mean±SD. Categorical variables were expressed as
percentages. Comparisons between groups were performed using Pearson`s χ2 test or
Fisher`s exact test as appropriate for categorical variables and the independent samples t‐
test or Mann‐Whitney U test as appropriate for continuous variables. Univariate variables
with P<0.10 were included in the multivariate analysis. Age and gender were forced in all
multivariate models. Multivariate logistic regression analyses by means of a forward
stepwise algorithm (cut‐off for entry and removal set at a significance level of 0.05) were
performed to identify independent predictors of PMI and CIMR. Odds ratios were reported
with 95% confidence intervals (CI). Goodness‐of‐fit of the final logistic regression models
was assessed with the Hosmer‐Lemeshow statistic.
All calculations were performed using commercially available statistical packages
(IBM SPSS Statistics 21.0; IBM Corporation, Armonk, NY and Stats Direct 2.8.0; StatsDirect
Ltd, Chesire, UK). Statistically significant differences were defined as P<0.05.

■ Results
Study Population
A flowchart for this substudy is shown in Fig. 3. Patient characteristics are shown in Table 2
and 3. PMI was present in 61 patients (23%) and CIMR was present in 86 patients (33%). In
patients with PMI 52% had CIMR and in patients without PMI 27% had CIMR (P<0.001).
PMI and the infarct related artery
PMI was found in 61 patients (23%). Posteromedian PMI was found in 42 patients (69%),
Anterolateral PMI was found in 9 patients (15%), and combined PMI was found in 10
patients (16%). An overview of the IRA according to type of PMI is provided in Table 4.
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380 patients randomized in the GIPS‐III trial
105 patients excluded
36 experienced claustrofobia
35 refused
14 had a contraindication for MRI
10 underwent CABG
4 received ICD or pacemaker
4 too large for scanner
1 unable to tolerate scanner sound
1 withdrew consent

275 patients underwent CMR and TTE
12 patients excluded
12 insufficient image quality

263 patients included in the PMI substudy
61 patients with PMI
202 patients without PMI

86 patients with CIMR
177 patients without CIMR

Figure 3. Flowchart for the PMI substudy
CABG = coronary artery bypass grafting; CIMR = chronic ischemic mitral regurgitation; GIPS = Glycometabolic
Intervention as adjunct to Primary percutaneous intervention in ST elevation myocardial infarction; ICD =
implantable cardioverter defibrillator; MRI = magnetic resonance imaging; PMI = papillary muscle infarction;
TTE = transthoracic echocardiography.

Predictors of PMI
Univariate and multivariate logistic regression analyses of PMI are shown in Tables 2, 3, and
5. Multivariate analysis revealed infarct size, inferior MI, and circumflex infarct‐related
artery as independent predictors of PMI. The Hosmer‐Lemeshow goodness‐of‐fit test was
non‐significant, indicating that this multivariate model is a good fit (χ2=13.85, df=8, P=0.086).
Predictors of CIMR
Univariate and multivariate logistic regression analyses of CIMR are shown in Tables 2, 3,
and 6. Multivariate analysis revealed age, infarct size, tethering height, and interpapillary
muscle distance as independent predictors of CIMR. The Hosmer‐Lemeshow goodness‐of‐
fit test was non‐significant, indicating that this multivariate model is a good fit (χ2=4.87,
df=8, P=0.772).
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Table 2. Patient characteristics
Variablea
Total

Papillary muscle infarction (PMI)
P value
PMI
No PMI

Chronic Ischemic MR (CIMR)
CIMR
No CIMR P value

Age, y

(n=263)
57.8+11.5

(n=61)
59.3+11.7

(n=202)
57.4+11.5

0.262

(n=86)
63.2+11.2

(n=177)
55.2+11.7

Female

57 (22%)

12 (20%)

45 (22%)

0.665

22 (26%)

35 (20%)

0.284

Body Mass Index, kg/m2

27.0+3.6

26.9+3.2

27.0+3.7

0.812

26.4+3.2

27.3+3.7

0.060

Hypertension

76 (29%)

17 (28%)

59 (29%)

0.840

26 (30%)

50 (28%)

0.739

Dyslipidemia

164 (62%)

39 (64%)

125 (62%)

0.772

44 (51%)

120 (56%)

0.009

Smoking

184 (70%)

40 (66%)

144 (71%)

0.394

50 (58%)

134 (76%)

0.004

1 (1%)

1 (2%)

0 (0%)

0.232

1 (1%)

0 (0%)

0.327

0 (0%)

0 (0%)

0 (0%)

‐

0 (0%)

0 (0%)

‐

4 (2%)
203+148

0 (0%)
211+160

4 (2%)
201+145

0.576

0 (0%)
202+159

4 (2%)
204+143

0.307

< 0.001

Cardiovascular related history

Stroke
Peripheral artery disease
Previous PCI
Ischemic time, min
Maximum CK level, U/L

2071+1928 3188+1892 1734+1812

Number of diseased coronary

<0.001

0.649

0.924
2687+2179 1772+1721 <0.001

0.247

0.767

arteries
One‐vessel disease

190 (72%)

39 (64%)

151 (75%)

‐

64 (74%)

126 (71%)

‐

Two‐vessel disease

62 (24%)

19 (31%)

43 (21%)

‐

18 (21%)

44 (25%)

‐

Three‐vessel disease

11 (4%)

3 (5%)

8 (4%)

‐

4 (5%)

7 (4%)

Infarct related artery
Left main

<0.001

‐
0.424

0 (0%)

0 (0%)

0 (0%)

‐

0 (0%)

0 (0%)

‐

106 (40%)

6 (10%)

100 (50%)

‐

34 (40%)

72 (41%)

‐

Left circumflex coronary artery

44 (17%)

28 (46%)

16 (8%)

‐

18 (21%)

26 (15%)

‐

Right coronary artery

113 (43%)

27 (44%)

86 (43%)

‐

34 (40%)

79 (45%)

‐

Thrombus aspiration

245 (93%)

57 (93%)

188 (71%)

1.000

78 (91%)

167 (94%)

0.271

Stent placement

259 (98%) 61 (100%) 198 (98%)

0.576

84 (98%)

175 (99%)

0.599

Left anterior descending
coronary artery

Infarct‐related artery TIMI flow
Preintervention grade

0.190

0.037

0

151 (57%)

42 (69%)

109 (41%)

‐

55 (64%)

96 (54%)

‐

1

17 (6%)

2 (3%)

15 (7%)

‐

5 (6%)

12 (7%)

‐

2

45 (17%)

9 (15%)

36 (18%)

‐

18 (21%)

27 (15%)

‐

3

50 (19%)

8 (13%)

42 (21%)

‐

8 (9%)

42 (24%)

Postintervention grade

0.555

2

17 (6%)

5 (8%)

12 (6%)

‐

7 (8%)

10 (6%)

‐

3

246 (94%)

56 (92%)

190 (94%)

‐

79 (92%)

167 (94%)

‐

0

5 (2%)

1 (2%)

4 (2%)

‐

3 (3%)

2 (1%)

‐

1

18 (7%)

3 (5%)

15 (7%)

‐

8 (9%)

10 (6%)

‐

2

55 (21%)

15 (25%)

40 (20%)

‐

18 (21%)

37 (21%)

‐

3

183 (70%)

42 (69%)

141 (70%)

‐

57 (66%)

126 (71%)

‐

130 (49%)

31 (51%)

99 (49%)

0.804

40 (47%)

90 (51%)

0.509

Myocardial blush grade

Randomized to metformin

0.809

0.391

treatment
a

‐
0.441

Data are presented as mean±standard deviation or number (%).

CIMR = chronic ischemic mitral regurgitation; CK = creatine phosphokinase; PCI = percutaneous coronary intervention;
PMI = papillary muscle infarction; TIMI = thrombolysis in myocardial infarction.
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Table 3. Cardiac MRI and TTE data
Variablea
Total

Papillary muscle infarction (PMI)
P value
PMI
No PMI

Chronic Ischemic MR (CIMR)
CIMR
No CIMR P value

Time from infarct to TTE, days

(n=263)
124+13

(n=61)
125+12

(n=202)
124+12

0.318

(n=86)
126+15

(n=177)
123+11

Time from infarct to MRI, days

125+10

126+9

124+9

0.131

126+8

124+10

0.163

Infarct size, % LV hyperenhance‐

9.0+7.7

12.9+6.8

7.7+7.6

< 0.001

11.6+8.1

7.6+7.1

< 0.001

Anterior

134 (51%)

29 (48%)

105 (52%)

0.543

45 (52%)

89 (50%)

0.756

Inferior

212 (81%)

59 (97%)

143 (71%)

<0.001

75 (87%)

137 (77%)

0.059

Lateral

132 (50%)

48 (79%)

84 (42%)

<0.001

49 (57%)

83 (47%)

0.125

0.102

ment
Infarct location

Papillary muscle infarction

61 (23%)

61 (100%)

‐

‐

32 (37%)

29 (16%)

< 0.001

52 (20%)

52 (85%)

‐

‐

28 (33%)

24 (14%)

< 0.001

Incompleteb

13 (5%)

13 (21%)

‐

‐

5 (6%)

8 (5%)

0.763

Completeb

39 (15%)

39 (64%)

‐

‐

23 (27%)

16 (9%)

< 0.001

19 (7%)

19 (31%)

‐

‐

8 (9%)

11 (6%)

0.364

7 (3%)

7 (11%)

‐

‐

3 (3%)

4 (2%)

0.686

Posteromedian PMI

Anterolateral PMI
Incompleteb
Completeb

12 (5%)

12 (20%)

‐

‐

5 (6%)

7 (4%)

0.535

10 (4%)

10 (16%)

‐

‐

4 (5%)

6 (3%)

0.733

LA volume, ml

58.8+18.6

60.4+18.4

58.3+18.6

0.480

64.1+19.6

56.2+17.5

0.002

LV end‐diastolic diameter, mm

49.7+5.6

50.5+6.0

49.4+5.5

0.213

49.9+5.6

49.5+5.6

0.620

Combined PMI ((in)complete)
LA & LV geometry and function

LV end‐diastolic volume, ml

193.6+44.6 206.5+44.8 189.7+43.9

LV end‐systolic diameter, mm

33.2+6.2

LV end‐systolic volume, ml

90.2+33.7 105.1+40.1 85.6+30.1

Systolic sphericity index, %

46.7+6.2

48.3+6.5

Interpapillary muscle

12.5+4.5

14.8+5.3

35.0+7.5

32.7+5.7

0.010

194.0+43.4 193.4+45.3

0.921

0.013

34.3+7.0

32.7+5.8

< 0.001

93.3+35.4

88.7+32.8

0.294

46.2+6.0

0.016

48.0+6.7

46.0+5.8

0.011

11.8+4.0

< 0.001

13.9+5.0

11.8+4.1

< 0.001
0.038

0.055

distance, mm
LVEF, %

54.3+8.1

50.2+8.9

55.6+7.4

< 0.001

52.8+9.6

55.0+7.2

Wall motion score index

1.25+0.28

1.30+0.29

1.23+0.28

0.120

1.32+0.30

1.21+0.26

0.008

1.6+1.0

2.2+1.2

1.5+0.9

< 0.001

3.0+0.7

1.0+0.0

< 0.001

Grade 1+ (none or trace)

177 (67%)

29 (48%)

148 (73%)

‐

‐

177 (100%)

‐

Grade 2+ (mild)

25 (10%)

8 (13%)

17 (8%)

‐

25 (29%)

‐

‐

Grade 3+ (moderate)

39 (15%)

10 (16%)

29 (14%)

‐

39 (45%)

‐

‐

Grade 4+ (severe)

22 (8%)

14 (23%)

8 (4%)

‐

22 (26%)

‐

‐

CIMR severity
CIMR Grade

< 0.001

‐

Mitral valve geometry
Annular diameter, mm

30.6+3.7

31.0+3.2

30.4+3.9

0.293

30.7+4.0

30.5+3.6

0.658

Tethering height, mm

8.2+2.0

8.8+1.9

8.0+2.0

0.005

8.9+2.1

7.8+1.8

< 0.001

Tethering area, mm2

13.1+4.0

14.3+3.6

12.7+4.1

0.005

14.3+4.4

12.5+3.7

0.001

Posterior tethering angle, °

40.7+9.1

43.8+8.9

39.8+8.9

0.002

43.2+9.3

39.6+8.8

0.003

Anterior tethering angle, °

21.8+5.8

22.5+5.5

21.5+5.9

0.253

23.3+6.2

21.0+5.5

0.003

a

Data are presented as mean±standard deviation or number (%).

b

Complete PMI: >50% hyperenhancement on short‐axis images; Incomplete PMI: <50% hyperenhancement on short‐

axis images.
(CI)MR = (chronic ischemic) mitral regurgitation; LA = left atrium; LV(EF) = left ventricular (ejection fraction); MRI =
magnetic resonance imaging; PMI = papillary muscle infarction; TTE = transthoracic echocardiography.
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Table 4. PMI type and IRA

Infarct‐related artery
PMI type

LAD

LCx

RCA

Any type of PMI

10%

46%

44%

Posteromedian PMI

0%

38%

62%

Anterolateral PMI

67%

33%

0%

Combined PMI

0%

90%

10%

IRA = infarct‐related artery; LAD = left anterior descending coronary artery; LCx = left
circumflex coronary artery; PMI = papillary muscle infarction; RCA = right coronary
artery.

Table 5. Predictors of PMI by univariate and multivariate logistic regression analysis

Variable

Univariate analysis
P value
OR (95% CI)

Multivariate analysis
P value
OR (95% CI)

Age, y

1.01 (0.99‐1.04)

0.261

‐

Female

0.85 (0.42‐1.74)

0.665

‐

Maximum CK level, U/L

1.00 (1.00‐1.00)

<0.001

‐

Infarct related artery LCx

9.86 (4.82‐20.21)

<0.001

8.21 (3.80‐17.74)

Preintervention TIMI flow grade 0

1.89 (1.03‐3.47)

0.041

‐

Infarct size, % LV hyperenhancement

1.09 (1.05‐1.13)

<0.001

1.09 (1.04‐1.13)

<0.001

Inferior MI

9.45 (2.23‐40.09)

0.002

4.64 (1.04‐20.62)

0.044

Lateral MI

5.19 (2.64‐10.17)

<0.001

‐

<0.001

CI = confidence interval; CK = creatinine phosphokinase; LCx = circumflex coronary artery; LV = left
ventricle; MI = myocardial infarction; OR = odds ratio; PMI = papillary muscle infarction; TIMI =
thrombolysis in myocardial infarction.

■ Discussion
LGE cardiac MRI is the technique of choice for detecting scar tissue and fibrosis formation
after MI and the high resolution of this technique permits careful delineation of partial or
complete involvement of the PM in the infarcted area [3,10,18]. The incidence of PMI in this
study was 23%, but this number varies among different studies, ranging between 14% and
53% [3,10,19‐23]. The variability may be explained by differences in patient characteristics
and treatment or by differences in cardiac MRI technique [20,23,24]. Due to improvements
in reperfusion therapy more recent studies report a lower incidence of PMI [3,10]. Most
studies with LGE cardiac MRI to assess PMI have been performed early after infarction
(several days to approximately 1 month) [3,10,21]. A distinct advantage of our study is the
fact that PMI and LV assessment were performed 4 months after MI [25]. Because the
majority of myocardial remodeling occurs over the course of this period, we were able to
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Table 6. Predictors of CIMR by univariate and multivariate logistic regression analysis

Variable

Univariate analysis
P value
OR (95% CI)

Multivariate analysis
P value
OR (95% CI)

Age, y

1.07 (1.04‐1.10)

<0.001

1.08 (1.04‐1.11)

Female

1.40 (0.76‐2.57)

0.285

‐

Maximum CK level, U/L

1.00 (1.00‐1.00)

0.001

‐

Preintervention TIMI flow grade <3

3.03 (1.36‐6.79)

0.007

‐

Infarct size, % LV hyperenhancement

1.07 (1.03‐1.11)

<0.001

1.09 (1.03‐1.16)

Inferior MI

1.99 (0.97‐4.11)

0.062

‐

PMI

3.02 (1.67‐5.46)

<0.001

‐

LA volume, ml

1.02 (1.01‐1.04)

0.003

‐

LV end‐systolic diameter, mm

1.04 (1.00‐1.09)

0.058

‐

Systolic sphericity index, %

1.06 (1.01‐1.10)

0.012

‐

Interpapillary muscle distance, mm

2.79 (1.54‐5.04)

0.001

3.32 (1.31‐8.42)

LVEF, %

0.97 (0.94‐1.00)

0.040

‐

Wall motion score index

3.60 (1.38‐9.41)

0.009

‐

Tethering height, mm

19.03 (4.57‐79.22) <0.001

<0.001

0.003

0.011

19.30 (3.28‐113.61) 0.001

Tethering area, mm2

3.04 (1.56‐5.93)

0.001

‐

Posterior tethering angle, °

1.05 (1.02‐1.08)

0.003

‐

Anterior tethering angle, °

1.07 (1.02‐1.12)

0.004

‐

CI = confidence interval; CIMR = chronic ischemic mitral regurgitation; CK = creatinine phospho‐
kinase; LA = left atrial; LV(EF) = left ventricular (ejection fraction); MI = myocardial infarction;
OR = odds ratio; PMI = papillary muscle infarction; TIMI = thrombolysis in myocardial infarction.

provide a more reliable assessment of the effect of PMI on myocardial remodeling and
CIMR.
In patients with PMI the posteromedian PM was involved in 85% and the
anterolateral PM was involved in 31%. The posteromedian PM is known to be more prone
to ischemia/infarction (and rupture) due to its dependence on single blood supply from the
posterior descending coronary artery (which is either derived from the LCx or from the
RCA [26,27]. The anterolateral PM is less vulnerable to ischemia/rupture due to its dual
blood supply from the LAD and LCx [26,27]. This is supported by findings from this study
(Table 4). PMI is usually limited to one PM, but both PMs may be involved in up to one
third of patients [3,10,19‐23]. In this study both PMs were infarcted in 16% of patients with
PMI. Thus PM perfusion and infarction patterns are similar across different PMI studies.
Infarct size, inferior MI, and the LCx as IRA were independent predictors of PMI in
this study. Two other studies also showed that in patients with PMI infarct size is generally
larger on MRI, that myocardial scar most often involves the lateral and inferior walls, and
that the IRA is most often the RCA or LCx [3,10].
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PMI also has been shown to have a strong (negative) prognostic value [3], which
could be related to ventricular arrhythmias [28], but may also be related to accompanying
LV dysfunction and development of CIMR [1,5]. The prognostic value of PMI was not tested
in this study, but provides an interesting subject for future studies.
CIMR was defined as MR 4 months after PCI for STEMI present on TTE with a jet
area/LA area of ≥10% (grade 2+) in the mid‐systolic apical four‐chamber view. Different
studies use different time intervals to characterize IMR as chronic. The minimum interval is
usually 6 weeks. We chose a 4 month period to make sure the majority of myocardial
remodeling has occurred [25] and that IMR can truly be considered chronic. Other CIMR
imaging techniques such as exercise echocardiography can provide additional useful
information about the dynamic component of CIMR, because it has the potential to unmask
higher degrees of MR [29]. In addition, other validated parameters for CIMR severity
assessment, such as regurgitant volume and effective regurgitant orifice area using the PISA
(proximal isovelocity surface area) method might provide a more reliable assessment of
CIMR severity [15,30]. However, these imaging modalities or echocardiographic parameters
were not available for patients from the GIPS‐III trial. Differences in the timing of MR
assessment and the technique used to assess its presence and the parameter used to quantify
its severity may explain some of the variability in the reported incidence of MR after MI.
CIMR increases the risk of heart failure and mortality in a graded fashion
according to MR severity [1,2]. Because CIMR has such a negative impact on prognosis, it is
important to identify which mechanisms cause and which parameters predict CIMR.
Especially when these parameters can be therapeutically influenced or surgically corrected
in moderate or severe CIMR.
The exact mechanism for development of CIMR after MI remains a subject of
debate [9]. Both annular dilatation (and flattening) (Carpentier type I dysfunction) and
leaflet tethering (Carpentier type IIIb dysfunction) reduce leaflet coaptation and render the
mitral valve incompetent in CIMR [9]. The relative contributions of both mechanisms may
differ in patients, because several studies have shown a high degree of variability in the
pathologic anatomy of CIMR with annular and leaflet distortions demonstrating a high
degree of regional heterogeneity [31,32]. This confirms the complex nature of CIMR and
shows that multiple mechanisms interact to produce CIMR.
In a quest to unravel these mechanisms and their underlying pathological
abnormalities several studies have tried to shed light on the precise role of PM involvement
in development of CIMR [3,10,21,22,33,34]. This study shows that PMI rate is significantly
higher in patients with CIMR compared to patients without CIMR and that patients with
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PMI have significantly more severe CIMR compared to patients without PMI. However, in
multivariate analysis PMI was not an independent predictor of CIMR. From other contrast‐
enhanced MRI studies [3,10,21,22] and several animal studies [33,34] it also became clear
that PMI is not an (independent) predictor of CIMR. Tethering height and interpapillary
muscle distance appeared to be the strongest independent (geometric) predictors of CIMR.
Tethering angles, tethering area and SSI were all associated with CIMR, but did not
independently predict CIMR. This confirms findings from two other studies that showed
that CIMR is related to outward displacement of the PMs and impairment of lateral
shortening between them rather than to global LV dilatation [35,36]. Thus development of
CIMR is mainly related to infarct size, LV remodeling with PM displacement, and mitral
valve tethering, rather than to PMI itself. This finding may also have implications for the
mechanism‐based surgical correction of moderate or severe CIMR.
Undocumented pre‐existing mitral valve disease may have been present at the time
of MI in some patients, although none of the patients had a history of (organic) mitral valve
disease or evidence of structural mitral valve disease on cardiac MRI or TTE. Other
limitations are related to methods of CIMR quantification. Alternative validated methods
for CIMR severity assessment, including regurgitant volume and effective regurgitant
orifice area were not available in this study. Inherent limitations of two‐dimensional
imaging, such as viewing plane selection and regional asymmetry or localized annular
distortions, may have biased results. Future studies with three‐dimensional imaging may
have the potential to overcome some of these limitations.
In conclusion, our findings indicate that four months after primary PCI for STEMI
CIMR rates are higher in patients with PMI, but PMI is not an independent predictor of
CIMR. The geometric parameters tethering height and interpapillary muscle distance are the
strongest independent predictors of CIMR. Inferior infarction and infarction in the
circumflex coronary artery are independent predictors of PMI.
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■ Abstract
BACKGROUND: Valve repair for ischemic mitral regurgitation (IMR) with undersized
annuloplasty rings is characterized by high IMR recurrence rates. Patient‐specific
preoperative imaging‐based risk stratification for recurrent IMR would optimize results. We
sought to determine if prerepair three‐dimensional (3D) echocardiography combined with a
novel valve modeling algorithm would be predictive of IMR recurrence 6 months after
repair.
METHODS: Intraoperative transesophageal real‐time 3D echocardiography was performed
in 50 patients undergoing undersized ring annuloplasty for IMR (and in 21 patients with
normal mitral valves). A customized image analysis protocol was used to assess 3D annular
geometry and regional leaflet tethering. IMR recurrence (≥grade 2) was assessed with two‐
dimensional transthoracic echocardiography 6 months after repair.
RESULTS: Preoperative annular geometry was similar in all IMR patients, and preoperative
leaflet tethering was significantly higher in patients with recurrent IMR (n=13) than in
patients in whom IMR did not recur (n=37) (tethering index 3.91 ± 1.01 vs. 2.90 ± 1.17,
P=0.008; tethering angles of A3 (23.5 ± 8.9° vs. 14.4 ± 11.4°, P=0.012), P2 (44.4 ± 8.8° vs. 28.2 ±
17.0°, P=0.002), and P3 (35.2 ± 6.0° vs. 18.6 ± 12.7°, P<0.001)). Multivariate logistic regression
analysis revealed preoperative P3 tethering angle as an independent predictor of IMR
recurrence with an optimal cut‐off value of 29.9° (AUC 0.92, 95%CI 0.84‐1.00, P<0.001).
CONCLUSIONS: 3D echocardiography combined with valve modeling is predictive of
recurrent IMR. Preoperative regional leaflet tethering of segment P3 is a strong independent
predictor of IMR recurrence after undersized ring annuloplasty. In patients with a
preoperative P3 tethering angle of 29.9° or larger, chordal‐sparing valve replacement rather
than valve repair should be strongly considered.
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■ Introduction
Ischemic mitral regurgitation (IMR) is common and its presence strongly affects prognosis
[1,2]. Even a mild degree of IMR adversely affects survival, with a strongly graded
relationship between severity and reduced survival [1,2]. Although mitral valve repair with
undersized ring annuloplasty has become the preferred treatment [3‐5], the persistence and
recurrence rate of moderate or severe IMR remains high, at up to 30% after 6 months [6,7].
Current annuloplasty rings treat annular dilatation, but do little to improve (and
may potentiate) leaflet tethering [8,9]. Limited repair durability and IMR recurrence may
explain the difficulty in demonstrating a survival benefit of annuloplasty for IMR [10].
Recent results from the Cardiothoracic Surgical Trials Network (CTSN) multicenter
randomized trial suggest that a patient‐specific approach to treatment guided by
preoperative risk stratification for recurrent IMR would be useful for optimizing the results
of surgical intervention for IMR [11].
We hypothesized that the degree of preoperative mitral leaflet tethering determines
the risk of IMR recurrence after undersized ring annuloplasty. Three‐dimensional (3D)
transesophageal echocardiography (TEE), combined with advanced image analysis and a
custom computerized valve modeling algorithm, was used for quantitative preoperative
assessment of annular geometry and regional leaflet tethering in patients undergoing
undersized ring annuloplasty for IMR. The ability of these preoperative geometric
parameters to predict IMR recurrence 6 months after valve repair was prospectively
evaluated.

■ Methods
The Institutional Review Boards of the University of Pennsylvania, the University of
Pittsburgh, and the Beth Israel Deaconess Medical Center approved this study. Written
informed consent was obtained from all patients.
Patients and Image Acquisition
Fifty patients with severe IMR underwent mitral valve repair with an undersized
annuloplasty ring (Table 1). Ring type selection was at the discretion of the surgeon.
Two‐dimensional

(2D)

transthoracic

echocardiography

was

performed

preoperatively and six months after repair. Images were acquired through a transthoracic
apical four‐chamber view. Severity of IMR was determined semi‐quantitatively with color
Doppler by assessing the area of the regurgitant jet as a percentage of left atrial area in the
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Table 1. Preoperative and intraoperative patient characteristics

Variablea
Age, years
Female

Normal

Non‐recurrent

Recurrent

(n = 21)
66.1 + 14.4

IMR (n = 37)
68.0 + 9.0

IMR (n = 13)
62.5 + 13.0

8 (38)

11 (30)

6 (46)

32.2 + 8.0

28.5 + 4.4

29.4 + 6.5

Hypertension

11 (52)

29 (78)

9 (69)

Diabetes

6 (29)

18 (49)

5 (38)

Renal insufficiency

3 (14)

8 (22)

1 (8)

Body mass index, kg/m2
Medical history

c

Atrial fibrillation

2 (10)

14 (38)

Stroke

2 (10)

4 (11)

1 (8)

Previous PCI

3 (14)

14 (38)

5 (38)

NYHA class, 1‐4 scale

2 (10)
2.4 + 0.8

6 (16)
2.4 + 0.8

5 (38)
2.7 + 0.8

IMR grade, 0‐4 scale

0.3 + 0.5

3.2 + 0.7c

3.3 + 0.8d

Basal aneurysm/dyskinesis

0 (0)

1 (3)

7 (54)b,d

Inferior wall motion abnormality

0 (0)

32 (86)

10 (77)

End‐diastolic diameter, cm

4.7 + 0.8

5.7 + 0.8c

6.0 + 1.0d

End‐systolic diameter, cm

3.2 + 0.8

4.6 + 0.8c

Previous CABG

4 (31)

Left ventricular
5.1 + 1.2d
c

32.3 + 12.5d

65.2 + 10.1

38.2 + 14.7

Profile 3D ring

-

23 (62)

12 (92)

CE Physio II ring

-

7 (19)

1 (8)

CG Future band

-

6 (16)

0 (0)

St. Jude tailor flexible ring

-

1 (3)
29.0 + 1.7

0 (0)
28.6 + 1.3

6 (29)

25 (68)c

8 (62)

14 (67)

4 (11)c

0 (0)d
2 (15)

Ejection fraction, %
Annuloplasty ring

Ring size, mm
Concomitant procedures
CABG
Aortic valve replacement
Tricuspid valve repair

0 (0)

4 (11)

Atrial maze

0 (0)

7 (19)

0 (0)

Atrial septal defect closure

1 (5)

0 (0)

0 (0)

a

Data are presented as mean±standard deviation or number (%).

b

P < 0.05 recurrent vs non‐recurrent, c P < 0.05 non‐recurrent vs normal,

d

P < 0.05 recurrent vs normal.

CABG = coronary artery bypass grafting; IMR = ischemic mitral regurgitation; NYHA =
New York Heart Association; PCI = percutaneous coronary intervention.
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apical four‐chamber view. The following grading scale was used: grade 0, no IMR; grade 1,
less than 20%; grade 2, 20% to 40%; grade 3, 40% to 60%; and grade 4, more than 60% [12].
Recurrent IMR 6 months after repair was defined as IMR grade 2 or higher.
Left ventricular (LV) wall motion abnormalities were also assessed on the
preoperative echocardiograms (aneurysm, dyskinesis, akinesis, and hypokinesis). Criteria
for inferior basal aneurysm were evidence of thinning and localized LV dilatation or
distortion. Dyskinesis was the presence of outward displacement of the LV wall during
systole. Inferoposterior aneurysm and dyskinesis were combined in one variable.
Real‐time 3D TEE was performed before mitral valve repair. Preoperative imaging
data sets were acquired in the operating room after induction of general anesthesia and
before sternotomy in all 50 patients with IMR and also in 21 patients with normal mitral
valves and normal LV function who required cardiac operations for indications other than
mitral valve disease. Images were acquired through a mid‐esophageal view with a Philips
ie33 (Philips Medical, Andover, MA) ultrasound system equipped with a 2‐7 MHz X7‐2t
TEE matrix transducer.
Image Segmentation and Annular Leaflet Modeling
Each full‐volume preoperative 3D TEE data set was exported to an Echo‐View 5.4 (TomTec
Imaging Systems, Munich, Germany) software workstation. All analyses were performed at
midsystole. Techniques of annular segmentation and modeling (Fig. 1) and leaflet
segmentation and modeling (Fig. 2) have been described previously [13‐15]. The Cartesian
(x, y, z) coordinates of each data point were exported from TomTec to Matlab software (The
Mathworks, Natick, MA) to perform quantitative reconstruction of the valve.
Determination of septolateral diameter (SL), intercommissural width (CW), and
mitral transverse diameter (MTD) are shown in Fig. 1C‐E. Mitral annular area (MAA) (the
area enclosed by the 2D projection of an annular data set onto its corresponding least‐
squares plane (Fig. 1E)) and mitral annular circumference were also determined.
Mitral valve tethering area (MVTa) was defined as the area enclosed by the mitral
annular plane (white dashed line) and the mitral leaflets for a given point along the
intercommissural axis (Fig. 2B). MVTa was calculated at known intervals (0.1 mm), ∆c,
along the intercommissural axis. Mitral valve tethering volume (MVTv) was calculated as
the sum of the incremental regional volumes (MVTa x ∆cn). Mitral valve tethering index
(MVTI (MVTv divided by MAA)) was also calculated for each data set. Anterior tethering
angle (ATA) and posterior tethering angle (PTA) were computed at known intervals (0.1
mm) along the entire length of the intercommissural axis by measuring the angle formed by
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Figure 1. Annular segmentation technique
(A) 3D echocardiographic volume containing the mitral valve with cross‐sectional planes at 10‐degree increments.
(B) Representative 2D cross‐section with green dots representing the selected annular points. Oblique (C),
intercommissural (D), and transvalvular (E) annular views of a single real‐time 3D‐derived mitral annular model
with annular landmarks and the 36 annular data points (circles). The least‐squares plane has been superimposed
on the annulus in each view. The least‐squares plane is depicted by a horizontal line in C and D and by the check
boxes in E.
AA = anterior mitral annulus; AC = anterior commissure; AL = anterolateral annulus; AML = anterior mitral
leaflet; AoV = aortic valve; CW = commissural width; L = lateral aspect of the annulus; LA = left atrium; LV = left
ventricle; LVOT = left ventricular outflow tract; MTD = mitral transverse diameter; MVO = mitral valve orifice;
PA = posterior mitral annulus; PC = posterior commissure; PM = posteromedial annulus; PML = posterior mitral
leaflet; S = septal aspect of the annulus; SL = septolateral diameter.

Figure 2. Leaflet segmentation technique
(A) Template of transverse cross‐sections every 1 mm along intercommissural axis. (B) One of the 2D cross‐
sections represented by the white dashed line in A; the atrial surface of the mitral valve leaflets and the coaptation
zone is interactively marked (green curves), resulting in a data set of 500 to 1,000 points for each valve. The white
and red dashed lines are both within least‐squares annular plane. Determination of (B) the MVTa, (C) the ATA
and the PTA are shown.
AC = anterior commissure; AML = anterior mitral leaflet; AoV = aortic valve; ATA = anterior tethering angle;
Coapt = coaptation; LA = left atrium; LV = left ventricle; LVOT = left ventricle outflow tract; MVTa = mitral
valve tethering area; PC = posterior commissure; PML = posterior mitral leaflet; PTA = posterior tethering angle.
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the anterior or posterior leaflet tangent relative to the mitral annular plane (Fig. 2C).
Segmental (mean) tethering angles were determined by dividing the valve into equal thirds
along the intercommissural axis to conform to the standard 6 anatomic leaflet segments (A1,
A2, A3; P1, P2, P3) and by calculating the mean segmental tethering angle for each specific
segment based on computed tethering angles at 0.1 mm intervals (along the
intercommissural axis).
Statistical Analysis
Continuous variables were expressed as mean ± standard deviation (SD). Categorical
variables were expressed as percentages. Comparisons between groups were performed
using Pearson`s χ2 test or Fisher`s exact test (two‐sided) as appropriate for categorical
variables and the independent samples t‐test or Mann‐Whitney U test (two‐sided) as
appropriate for continuous variables. Univariate 3D echocardiographic variables with
P<0.10 were included in the multivariate analysis. Age and gender were included in all
multivariate models. Multivariate logistic regression analyses by means of a forward
stepwise algorithm (cut‐off for entry and removal 0.05) were performed to identify
independent predictors of IMR recurrence. Odds ratios were reported with 95% confidence
intervals (CI). Goodness‐of‐fit of the final logistic regression model was assessed with the
Hosmer‐Lemeshow statistic.
A receiver operating characteristic (ROC) curve was calculated for continuous
independent predictors to single out the optimal cut‐off value of predicting IMR recurrence.
The statistical significance of difference of area under the curve (AUC) from the ʺno
discrimination lineʺ was evaluated by the Mann‐Whitney U statistic.
All calculations were performed using commercially available statistical packages
(IBM SPSS Statistics 21.0; IBM Corporation, Armonk, NY and Stats Direct 2.8.0; StatsDirect
Ltd, Cheshire, UK). Statistically significant differences were established at P<0.05.

■ Results
Patient Characteristics
Recurrent IMR occurred in 13 patients (26%) 6 months after undersized annuloplasty. These
findings were used to divide patients in recurrent and non‐recurrent IMR groups.
Preoperative and intraoperative patient characteristics are presented in Table 1. Data from
21 patients with normal mitral valves and normal LV function are included in Table 1 as a
reference. The preoperative degree of IMR, LV size and LV ejection fraction (LVEF) were
similar in the non‐recurrent and recurrent IMR groups. The basal aneurysm/dyskinesis rate
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Table 2. Preoperative 3D echocardiographic annular and leaflet tethering variables

Variablea

Normal

Non‐recurrent

Recurrent

(n = 21)

IMR (n = 37)

IMR (n = 13)

Septolateral diameter, mm

28.7 + 5.1

31.3 + 3.7c

31.3 + 5.1

Commissural width, mm

31.4 + 3.2

32.9 + 5.0

32.4 + 6.5

Mitral transverse diameter, mm

34.6 + 3.9

37.4 + 4.4c

36.9 + 4.8

Mitral annular area, mm

786 + 155

943 + 210

c

924 + 260

Annular circumference, mm
Mitral valve tethering volume, mm3

103 + 11

114 + 13c

2

Mitral valve tethering index
Segmental tethering angle, °
A1

115 + 14d
c

3744 + 1541d

1771 + 689

2812 + 1499

2.25 + 0.70

2.90 + 1.17c

3.91 + 1.01b,d

18.4 + 9.2

19.4 + 8.6

24.7 + 6.8d
c

33.3 + 10.6d

A2

15.0 + 8.2

26.9 + 11.6

A3

9.5 + 6.4

14.4 + 11.4

23.5 + 8.9b,d

P1

16.5 + 8.5

24.0 + 12.3c

30.6 + 6.3d

c

44.4 + 8.8b,d
35.2 + 6.0b,d

P2

17.9 + 12.0

28.2 + 17.0

P3

14.0 + 7.6

18.6 + 12.7

a

Data are presented as mean±standard deviation.

b

P < 0.05 recurrent vs non‐recurrent, c P < 0.05 non‐recurrent vs normal,

d

P < 0.05 recurrent vs normal.

IMR = ischemic mitral regurgitation.

was significantly higher in the recurrent IMR group than in the non‐recurrent IMR group
(54% vs. 3%, P=0.001).
Annular Geometry
Annular variables are summarized in Table 2. Preoperative annular variables were similar
for patients with and without recurrent IMR. The annuli in all patients with IMR were
significantly dilated relative to patients with normal mitral valves.
Leaflet Tethering
Leaflet tethering variables are summarized in Table 2. Preoperative global and regional
leaflet tethering was more severe in patients with recurrent IMR after annuloplasty than in
patients without recurrent IMR. The preoperative MVTI and the preoperative tethering
angles of A3, P2, and P3 were significantly higher in patients with recurrent IMR.
Preoperative regional mitral valve tethering is shown in Fig. 3, with data from 21 patients
with normal mitral valves included for reference. The preoperative MVTa is higher in all
regions, most significantly towards the PC (A2‐P2 and A3‐P3 regions), for patients with
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IMR, especially in patients who will develop recurrent IMR (Fig. 3A). The preoperative
MVTa is significantly higher in the A3‐P3 region for patients with recurrent IMR compared
with patients without recurrent IMR (Fig. 3B). 3D echocardiographic‐derived virtual
renderings of representative mitral valves [16] demonstrate annular dilatation and flattening
in IMR valves as well as augmented leaflet tethering towards the PC in valves that will
develop recurrent IMR (Fig. 3C). Preoperative regional ATA and PTA are shown in Fig. 4.
For reference, data from 21 patients with normal mitral valves is included in Fig. 4.
Preoperative ATA and PTA are higher in all regions for patients with IMR, especially in
patients who will develop recurrent IMR (Fig. 4A,C). Preoperative ATA is significantly
higher in the A3 region for patients with recurrent IMR compared to patients without
recurrent IMR (Fig. 4B). Preoperative PTA is significantly higher in the P2‐P3 region for
patients with recurrent IMR compared with patients without recurrent IMR (Fig. 4D).
Predictors of IMR Recurrence
Univariate and multivariate logistic regression analyses of IMR recurrence are reported in
Table 3. Multivariate analysis revealed preoperative regional tethering of segment P3
(preoperative P3 tethering angle) as an independent predictor of IMR recurrence after
undersized annuloplasty (odds ratio 1.28 (95% CI 1.11‐1.49), Wald χ2 11.14, P=0.001). The
Hosmer‐Lemeshow goodness‐of‐fit test was non‐significant, indicating that this multivariate
model is a good fit (χ2=2.13, df=8, P=0.977). A ROC curve was calculated for preoperative P3
tethering angle to single out the optimal cut‐off value of predicting IMR recurrence (Fig. 5).
The optimal cut‐off value was 29.9° with an area under the curve (AUC) of 0.92 (95% CI
0.84‐1.00, P<0.001), a sensitivity of 84.6% and a specificity of 89.2%.

■ Comment
Mitral valve repair with undersized ring annuloplasty is currently the preferred treatment
strategy for IMR [3‐5]; however, the overall persistence and recurrence rate of moderate or
severe IMR within 12 months of the operation has been consistently reported to affect
approximately a one‐third of the treated patients [6,7,11]. We observed a similar incidence of
recurrent IMR in this study of 26%. The high incidence of recurrent IMR after repair may
explain the difficulty in demonstrating a survival benefit of annuloplasty for IMR over
coronary revascularization alone [10,11,17]. The negative clinical implications of recurrent
IMR were confirmed by the recent randomized multicenter study conducted by the CTSN,
which evaluated the relative benefits and risks of repair versus replacement in patients with

__________
183

CHAPTER 4

__________
184

3D VALVE ANALYSIS PREDICTS RECURRENT IMR AFTER ANNULOPLASTY
Figure 3. Preoperative regional mitral valve tethering
(A) Regional mitral valve tethering area (MVTa) distribution for patients with normal valves (light gray) and
those with recurrent (medium gray) and non‐recurrent (black) IMR. The MVTa is plotted as a function of
intercommissural distance, expressed as a percentage of the distance travelled from the anterior commissure (AC).
The positions of the AC and posterior commissure (PC) are, respectively, 0% and 100%. (B) Regional MVTa for
patients with non‐recurrent and recurrent IMR. Dashed lines represent standard deviations. Shaded areas
indicate regions where MVTa differs significantly between groups. (C) Three‐dimensional echocardiographic
virtual models of a representative normal mitral valve and preoperative mitral valves that will and will not
develop recurrent IMR after undersized ring annuloplasty: (top row) oblique commissure‐to‐commissure view,
(middle row) oblique septolateral view, (bottom row) left ventricular view.
AC = anterior commissure; IMR = ischemic mitral regurgitation; PC = posterior commissure.

Figure 4. Preoperative regional tethering angles.
(A) Regional anterior tethering angle (ATA) distribution for patients with normal valves (light gray) and those
with recurrent (medium gray) and non‐recurrent (black) IMR. ATA is plotted as a function of intercommissural
distance. (B) Regional ATA for patients with non‐recurrent and recurrent IMR. Dashed lines represent standard
deviations. Shaded areas indicate regions where ATA differs significantly between both groups. (C) Regional
posterior tethering angle (PTA) distribution for patients with normal valves and those with recurrent and non‐
recurrent IMR. (D) Regional PTA for patients with non‐recurrent and recurrent IMR.
IMR = ischemic mitral regurgitation.
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Table 3. 3D Echocardiographic predictors of IMR recurrence by univariate and multivariate logistic
regression analysis

Variable

Univariate analysis
P Value
95% CI

OR

Multivariate analysis
95% CI P Value

OR

Septolateral diameter, mm

1.00

0.86‐1.17

0.975

-

-

-

Commissural width, mm

0.98

0.88‐1.10

0.772

-

-

-

Mitral transverse diameter, mm

0.97

0.84‐1.12

0.688

-

-

-

Mitral annular area, mm2

1.00

1.00‐1.00

0.781

-

-

-

Annular circumference, mm

1.01

0.96‐1.06

0.846

-

-

-

Mitral valve tethering volume, mm3

1.00

1.00‐1.00

0.069

-

-

-

Mitral valve tethering index
Segmental tethering angle, °

2.48

1.19‐5.17

0.015

-

-

-

A1

1.09

1.00‐1.19

0.058

-

-

-

A2

1.05

0.99‐1.12

0.094

-

-

-

A3

1.10

1.02‐1.19

0.019

-

-

-

P1

1.07

0.99‐1.16

0.076

-

-

-

P2

1.13

1.04‐1.22

0.005

-

-

-

P3

1.28

1.11‐1.49

0.001

1.28

1.11‐1.49

0.001

CI = confidence interval; IMR = ischemic mitral regurgitation; OR = odds ratio.

Figure 5. Receiver operating characteristic (ROC) curve for preoperative P3 tethering angle as a
predictor of IMR recurrence after undersized mitral ring annuloplasty (optimal cut‐off value: 29.9°).
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IMR [11]. The CTSN study demonstrated no significant difference in LV volume or survival
at 12 months between repair and replacement groups; however, the recurrence of moderate
or severe IMR after 12 months was 33% in the repair group [11]. Subgroup analysis
demonstrated that repair patients with recurrent IMR had no reduction in LV volume,
whereas repair patients without recurrence experienced LV volume reduction that was
superior to patients who underwent valve replacement [11]. These results suggest that a
patient‐specific approach to treatment guided by preoperative imaging‐based risk
stratification that is predictive of recurrent IMR would be useful for optimizing surgical
results. Such a tool would allow patients at high risk for recurrent IMR to have valve
replacement, whereas low risk patients would continue to receive valve repair.
Several 2D echocardiographic imaging studies have suggested that variables such
as leaflet tethering height, tethering area, anterior and posterior tethering angles,
interpapillary muscle distance, and systolic sphericity index are associated with IMR
persistence or recurrence after annuloplasty [8]. Although these variables are associated
with recurrent IMR, there is substantial heterogeneity in their reported ability to predict
recurrent IMR. The inadequacy of preoperative 2D echocardiographic variables to predict
recurrent IMR was most recently demonstrated by a subgroup analysis of the CTSN trial
[17]. In that analysis of 116 patients, leaflet tethering was determined to be the cause of
recurrent IMR; however, none of the baseline 2D echocardiographic measures of leaflet
tethering were predictive of recurrent IMR [17]. Of note, results from our study and the
CTSN trial suggest basal aneurysm/dyskinesis, which reflects severe LV ischemic
remodeling and mitral valve tethering, is an important determinant of IMR recurrence [17].
The current study has demonstrated that real‐time 3D echocardiography combined
with custom image analysis and valve modeling algorithms provides a useful tool for
quantifying the complex geometry of the entire mitral valve and, more importantly, is able
to effectively predict the risk of recurrent IMR after undersized ring annuloplasty. Unlike
2D echocardiography, this method is not influenced by viewing plane selection, regional
asymmetry, or localized annular distortions and, therefore, represents a reliable and
clinically relevant technique for quantitative in vivo assessment of global and regional
mitral valve pathology.
In IMR, annular dilatation (Carpentier type I dysfunction) and leaflet tethering
(Carpentier type IIIb dysfunction) both reduce leaflet coaptation and render the mitral valve
incompetent [8]. Several studies have shown a high degree of variability in the pathologic
anatomy of IMR [18‐21], with annular and leaflet distortions demonstrating a high degree of
regional heterogeneity. In this study, the preoperative annular size was similar in patients
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with and without recurrent IMR. However, preoperative mitral valve 3D tethering was
significantly more severe in patients with recurrent IMR than in patients without recurrent
IMR, especially towards the posterior commissure (segments P2 and A3‐P3). These findings
confirm the complex 3D pathologic anatomy of IMR and its variability between patients and
within different regions of mitral valve.
Undersized ring annuloplasty is effective in reducing annular area but does little to
improve ‐ and may actually exacerbate ‐ leaflet tethering by displacing the posterior annulus
anteriorly, which leads to increased posterior leaflet tethering [9]. Therefore, it is likely that
the relative contribution of annular dilatation and leaflet tethering to IMR in individual
patients determine the clinical response to annuloplasty. Patients with annular dilatation
and relatively limited tethering are likely to respond best to valve repair, whereas those
with severe tethering are more likely to develop recurrent IMR after annuloplasty. The
group with severe tethering may be better off with chordal‐sparing valve replacement.
Because IMR is caused not only by annular dilatation, but also by leaflet tethering and the
outward displacement of papillary muscles [22], patients at risk of recurrent IMR may also
benefit from annuloplasty combined with subvalvular techniques targeting the chordae and
papillary muscles [8]. The imaging and modeling methodology used in the current study
has the potential to provide the surgeon with the ability to perform a detailed, in vivo three‐
dimensional valve analysis preoperatively that will complement standard intraoperative
valve analytic techniques by quantitatively determining the relative contributions of
(regional) annular dilatation and leaflet tethering, thereby helping to direct surgical intent to
either valve repair or replacement.
In summary, preoperative regional leaflet tethering of segment P3 is a strong
independent predictor of IMR recurrence after undersized mitral ring annuloplasty. In
patients with a preoperative P3 tethering angle of 29.9° or larger, chordal‐sparing valve
replacement rather than valve repair should be strongly considered.
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■ Abstract
BACKGROUND: Current repair results for ischemic mitral regurgitation (IMR) with
undersized annuloplasty rings are characterized by high IMR recurrence rates. Current
annuloplasty rings treat annular dilatation, but they do little to improve (and may actually
exacerbate) leaflet tethering. New saddle‐shaped annuloplasty rings have been shown to
maintain or restore a more physiologic annular and leaflet geometry and function. Using a
porcine IMR model, we sought to demonstrate the influence of annuloplasty ring shape on
leaflet coaptation.
METHODS: Eight weeks after posterolateral infarct, eight pigs with grade 2+ or higher IMR
were randomized to undergo either a 28‐mm flat ring annuloplasty (n = 4) or a 28‐mm
saddle‐shaped ring annuloplasty (n = 4). Real‐time three‐dimensional echocardiography and
a customized image analysis protocol allowed three‐dimensional assessment of leaflet
coaptation before and after annuloplasty.
RESULTS: Total leaflet coaptation area was significantly higher after saddle‐shaped ring
annuloplasty (109.6 ± 26.9 mm2) compared to flat ring annuloplasty (46.2 ± 7.7 mm2, P<0.01).
After annuloplasty, total coaptation area decreased by 87.5 mm2 (or 65%) in the flat
annuloplasty group (P=0.01), whereas total coaptation area increased by 22.2 mm2 (or 25%)
in the saddle‐shaped annuloplasty group (P=0.28).
CONCLUSIONS: This study shows that the use of undersized saddle‐shaped annuloplasty
rings in mitral valve repair for IMR improves leaflet coaptation, whereas the use of
undersized flat annuloplasty rings worsens leaflet coaptation. Because one of Carpentierʹs
fundamental principles of mitral valve repair (durability) is to create a large surface of
coaptation, saddle‐shaped annuloplasty may increase repair durability.
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■ Introduction
Ischemic mitral regurgitation (IMR) is common and its presence strongly affects prognosis
[1,2]. Even a mild degree of IMR adversely affects survival, with a strongly graded
relationship

between

severity

and

reduced

survival

[1,2].

In

IMR

the

main

pathophysiological mechanism is ischemia‐induced left ventricular (LV) remodeling with
papillary muscle displacement and apical tethering or tenting of the mitral valve leaflets
combined with annular dilatation and attenuation of the physiologic annular saddle shape
[3]. Both annular dilatation (and flattening) (Carpentier type I dysfunction) and leaflet
tethering (and flattening) (Carpentier type IIIb dysfunction) reduce leaflet coaptation and
render the mitral valve insufficient [3]. Undersized ring annuloplasty does not address the
main pathophysiological mechanism of IMR, but it can provide reliable repair results by
treating annular dilatation in patients with less advanced forms of LV dilatation and mitral
valve tethering [4].
Although mitral valve repair with undersized ring annuloplasty, typically
performed in conjunction with coronary artery bypass grafting, has become the preferred
treatment [5,6], the overall rate of IMR persistence and recurrence (moderate or severe IMR)
remains high (up to 30% after 6 months and up to 60% after 3 to 5 years) [7,8]. Undersized
ring annuloplasty may potentiate leaflet tethering by displacing the posterior annulus
anteriorly, which leads to increased posterior leaflet tethering [9]. Essentially, the mitral
valve becomes functionally unileaflet. Leaflet tethering decreases leaflet curvature and
results in increased leaflet and chordal stress [10]. The limited repair durability may explain
the difficulty in demonstrating a survival benefit of annuloplasty for IMR [11].
The development of quantitative three‐dimensional (3D) echocardiographic
imaging has improved our understanding of mitral annular geometry [12,13]. These new
insights have led to the introduction of saddle‐shaped annuloplasty rings to restore normal
mitral annular 3D geometry. We have previously shown that saddle‐shaped annuloplasty
restores or maintains a more physiologic annular and leaflet geometry and function
compared with flat annuloplasty [10,14,15] and that it reduces leaflet strain by increasing
leaflet curvature [10,14].
Based on this work we hypothesized that, despite the negative influence of
undersized annuloplasty on leaflet coaptation, undersized saddle‐shaped annuloplasty for
IMR would promote a larger area of leaflet coaptation compared with undersized flat
annuloplasty. To test this hypothesis we applied real‐time 3D echocardiography and mitral
valve tracing after mitral valve repair in a porcine IMR model.
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■ Methods
Surgical Protocol
The study protocol was reviewed and approved by the University of Pennsylvania School of
Medicine Institutional Animal Care and Use Committee (IACUC) and was in compliance
with the ʺGuide for the Care and Use of Laboratory Animalsʺ (US National Institutes of
Health publication No. 85‐23, revised 1996).
Eight adult male pigs were pretreated with buprenorphine (2 mg/kg); anesthesia
was then induced with intravenous (IV) sodium thiopental (10 to 15 mg/kg), and the
animals were intubated, and anesthetized with isoflurane (1.5 to 2.0%) and oxygen. All
animals received IV glycopyrrolate (0.02 mg/kg) and IV cefazolin (1.0 g). All animals
underwent a right thoracotomy to allow ligation of the left circumflex coronary artery and
mid posterior descending artery to create a 20 to 25% area of infarction [16]. Permanent
occlusion of these arteries results in a transmural posterobasal myocardial infarction that
involves approximately 20 to 25% of the LV mass and typically includes the entire posterior
papillary muscle [16‐18]. Animals received IV magnesium sulfate (1 g), IV amiodarone (90
mg infusion over an hour), and IV lidocaine (3 mg/kg bolus, then 2 mg/min infusion) before
infarction as anti‐arrhythmic prophylaxis. After hemodynamic and electrophysiological
stabilization, the thoracotomy was closed, and the animal was permitted to recover.
Eight weeks after infarction, animals were returned to the operating room.
Anesthesia was once more induced, as described earlier, and all animals underwent
epicardial echocardiography to assess the degree of IMR. All animals had grade 2+ or higher
IMR. The mitral annulus was sized at 32 mm in all animals, and a 28‐mm undersized
annuloplasty ring (two sizes under) was used in each animal. Animals were randomized to
undergo placement of a 28‐mm flat mitral annuloplasty ring (Carpentier‐Edwards Physio
annuloplasty ring, Edwards Lifesciences Corp, Irvine, CA) (Fig. 1A,B), or to undergo
placement of a 28‐mm saddle‐shaped mitral annuloplasty ring (Medtronic Profile 3D
annuloplasty ring, Medtronic Inc, Minneapolis, MN) (Fig. 1C,D). Valve repair was
performed via a left thoracotomy using cardiopulmonary bypass (CPB) and standard
cardiac surgical techniques. The heart was arrested with antegrade cold crystalloid
cardioplegia (PlegisolW, Hospira Inc, Lake Forest, IL), and the mitral valve was approached
through a left atriotomy. After annuloplasty ring implantation the valve was tested in
standard fashion and the atriotomy was closed, after which air was removed from the heart,
and the animal was weaned from CPB. After separation from bypass and acquisition of
epicardial echocardiographic data, animals were euthanized by an overdose of potassium
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Figure 1. Mitral annuloplasty rings viewed from different orientations
(A,B) Carpentier‐Edwards Physio (Edwards Lifesciences Corp, Irvine, CA) flat mitral annuloplasty ring; (C,D)
Medtronic Profile 3D (Medtronic Inc, Minneapolis, MN) saddle‐shaped mitral annuloplasty ring. Subtle
differences in the shape of the flow orifice can be appreciated in the short‐axis views (A and C), whereas dramatic
differences in annular height and nonplanarity are evident in the oblique views (B and D).

Figure 2. Leaflet segmentation technique
(A) Template of transverse cross‐sections every 1 mm along the intercommissural axis. (B) One of the two‐
dimensional cross‐sections represented by the white dashed line in (A); the atrial surface of the mitral valve leaflets
and the coaptation zone is interactively marked (green curves). The most atrial coaptation point is marked with the
white dot and the most ventricular coaptation point is marked with an X. (C) Schematic demonstrating how the
atrial and ventricular coaptation points are then projected onto a viewing plane orthogonal to the least squares
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annular plane passing through the commissures to construct a two‐dimensional representation of the coaptation
zone. The white and red dashed lines are both within least squares annular plane in all three panels.
AC = anterior commissure; AML = anterior mitral leaflet; AoV = aortic valve; Coapt = coaptation; LA = left
atrium; LV = left ventricle; LVOT = left ventricular outflow tract; PC = posterior commissure; PML = posterior
mitral leaflet.

administered into a clamped aortic root. After euthanasia, the heart was excised and the LV
was opened through the interventricular septum. After repair inspection a digital
photograph of the opened LV was taken and the infarct location was verified. All
photographs were imported into an image analysis program (Image Pro Plus;
MediaCybernetics, Silver Spring, MD) and computer‐assisted planimetry was performed on
the photographic image to quantify the infarct size as a percentage of the LV.
Echocardiographic Protocol
Full‐volume data sets of the mitral valve were acquired using real‐time 3D
echocardiography with a Philips X7‐2t hand held probe (Philips, Bothell, WA). Epicardial
echocardiography was performed at the time of valve repair before instituting CPB and
again after valve repair, approximately 1 hour after separation from bypass. All real‐time 3D
echocardiography studies were performed at an arterial systolic pressure of 150 mm Hg.
Severity of IMR was determined semiquantitatively by assessing the area of the regurgitant
jet as a percentage of left atrial area in the apical four chamber view. The following grading
scale was used: grade 0, no IMR; grade 1, less than 20%; grade 2, 20% to 40%; grade 3, 40%
to 60%; and grade 4, more than 60% [19].
Image segmentation
Each full‐volume 3D data set was exported to an Echo‐View 5.4 (TomTec Imaging Systems,
Munich, Germany) software workstation. All analyses were performed at midsystole. The
anterior and posterior commissures were defined as annular points at the junction between
the anterior and posterior leaflets (middle of commissural region) and were interactively
identified.
Techniques for mitral leaflet segmentation and modeling have been described
previously [15]. Briefly, measurement planes were marked at 1‐mm intervals along the
entire length of the intercommissural axis (Fig. 2A). In each two‐dimensional (2D) plane,
data points delineating anterior and posterior leaflets were traced across the atrial surfaces
(Fig. 2B), resulting in a 500 to 1,000‐point data set for each valve.
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For coaptation tracing, meticulous care was taken to clearly identify the tip of both
anterior and posterior leaflets immediately before coaptation (using previous frames), so
that the highest (most atrial) and lowest (most ventricular) margins of the coaptation zone
could be defined. These atrial and ventricular edges of the coaptation zone (actual area of
overlap) were then marked interactively (Fig. 2B) [15].
The Cartesian (X, Y, Z) coordinates of each data point were then exported from
TomTec to Matlab software (The Mathworks, Natick, MA) to perform quantitative
reconstruction.
Coaptation Analysis
Coaptation length was defined as the actual extent of overlap between the anterior and
posterior leaflets (at a certain 2D cross‐section). Any leaflet tissue beyond the line of
apposition of two leaflets was not included as coaptation. Coaptation length was measured
at 1‐mm intervals spanning the entire mitral valve (from anterior to posterior commissure).
Coaptation area was defined as the area of overlap of the anterior and the posterior
leaflets across the extent of the entire mitral valve (from anterior to posterior commissure).
3D coaptation area was calculated using interpolation methods.
Segmental coaptation areas were determined by dividing the valve into equal
thirds along the intercommissural axis. To provide a 2D visual representation of the
coaptation area, the atrial and ventricular coaptation edges were projected on to a viewing
plane orthogonal to the least squares annular plane passing throug both commissures (Fig.
2C) [15]. Averaged images were then created for each group using interpolation of a
normalized intercommissural sampling scale. The resulting images were centered for
comparison.
Statistics
Continuous variables were expressed as mean ± standard deviation (SD). Comparisons
between groups were performed using the independent samples t‐test or Mann‐Whitney U
test (two‐sided) as appropriate for continuous variables. Comparisons within groups were
performed using the paired samples t‐test or the Wilcoxon signed rank test (two‐sided) as
appropriate for continuous variables.
All calculations were performed using a commercially available statistical package
(IBM SPSS Statistics 21.0; IBM Corporation, Armonk, NY). Statistically significant
differences were established at P < 0.05.
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■ Results
Perioperative Characteristics
Perioperative characteristics of animals in both annuloplasty groups are shown in Table 1.
Table 1. Perioperative characteristics
Parametera,b

Flat Ring

Saddle Ring

Body weight, kg

(n=4)
58.8 + 6.8

(n = 4)
58.5 + 10.8

Heart weight, g

339.5 + 6.8

366.8 + 49.3

Infarction area, %

28.5 + 8.7

22.1 + 4.2

Preoperative EF, %

26.3 + 2.5

27.5 + 2.9

Preoperative IMR grade

3.3 + 1.0

3.0 + 1.0

CPB time, min

188.5 + 78.4

169.7 + 45.5

ACC time, min

100.0 + 30.6

113.0 + 19.7

0.5 + 1.0

0.0 + 0.0

Postoperative IMR grade
a

Data are presented as mean±standard deviation.

b

No significant between‐group differences (P > 0.05)

ACC = aortic‐cross clamp; CPB = cardiopulmonary bypass; EF = ejection fraction;
IMR = ischemic mitral regurgitation.

Figure 3. Comparison of coaptation area and coaptation length
The black curve represents the two‐dimensional projections of the averaged atrial and ventricular coaptation edges
for the flat annuloplasty group. The area bounded by the two curves is the projected two‐dimensional coaptation
area. The distance between the two curves represents coaptation length at each intercommissural position. The
dashed curve signifies similar parameters for the saddle‐shaped annuloplasty group. The represented viewing
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plane is orthogonal to the averaged best‐fit annular plane and passes through the line connecting the anterior
(AC) and posterior (PC) commissures. These composite images were created using interpolation of a normalized
intercommissural sampling scale for each valve.
AC = anterior commissure; PC = posterior commissure.

Coaptation Area and Coaptation Length
Due to variations in the model and despite randomization, prerepair total leaflet coaptation
area was significantly lower in the saddle‐shaped annuloplasty group (87.4 ± 7.6 mm2)
compared with the flat annuloplasty group (133.7± 31.5 mm2, P = 0.03). Despite this, total
leaflet coaptation area was significantly higher after saddle‐shaped ring annuloplasty (109.6
± 26.9 mm2) compared with flat ring annuloplasty (46.2 ± 7.7 mm2, P < 0.01) (Table 2).
Table 2. Coaptation parameters
Parametera

Flat Ring

Saddle Ring

(n=4)

(n = 4)

133.7 + 31.5

87.4 + 7.6b

A1‐P1

35.2 + 8.9

26.0 + 2.8

A2‐P2

55.4 + 19.8

32.0 + 3.0

43.2 + 4.0

29.4 + 4.7b

Prerepair total coaptation area, mm2
Prerepair segmental coaptation area, mm2

A3‐P3
2

Postrepair total coaptation area, mm

46.2 + 7.7

c

109.6 + 26.9b

2

Postrepair segmental coaptation area, mm
A1‐P1

15.3 + 5.0c

A2‐P2

16.5 + 2.4

c

42.2 + 15.3b

14.4 + 3.8

c

37.6 + 13.0b

A3‐P3
a

29.7 + 9.1b

Data are presented as mean±standard deviation.

b

Significant between‐group difference (saddle vs. flat) (P < 0.05)

c

Significant within‐group difference (postrepair vs. prerepair) (P < 0.05)

Fig. 3 demonstrates a 2D projection of the averaged leaflet coaptation areas for each
group. From this figure it can be seen that the coaptation area and coaptation lengths across
the entire intercommissural distance are remarkably larger (especially in the A2‐P2 and A3‐
P3 regions) for the saddle group than those of the flat group. The shape of the coaptation
area was found to be different in both groups. The relationship of the coaptation lines and
commissures to the annular plane is also illustrated. Notice how the flat ring tends to pull
the commissures (especially the posterior commissure) and the coaptation lines in a more
atrial direction.
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Figure 4. Comparison of postoperative change in coaptation length (and area)
Shown here is net change in coaptation length (postrepair coaptation length compared with prerepair coaptation
length) versus normalized intercommissural position for both the saddle‐shaped (dashed) and flat (black)
annuloplasty groups. Notice an increase in coaptation length (and area) across the entire intercommissural
distance for the saddle group (especially towards the posterior commissure) and a decrease in coaptation length
(and area) across the entire intercommissural distance for the flat group (especially towards the posterior
commissure).
AC = anterior commissure; PC = posterior commissure.

A comparison of postoperative change in coaptation length (and area) as a function
of normalized intercommissural position is shown in Fig. 4. After annuloplasty, total
coaptation area decreased by 87.5 mm2 (or 65%; from 133.7 mm2 to 46.2 mm2) in the flat
annuloplasty group (P = 0.01), whereas total coaptation area increased by 22.2 mm2 (or 25%;
from 87.4 mm2 to 109.6 mm2) in the saddle‐shaped annuloplasty group (P = 0.28). In the flat
annuloplasty group coaptation length decreased postrepair in all regions, whereas in the
saddle‐shaped annuloplasty group coaptation length increased after repair in all regions.
Notice the largest decrease in postrepair coaptation length for the flat annuloplasty group in
the A2‐P2 region and the largest increase in postrepair coaptation length for the saddle‐
shaped annuloplasty group in the A2‐P2 and A3‐P3 regions.
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■ Comment
Carpentierʹs three fundamental principles of durable mitral valve repair are; (1) to preserve
or restore full leaflet motion, (2) to create a large surface of coaptation, and (3) to remodel
and stabilize the entire annulus [20]. The factors that influence coaptation are annular size,
annular shape, and the amount of mobile leaflet tissue. The first two can be altered with ring
annuloplasty, and the third factor can be changed by a growing number of new surgical
techniques. Annular reduction for IMR with undersized flat annuloplasty improves leaflet
coaptation by reducing annular size, but at the same time it impedes coaptation (as shown
in Fig. 3 of this study) by exacerbating posterior leaflet tethering [9]. As shown in Fig. 3, the
flat ring elevates (ʺatrializesʺ) the leaflet commissures. This atrialization can potentially
exacerbate posterior leaflet tethering [15,21]. Flat annuloplasty rings have also been shown
to decrease posterior leaflet mobility in IMR [22], thus resulting in a functionally unileaflet
(monocusp) valve with displacement of coaptation toward the posterior annulus [21,23] and
the annular plane [21]. Taken together, after undersized flat annuloplasty for IMR, different
mechanisms may cause increased tethering and reduced coaptation (with augmented leaflet
and annular strain), which predispose to IMR recurrence and repair failure.
During the past decade we have been able to quantify the normal saddle shape of
the mitral valve using a variety of imaging modalities [13,24,25] and document the
importance of this shape in optimal valve performance [10]. These findings have led to the
introduction of a new generation of saddle‐shaped annuloplasty rings, which have been
shown to maintain more physiological patterns of annular and leaflet geometry compared
with flat rings [14,26,27]. On the basis of these studies we hypothesized that, despite the
negative influence of undersized annuloplasty on leaflet coaptation, undersized saddle‐
shaped annuloplasty for IMR would have a strong beneficial influence on leaflet coaptation.
IMR repair failure continues to be a significant clinical problem. Failure
mechanisms can be, at least partially, attributable to leaflet tethering and stress with
reduced coaptation. The results of this study are both counterintuitive and compelling.
Although it is likely that undersized saddle‐shaped annuloplasty for IMR increases leaflet
tethering by ʺthe undersizing mechanismʺ, it seems that preserving the saddle shape
augments leaflet coaptation by maintaining the normal commissural positions and line of
coaptation and as a result may have a beneficial influence on repair durability. This finding
corroborates previous work that has shown improved coaptation after saddle‐shaped
annuloplasty in degenerative mitral valve disease [15].
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Real‐time 3D echocardiography improves our understanding of the influence of
annuloplasty on postrepair mitral leaflet coaptation and literally takes it to a new
dimension. Real‐time 3D echocardiography combined with our image analysis algorithms
provides a superior tool for quantifying the influence of annuloplasty and other repair
techniques on the complex and dynamic geometry of the entire mitral valve. Unlike 2D
echocardiography, this method is not influenced by viewing plane selection, regional
asymmetry or annular distortions and therefore represents a clinically relevant and
consistent technique for quantitative in vivo assessment of mitral valve disease and repair.
One limitation of this technique is the need for time‐consuming off‐line analysis. Therefore,
work is in progress to develop automated segmentation techniques that will allow image
processing and mitral leaflet segmentation in minutes rather than hours [28].
Fig. 3 graphically compares leaflet coaptation length across the entire coaptation
zone in both groups. This figure demonstrates regional heterogeneity in the difference in
coaptation length between the two groups. The saddle ring most profoundly augments
coaptation length in the A2‐P2 and A3‐P3 regions. From Fig. 4 it becomes clear that the flat
ring most profoundly reduces coaptation length in the A2‐P2 region. Both figures highlight
the strength of our 3D imaging methodology. The technique is not influenced by asymmetry
of leaflet closure or coaptation along the mitral valve and therefore overcomes many of the
limitations of 2D imaging.
Despite the compelling results, further investigation is necessary to correlate
postrepair coaptation area with leaflet curvature and stress distributions, and to follow the
long‐term outcome of IMR patients treated with saddle‐shaped annuloplasty rings. Because
the pathologic 3D anatomy of IMR is complex and varies extensively between patients [15],
future research should also focus on quantitatively determining the relative contribution of
annular dilatation and leaflet tethering to IMR in the individual patient. This would help
surgeons decide among valve replacement, simple repair with annuloplasty alone, or a
combined approach with more complex leaflet or subvalvular repair techniques. Saddle
shaped annuloplasty remains an annular solution to a predominantly subvalvular problem,
which may eventually render it prone to IMR recurrence. Subvalvular techniques that
promote LV (reverse) remodeling should be an equally important focus in the treatment of
IMR.
Compared to the 28‐mm flat ring, a 28‐mm saddle‐shaped ring provides a slightly
larger inner commissure‐to‐commissure diameter (27.8 versus 26.6 mm), but a 2.3 mm
smaller inner septolateral diameter (15.4 vs. 17.7 mm) [29]. Additional septolateral
undersizing of a 28‐mm saddle ring may have improved coaptation and could have biased
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conclusions about the true influence of saddle shaped annuloplasty on coaptation. Although
undersizing can improve coaptation by annular reduction, it can also increase posterior
leaflet tethering and reduce coaptation [9,15,21]. In addition to annular shape, annular size
and total leaflet area both influence leaflet coaptation area. That leaflet coaptation area was
not normalized to postrepair mitral annular area and total leaflet area in this study, can be
considered a limitation. The ʺaccidentalʺ heterogeneity in prerepair coaptation area between
the two groups actually added strength to the study.
To conclude, this study shows that the use of undersized saddle‐shaped
annuloplasty rings in mitral valve repair for IMR improves leaflet coaptation, whereas the
use of undersized flat annuloplasty rings worsens leaflet coaptation. Because one of
Carpentierʹs fundamental principles of mitral valve repair (durability) is to create a large
surface of coaptation, saddle‐shaped annuloplasty may increase repair durability. The
proposed efficacy of saddle‐shaped annuloplasty on mitral valve repair durability is
speculative, but compelling in the light of a growing body of work by our group and others
that supports the positive influence of annular saddle shape on valve stress/strain profiles
and leaflet coaptation.
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■ Abstract
OBJECTIVES: Papillary muscle rupture (PMR) is a rare, but serious mechanical
complication of myocardial infarction (MI). Although mitral valve replacement is usually
the preferred treatment for this condition, mitral valve repair may offer an improved
outcome. In this study, we sought to determine the outcome of mitral valve repair for post‐
MI PMR and to provide a systematic review of the literature on this topic.
METHODS: Between January 1990 and December 2010, 9 consecutive patients (mean age
63.5 ± 14.2 years) underwent mitral valve repair for partial post‐MI PMR. Clinical data,
echocardiographic data, catheterization data and surgical reports were reviewed. Follow‐up
was obtained in December of 2012 and it was complete; the mean follow‐up was 8.7 ± 6.1
(range 0.2–18.8 years).
RESULTS: Intraoperative and in‐hospital mortality were 0%. Intraoperative repair failure
rate was 11.1% (n = 1). Freedom from grade 3+ or 4+ mitral regurgitation and from
reoperation at 1, 5, 10 and 15 years was 87.5 ± 11.7%. Estimated 1‐, 5‐, 10‐ and 15‐year
survival rates were 100, 83.3 ± 15.2, 66.7 ± 19.2 and 44.4 ± 22.2%, respectively. There were 3
late deaths, and 2 were cardiac‐related. All late survivors were in New York Heart
Association Class I or II. No predictors of long‐term survival could be identified.
CONCLUSIONS: Mitral valve repair for partial or incomplete post‐MI PMR is reliable and
provides good short‐ and long‐term results, provided established repair techniques are used
and adjacent tissue is not friable. PMR type and adjacent tissue quality ultimately determine
the feasibility and durability of repair.
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■ Introduction
Papillary muscle rupture (PMR) is a rare, but serious mechanical complication of
myocardial infarction (MI) [1]. It occurs in 1–5% of patients with acute MI and accounts for
5% of infarct‐related deaths [1, 2]. Approximately 80% of the ruptures occur within 7 days
after MI, but a delayed rupture several weeks or months after MI is also possible [1–3].
When treated only medically, mortality may be as high as 50% in the first 24 h (especially
when PMR is complete), and as high as 80% in the first week [3, 4]. Immediate surgical
intervention is the optimal and most rational treatment for acute PMR [3, 5]. Mitral valve
replacement is preferred in unstable patients [5], but several reports suggest that mitral
valve repair is feasible in selected cases and offers a potential for improved surgical
outcome (which may be related to a better preservation of postoperative left ventricular
(LV) function) [6–13].
The literature on mitral valve repair in this group of high‐risk patients is relatively
sparse. In this study, we sought to determine the outcome of a series of 9 patients who
underwent mitral valve repair for post‐MI PMR and to provide a systematic review of the
literature on this topic.

■ Patients

and Methods

This study was conducted in accordance with the guidelines of the University Medical
Center Groningen Institutional Review Board.
Patients
Between January 1990 and December 2010, 9 consecutive patients underwent mitral valve
repair for severe (grade 4+) mitral regurgitation (MR) caused by post‐MI PMR. Patient
characteristics are summarized in Table 1. All patients had a documented MI before PMR.
Infarct location was determined electrocardiographically and echocardiographically (by the
detection of wall motion abnormalities).
Clinical data, echocardiographic data, catheterization data and surgical reports
were reviewed. Follow‐up of survivors was updated, and no patient was lost to follow‐up.
Echocardiography and coronary angiography
All patients underwent preoperative echocardiography (transthoracic (TTE) and/or
transoesophageal (TEE)) and coronary angiography. TTE accurately revealed the diagnosis
of PMR in 4 patients. The diagnosis was suspected in the remaining 5 patients and

__________
215

CHAPTER 6
Table 1. Preoperative patient data (n = 9)
Variablea

Value

Age, y

63.5±14.2

Gender
Male

8 (89)

Female

1 (11)

NYHA functional class
Class III

2 (22)

Class IV

7 (78)

EuroSCORE I (logistic), %

13.4±12.2

EuroSCORE II, %

10.5±10.6

Previous myocardial infarction

9 (100)

Inferior and/or posterior

6 (67)

Inferoposterolateral

2 (22)

Anterolateral

1 (11)

Coronary artery disease

9 (100)

Left main stenosis

0

One‐vessel disease

(0)

4 (44)

Two‐vessel disease

5 (56)

Three‐vessel disease

0

(0)
(0)

Infarct related artery
Left anterior descending coronary artery

0

Left circumflex coronary artery

6 (67)

Right coronary artery

3 (33)

Previous percutaneous coronary intervention

1 (11)

Previous cardiac surgery

0

(0)

Preoperative grade of mitral regurgitation
4+ (severe)

9 (100)

Preoperative LV function
Normal

(EF >50%)

8 (89)

Moderately impaired

(EF 30‐50%)

1 (11)

Severely impaired

(EF <30%)

0

(0)

Heart rhythm
Sinus rhythm

7 (78)

Atrial fibrillation

2 (22)

Pacemaker

0

Intra‐aortic balloon pump
a

(0)

1 (11)

Data are presented as mean±standard deviation or number (%).

EF = ejection fraction; LV = left ventricle; NYHA = New York Heart Association.

confirmed with TEE. LV function was assessed by ventriculography and echocardiography.
In addition, wall motion abnormalities were documented for infarct localization.
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Table 2. Surgical data (n = 9)
Variablea

Value

Mitral valve surgery
Emergent/Urgent

6 (67)

Elective

3 (33)

Timing of mitral valve surgery
Time from infarct to PMR, daysb

1.3± 1.8

Time from infarct to surgery, days

c

Time from PMR to surgery, daysd
Posteromedian papillary muscle rupture
Partial

46.1±53.8
44.9±54.8
8 (89)
8 (100)

Anterolateral papillary muscle rupture
Partial

1 (11)
1 (100)

Leaflet prolapse
AMVL prolapse

2 (22)

PMVL prolapse

7 (78)

AMVL and PMVL prolapse

0

(0)

Surgical approach
Left atriotomy

7 (78)

Transseptal extended to LA roof

2 (22)

Mitral valve repair

9 (100)

Reimplantation of the PM in the LV wall and

1 (11)

annuloplasty ring (Carpentier‐Edwards Classic)
Reimplantation of the PM in the corresponding PM

1 (11)

with a sandwiched pledget‐reinforced PTFE suture and
annuloplasty ring (Carpentier‐Edwards Classic)
Quadrangular resection of P2 and annuloplasty

7 (78)

ring (Carpentier‐Edwards Classic or Carbomedics)e
Intraoperative mitral valve repair failure

1 (11)

Concomitant surgery
Coronary artery bypass grafting

5 (56)

Duration of surgery, min

247±56

Cardiopulmonary bypass time, min

156±40

Aortic cross‐clamp time, min

103±31

Intraoperative IABP requirement
a

1 (11)

Data are presented as mean±standard deviation or number (%).

After exclusion of 1 intraoperative repair failure: b1.4±1.8, c28.1±53.8, d26.7±54.8.
e

Failed in 1 patient intraoperatively and resulted in mitral valve replacement.

AMVL = anterior mitral valve leaflet; IABP = intra‐aortic balloon pump; LA =
left atrium; LV = left ventricle; PM(R) = papillary muscle (rupture); PMVL =
posterior mitral valve leaflet; PTFE = polytetrafluorethylene.
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Surgical technique
Surgical data are summarized in Table 2. PMR was confirmed during surgery in all patients.
When a papillary muscle (PM) was divided into several heads, rupture of a single head was
defined as ʺpartialʺ (Fig. 1). In the case of detachment of the main insertion of a head, which

Figure 1. Papillary muscle anatomy and rupture
(A) Left atrial, superior view of the mitral valve. Note that the chordae from both papillary muscles are attached to
the AMVL, PMVL and the corresponding commissure. (B–D) Segmentation of the papillary muscles (ALPM or
PMPM). (B) A single uniform unit. (C) Groove with two apexes (with or without muscular bridges). (D)

__________
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Complete separation with 2 heads. The anatomy of the PMPM, which is the usual site of ischemic injury, is
usually more complex and it is frequently subdivided into several heads. (E–G) Three different forms of PMR
(ALPM or PMPM). (E) Complete or total PMR. (F) Incomplete PMR. (G) Partial PMR. Separate PM heads
support specific portions of the mitral valve. Therefore, in the case of a partial rupture, the extent of leaflet prolapse
varies according to the territory supplied by the ischemic head. Total rupture of a PM generally produces a
prolapse of the entire hemivalve.
AC = anterior commissure; ALPM = anterolateral papillary muscle; AMVL = anterior mitral valve leaflet; PC =
posterior commissure; PMPM = posteromedian papillary muscle; PMVL = posterior mitral valve leaflet.

Figure 2. Intraoperative photograph of partial PMPM rupture and papillary muscle repair
(A) Acute partial PMPM rupture after inferoposterior MI. (B) PMPM repair with a pledget‐reinforced
polytetrafluorethylene (PTFE) suture.
PMPMR = posteromedian PMR; PR‐PTFE suture = pledget‐reinforced polytetrafluorethylene suture.
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still remained fixed to the remnant PM via muscular bridges, rupture was defined as
ʺincompleteʺ. Rupture of the whole PM was defined as ʺtotal and completeʺ [13].
Myocardial protection was obtained using moderate systemic hypothermia and
antegrade or combined antegrade and retrograde cardioplegia. The mitral valve was
exposed with a left atriotomy or a transseptal approach. Surgeon’s choice formed the basis
for repair. Repair techniques are shown in Table 2. Reimplantation of the PM in the
corresponding PM with a pledget‐reinforced suture is shown in Fig. 2. Concomitant
coronary artery bypass grafting (CABG) was performed in 5 patients. After weaning from
cardiopulmonary bypass, mitral valve competence was confirmed with TEE. In addition, all
patients underwent TTE before discharge.
Follow‐up
Follow‐up was obtained in December 2012 directly from outpatient visits or by telephone
interview with the patient and/or the referring physician. Follow‐up was 100% complete for
all hospital survivors. TTE follow‐up was obtained from regularly scheduled outpatient
visits.
Systematic review of the literature
A systematic review of the literature on mitral valve repair for post‐MI PMR was performed
in December 2012. Separate Medline (PubMed), EMBASE and Cochrane database queries
were performed with the following text and keywords: ʺpapillary muscle rupture, repairʺ,
ʺpapillary muscle rupture, ischemicʺ, ʺpapillary muscle rupture, myocardial infarctionʺ. All
papers were considered irrespective of the journal in which they were published. Titles and
abstracts were screened and relevant papers were included. Papers not written in English
were excluded. Papers were thoroughly checked to ensure that the etiology of PMR was
ischemic.
Statistics
Continuous variables were expressed as mean ± standard deviation. Categorical variables
were expressed as percentages. Survival curves were calculated and presented according to
the product‐limit method of Kaplan and Meier. Cox proportional hazard regression analysis
was used to determine univariate predictors and multivariate independent predictors of
long‐term survival. All calculations were performed using a commercially available
statistical package (SPSS 18.0; SPSS Inc, Chicago, IL). Statistically significant differences
were established at P < 0.05.
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■ Results
Intraoperative and in‐hospital mortality
Intraoperative mortality was 0%. In‐hospital mortality was defined as death within 30 days
after surgery or during the same hospital stay. In‐hospital mortality was 0% (Table 3).
Intraoperative mitral valve repair failure
Mitral valve repair failed intraoperatively in 1 patient who underwent a quadrangular
resection of P2 and annuloplasty with a 32‐mm Carpentier‐Edwards Classic ring for partial
PMR of the anterolateral papillary muscle (ALPM). Persistent MR at the A2 level resulted in
mitral valve replacement with a 27‐mm St. Jude mechanical prosthesis with preservation of
the posterior subvalvular apparatus. This patient underwent re‐exploration for bleeding,
but did not experience any other adverse postoperative events. After a follow‐up of 8.5
years, this patient is still alive and in New York Heart Association (NYHA) Class I.
Freedom from grade 3+ or 4+ mitral regurgitation
Mean TTE follow‐up was 6.9 ± 5.8 (range 0.1–17.0 years). After a follow‐up of 2 months, 1
patient had grade 4+ recurrent MR, which required a reoperation. Estimated freedom from
moderately severe (grade 3+) or severe (grade 4+) MR at 1, 5, 10 and 15 years was 87.5 ±
11.7%.
Freedom from reoperation
One patient required a reoperation 2 months after repair. This patient had undergone
reimplantation of the PM into the LV wall and annuloplasty with a 34‐mm Carpentier‐
Edwards Classic ring for partial PMR. He appeared to have dehiscence of the reimplanted
PM and underwent mitral valve replacement with a 29‐mm Carbomedics mechanical
prosthesis and preservation of the posterior subvalvular apparatus for recurrent severe MR.
This patient survived for 16 years and 7 months. Estimated freedom from reoperation at 1,
5, 10, and 15 years was 87.5 ± 11.7%.
Long‐term survival
The mean follow‐up was 8.7 ± 6.1 (range 0.2–18.8 years). Total follow‐up was 77.8 patient‐
years. There were 3 late deaths. Therefore, estimated long‐term survival rates (including in‐
hospital survival) at 1, 5, 10 and 15 years were 100, 83.3 ± 15.2, 66.7 ± 19.2 and 44.4 ± 22.2%,
respectively (Fig. 3). Two late deaths were cardiac‐related (end‐stage heart failure), and 1
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was noncardiac related. All late survivors were in NYHA Class I or II, had a moderately
impaired or normal LV function and had trace (grade 0) or only mild (grade 1+) MR at the
last follow‐up (Table 3).
Table 3. Postoperative patient data (n = 8)
Variable/Conditiona

Value

Intraoperative mortality

0 (0)

Immediate postoperative grade of MR (TEE)
0

(no or trace)

7 (88)

1+

(trivial)

1 (13)

Postoperative morbidity
Re‐exploration for cardiac tamponade

1 (13)

Prolonged inotropic support (>24 hours)

4 (50)

Prolonged respiratory support (>24 hours)

3 (38)

Post‐operative hemodialysis

1 (13)

In‐hospital mortality

0 (0)

Total hospital stay, days

16.9±9.3

Intensive care unit stay, days

6.6±5.0

Reoperation for recurrent MR

1 (13)

b

Causes of late death (n=7 )
End‐stage heart failure

2 (29)

Ruptured aortic aneurysm

1 (14)

NYHA class at last follow‐up for all late survivors (n=4b)
Class I

2 (50)

Class II

2 (50)

LV function at last follow‐up for all late survivors (n=4b)
Normal (EF >50%)

3 (75)

Moderately impaired (EF 30‐50%)

1 (25)

Grade of MR at last follow‐up for all late survivors (n=4b)
0

(no or trace)

3 (75)

1+

(trivial)

1 (25)

a

Data are presented as mean±standard deviation or number (%).

b

Number of patients at risk left.

EF = ejection fraction; LV = left ventricle; MR = mitral regurgitation; NYHA =
New York Heart Association; TEE = transesophageal echocardiography.

Predictors of long‐term survival
(Pre)operative variables from Tables 1 and 2 did not have a significant effect on long‐term
survival, although the number of patients in each subgroup was small.
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Figure 3. Kaplan‐Meier actuarial survival after mitral valve repair (n = 8) for post‐MI PMR
Pts = patients; + = censored.

Systematic review of the literature
Table 4 provides a systematic review of the literature on mitral valve repair for post‐MI
PMR. The experience with mitral valve repair for post‐MI PMR is mostly limited to case
reports or reports of small series (up to 25 patients). There are no randomized studies that
compare repair and replacement or different repair techniques for MR due to post‐MI PMR.
In most cases, repair was carried out for partial or incomplete PMR. There are only
2 reported cases of mitral valve repair for the complete rupture of an ALPM [7, 10]. Several
reports were not exclusively about PMR, but about different forms of ischemic MR [8, 11, 13,
14]. In these studies, results were generally presented for the entire group. Therefore,
outcome was frequently difficult to specify.
The most popular repair techniques included: resection of a prolapsing leaflet
segment combined with annuloplasty [10, 13, 15] and reimplantation of the PM into the
corresponding healthy PM head [6, 8, 9, 13, 16] or into the LV [7, 8], with or without
annuloplasty.
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Table 4. Systematic review of the literature on mitral valve repair for post‐MI PMR
Ref
[23]

Year Number Affected
of repairs PM
1963
2
PMPM

Type of
PMR
partial

[6]

1966

1

PMPM

partial

[7]

1981

1

ALPM

total

[8]

1988

3

ALPM (1) partial

PMPM (2) partial

[14]
[11]

1990
1991

2
2

NS
PMPM

NS
partial

[5]

1992

2

PMPM

NS

[10]

1998

4

ALPM (2) partial (1)

1
6

total (1)
PMPM (2) partial (2)
PMPM
partial
NS
partial

[24]
[9]

1998
2000

Repair techniques

Outcomes

PMVL plication; and PMVL plication
combined with posterior commissural
annular plication
reimplantation of the PM into the
corresponding PM and AMVL plication
reattachment of the PM to the LV wall

acute MI and death within 24 hours;
and cerebral infarction and death on
day 6
doing well 21 months postoperatively,
MR grade 2+/3+
doing well 3 years postoperatively;
MR grade 0
1 patient died postoperatively;
outcome not further specified

reattachment of the PM to the LV wall
with pledget‐supported horizontal
mattress sutures
reimplantation of the PM in the orginal
base and posterior commissural
annuloplasty
PM reimplantation (NS)
replacement of corresponding chordae
with PTFE sutures and annuloplasty
(Carpentier ring)
NS

annuloplasty and valve leaflet
exclusion, and/or PM reconstruction
(not specified)
NS
reimplantation of the PM in the
corresponding PM with a
sandwiched pericardium pledget‐
reinforced PTFE suture; combined
with annuloplasty (Carpentier
Physio ring)
reimplanatation of the PM with
two pledget sutures
NS

[16]

2000

1

NS

partial

[19]

2002

2

NS

NS

[20]
[13]

2002
2004

2
25

NS
NS

[25]

2004

1

ALPM

[22]

2008

13

NS

NS
NS
partial (21) commissuroplasty or chordal
transfer from AMVL to
incompl (4) PMVL or quadrangular resection
technique of the PMVL or PM
reimplantation; combined with
annuloplasty (Duran flexible ring
or Carpentier Physio ring)
NS
PM reimplantation (not specified)
and annuloplasty
NS
PM reimplantation (not specified)
with(out) annuloplasty (not specified)

[15]

2008

1

PMPM

partial

[26]

2010

1

PMPM

NS

partial resection of the PMVL and
annuloplasty
neochorda sutured to the PMVL and
fixed through the LV wall on the
epicardium; combined with
annuloplasty (St. Jude Medical
saddle ring)
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repair failed 4 hours postoperatively
in 1 patient and resulted in MVR;
outcome not further specified
NS
postoperatively MR grade 2+ and 3+;
outcome not further specified
repair failed intraoperatively in 1
patient and resulted in MVR;
outcome not further specified
the patient with total PMR required
MVR for recurrent MR 16 days
after repair; outcome not further
specified
doing well 8 months postoperatively
all patients were alive, had grade 0
or 1+ MR and were in NYHA class
I or II after a mean follow up of 8.6±7.5
months

doing well 7 months postoperatively
1 patient required MVR for recurrent
MR 69 months after repair
outcome not further specified
NS
chordal transfer failed
intraoperatively in 1 patient
with partial PMR and resulted in
MVR; dehiscence of a PM
reimplantation suture required
MVR in 1 patient postoperatively;
outcome not further specified
NS
repair failure and reoperation (not
specified) in 1 patient; 30‐day
mortality 7.7%; estimated 5‐year
survival 62±13%
doing well 10 days postoperatively;
MR grade 0
doing well 3 months postoperatively;
MR grade 1+/2+

MITRAL VALVE REPAIR FOR POST‐MI PMR
[27]
2012
Bouma 2013

3
9

NS
NS
ALPM (1) partial
PMPM (8) partial

NS
quadrangular resection of P2 and
annuloplasty
- quadrangular resection of P2 and

NS
intraoperative failure of repair
resulting in MVR
- 3 late deaths; all patients had

annuloplasty (6)
- reimplantation of the PM in the

<grade 3+ MR and were
in NYHA class I or II after a mean
follow‐up of 7.9±5.8 years; estimated
10‐year survival 66.7±19.2%

corresponding PM with a pledget‐
reinforced PTFE suture and
annuloplasty (1)
- reimplantation of PM in LV wall
and annuloplasty (1)
(annuloplasty rings: Carpentier
Classic and Carbomedics)

- recurrent MR after 2 months
resulting in MVR

ALPM = anterolateral papillary muscle; AMVL = anterior mitral valve leaflet; LV = left ventricle; MI = myocardial infarction;
MR = mitral regurgitation; MVR = mitral valve replacement; NS = not specified; NYHA = New York Heart Association;
PM(R) = papillary muscle (rupture); muscle (rupture); PMPM = posteromedian papillary muscle; PMVL = posterior mitral
valve leaflet; PTFE = polytetrafluorethylene.

■ Discussion
PMR is a rare, but serious mechanical complication of MI, which can lead to rapid clinical
deterioration [1, 5]. After MI, the posteromedian papillary muscle (PMPM) ruptures 3–12
times more frequently than the ALPM [2, 3, 5, 17]. The ALPM is less vulnerable to rupture
due to its dual blood supply (left anterior descending and circumflex coronary artery) [18].
The PMPM is more prone to ischemia and rupture due to its dependence on a single blood
supply from the posterior descending coronary artery (which is either derived from the
circumflex or from the right coronary artery) [18]. In this study, PMPM rupture occurred in
8 (88.9%) patients and ALPM rupture occurred in 1 (11.1%), which supports these previous
findings.
Left ventricular ejection fraction (LVEF) is relatively preserved in patients requiring
mitral valve surgery for post‐MI PMR [5, 19]. This study supports these findings, since
88.9% of patients had a normal LVEF (>50%), 11.1% had a moderately impaired LVEF (30–
50%) and none had a severely impaired LVEF (<30%). A relatively preserved LVEF may
result in greater shearing forces on the ischemic PM, which may render it more prone to
rupture [3]. Preservation of LVEF is likely to be related to a relatively small infarct size [5],
which in turn may be explained by the limited extent of coronary artery disease (CAD) in
this population. Different studies have shown a high incidence of one‐vessel CAD in
patients requiring mitral valve surgery for post‐MI PMR, ranging from 23 to 44% [5, 19].
This study supports these findings with an incidence of one‐vessel CAD of 44.4%.
When PMR is complete, repair is often not possible or advisable because of friable
infarcted tissue [5, 13, 20]. A segmental prolapse secondary to a partial PMR with limited
adjacent tissue damage is often amenable to a reliable repair [5, 13]. All patients in this study
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experienced partial PMR. When PMR is partial or incomplete, established repair techniques,
such as quadrangular or triangular resection of a prolapsing mitral valve leaflet segment
combined with annuloplasty, have proven to be efficient [10, 13, 15, 21]. (Ischemic) PMR is
one of the rare conditions in which several Carpentier functional types of regurgitation
(Type I, annular dilatation; Type II, leaflet prolapse and Type IIIb, restricted leaflet motion)
can more or less coexist [21], which is important to realize and address during repair. When
PMR is partial or incomplete, but mitral valve prolapse involves a segment that is too large
to resect, reimplantation of the remnant PM may be a useful technique [6–9, 13, 16].
Reimplantation carries a higher risk of recurrence [6, 8, 13], since the success of
reimplantation is critically dependent on the quality of the adjacent tissue (i.e. PM or LV) [6,
8, 13]. Therefore, reimplantation of the ruptured head of a PM directly at the site of rupture
is not advised. In this study, reimplantation of a ruptured PM remnant into the LV wall did
not offer a reliable outcome and resulted in mitral valve replacement 2 months after the
initial repair. Retraction and involution of the edges of the reimplanted remnants can result
in a shorter PM that experiences superior traction forces, rendering it prone to dehiscence,
as shown by Jouan et al. [13]. Height‐ and length‐adjusted reimplantation of the PM tip in
the corresponding healthy PM is the preferred choice for reimplantation [9].
Although timing of surgery was not a significant predictor of survival, a relative
delay between MI/PMR and repair (7 of 9 patients had their infarcts >7 days before repair in
this study) is likely to represent a relatively low‐risk group with limited hemodynamic
instability and a presumably better prognosis (mean logistic EuroSCORE of 13.4%). Indeed,
our in‐hospital and 10‐year survival rates of 100 and 66.7 ± 19.2%, respectively, compared
favorably with in‐hospital and 10‐year survival rates of 79 and 32 ± 9.7%, respectively, in
one of the largest reported replacement groups for PMR (31 replacements and 2 repairs;
time from PMR to surgery 1 ± 3 days) [20]. Although the difference in outcome may in part
be related to a better postoperative preservation of LV function after repair [6–13], the
influence of a preoperative low‐risk profile in repair patients (with partial or incomplete
PMR and less friable tissue) should not be underestimated.
The benefit of concomitant CABG in the setting of mitral valve surgery for post‐MI
PMR is unclear. Kishon et al. [5] have shown that CABG was the only factor identified that
improved both immediate and long‐term survival. At this point, there are no randomized
studies to determine the importance of concomitant CABG in this setting. CABG may
improve postoperative LV function and survival, but these potential benefits have to be
weighed against the consequences of prolonging the duration of cardiopulmonary bypass.
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A limitation of this study is the relatively small number of patients. However,
compared with the previously published literature on this subject, this is one of the largest
cohorts that underwent repair for post‐MI PMR (Table 4). The largest study on this topic
reported repair in 25 patients with partial or incomplete post‐MI PMR [13]. Unfortunately,
results were reported for a larger cohort with ischemic mitral valve prolapse; therefore,
outcome could not be further specified for the PMR subgroup [13]. The second largest study
on this topic reported repair in 13 patients with post‐MI PMR [22]. Unfortunately, results
were mainly reported for the combined cohort (repair and replacement) [22]. The current
study presents a more comprehensive and cleaner overview of outcomes for repair of post‐
MI PMR. Future (multicenter) investigations should include larger (preferably randomized)
cohorts to more accurately identify independent predictors of short‐ and long‐term
outcomes and to determine long‐term outcome benefits of repair vs replacement for this
specific condition.

■ Conclusions
Mitral valve repair for partial or incomplete post‐MI PMR is reliable and provides good
short‐ and long‐term results, provided established repair techniques are used and adjacent
tissue is not friable. PMR type and adjacent tissue quality ultimately determine the
feasibility and durability of repair.
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CHAPTER 7

■ Abstract
BACKGROUND: Papillary muscle rupture (PMR) is a rare, but often life‐threatening
mechanical complication of myocardial infarction (MI). Immediate surgical intervention is
considered the optimal and most rational treatment for acute PMR, but carries high risks. At
this point it is not entirely clear which patients are at highest risk. In this study we sought to
determine in‐hospital mortality and its predictors for patients who underwent mitral valve
surgery for post‐MI PMR.
METHODS: Between January 1990 and December 2012, 48 consecutive patients (mean age
64.9 ± 10.8 years) underwent mitral valve repair (n = 10) or replacement (n = 38) for post‐MI
PMR. Clinical data, echocardiographic data, catheterization data, and surgical reports were
reviewed. Univariate and multivariate logistic regression analyses were performed to
identify predictors of in‐hospital mortality.
RESULTS: Intraoperative mortality was 4.2% and in‐hospital mortality was 25.0%.
Univariate and multivariate logistic regression analyses revealed the logistic EuroSCORE
and EuroSCORE II as independent predictors of in‐hospital mortality. Receiver operating
characteristics curves showed an optimal cut‐off value of 40% for the logistic EuroSCORE
(area under the curve 0.85, 95% CI 0.71‐1.00, P<0.001) and of 25% for the EuroSCORE II (area
under the curve 0.83, 95% CI 0.68‐0.99, P=0.001). After removal of the EuroSCOREs from the
model, complete PMR and intraoperative intra‐aortic balloon pump (IABP) requirement
were independent predictors of in‐hospital mortality.
CONCLUSIONS: The logistic EuroSCORE (optimal cut‐off ≥40%), EuroSCORE II (optimal
cut‐off ≥25%), complete PMR, and intraoperative IABP requirement are strong independent
predictors of in‐hospital mortality in patients undergoing mitral valve surgery for post‐MI
PMR. These predictors may aid in surgical decision making and they may help improve the
quality of informed consent.
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■ Background
Papillary muscle rupture (PMR) is a rare, but often life‐threatening mechanical complication
of myocardial infarction (MI) [1]. It occurs in 1% to 5% of patients with acute MI and
accounts for 5% of infarct‐related deaths [1,2]. Approximately 80% of ruptures occur within
7 days after MI, but a delayed rupture several weeks or months after MI is also possible [1‐
3]. When treated only medically, mortality may be as high as 50% in the first 24 hours
(especially when PMR is complete), and as high as 80% in the first week [3,4]. Since the first
mitral valve replacement (MVR) for post‐MI PMR in 1965 [5], several reports have
emphasized that immediate surgical intervention is the optimal and most rational treatment
for acute PMR, despite high risks [2,3,6,7]. Although mitral valve repair may lead to a better
outcome due to a better preservation of postoperative left ventricular (LV) function [8‐13],
MVR is generally preferred in these unstable, high‐risk patients [7,14‐17]. Because of the
high risk some surgeons may be reluctant to operate these patients, while others are willing
to accept the high risk. At this point it is not entirely clear which patients are at highest risk.
We present one of the largest series to date of patients who underwent mitral valve
surgery for post‐MI PMR. In this study we sought to determine in‐hospital mortality and its
predictors. Identifying these predictors may aid the surgical decision making process and it
may help improve the quality of informed consent.

■ Methods
This study was conducted in accordance with the guidelines of the University Medical
Center Groningen Institutional Review Board.
Patients
Between January 1990 and December 2012, 48 consecutive patients underwent mitral valve
surgery for moderate (grade 3+) or severe (grade 4+) mitral regurgitation (MR) caused by
post‐MI PMR. Baseline patient characteristics are summarized in Table 1. All patients had a
documented MI before PMR. Infarct location was determined electrocardiographically and
echocardiographically (by the detection of wall motion abnormalities).
Clinical data, echocardiographic data, catheterization data, and surgical reports
were reviewed. Intraoperative mortality was defined as death during surgery. In‐hospital
mortality was defined as death during surgery, within 30 days after surgery or during the
same hospital stay. Follow‐up was complete.
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Table 1. Preoperative patient data (n = 48)
Variablea

Value

Age, y

64.9±10.8

Gender
Male

34 (71)

Female

14 (29)

NYHA functional class
Class III

7 (15)

Class IV

41 (85)

EuroSCORE I (logistic), %

29.4±22.7

EuroSCORE II, %

19.4±14.6

Previous myocardial infarction

48 (100)

Inferior and/or posterior

32 (67)

Inferoposterolateral

13 (27)

Anterolateral

9 (19)

Coronary artery disease

48 (100)

Left main stenosis

3

(6)

One‐vessel disease

23 (48)

Two‐vessel disease

17 (35)

Three‐vessel disease

8 (17)

Infarct related artery
Left anterior descending coronary artery

1

(2)

Left circumflex coronary artery

28 (58)

Right coronary artery

19 (40)

Previous percutaneous coronary intervention
Previous cardiac surgery

12 (25)
0

(0)

1

(2)

Preoperative grade of mitral regurgitation
3+ (moderate)
4+ (severe)

47 (98)

Preoperative LV function
Normal

(EF >50%)

34 (71)

Moderately impaired

(EF 30‐50%)

10 (21)

Severely impaired

(EF <30%)

4

(8)

Heart rhythm
Sinus rhythm

43 (90)

Atrial fibrillation

5 (10)

Pacemaker

0

(0)

Pulmonary artery pressure
Systolic/diastolic, mmHg

46±13/25±10

Mean, mmHg

32±10

Pulmonary capillary wedge pressure, mmHg

24±14

Mechanical ventilation

23 (48)

Inotropic support (medication)

26 (54)

Intra‐aortic balloon pump

21 (44)
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Serum creatinine, μmol/L

162±100

Acute renal failure

10 (21)

Cardiogenic shock

31 (65)

History of congestive heart failure

4

Hypertension

(8)

11 (23)

Diabetes mellitus

9 (19)

Smoking

16 (33)

Hypercholesterolemia

5 (10)

Obesity (body mass index > 30 kg/m2)

7 (15)

Peripheral vascular disease

2

Family history of coronary artery disease

6 (13)

Chronic renal disease

1

(2)

Chronic obstructive pulmonary disease

2

(4)

Cerebrovascular disease

5 (10)

a

(4)

Data are presented as mean±standard deviation or number (%).

EF = ejection fraction; LV = left ventricle; NYHA = New York Heart Association.

Echocardiography and coronary angiography
All patients underwent preoperative echocardiography (transthoracic (TTE) and/or
transesophageal (TEE)) and coronary angiography. TTE accurately revealed the diagnosis of
PMR in 18 patients. PMR was suspected in the remaining 30 patients and confirmed with
TEE in 24 patients. In 6 patients the exact mechanism of MR remained inconclusive. LV
function was assessed by echocardiography. In addition, wall motion abnormalities were
documented for infarct localization.
Surgical technique
Surgical data is summarized in Table 2.
Patients were considered to undergo a salvage operation when brought to the
operating room under cardiopulmonary resuscitation, an emergency operation when
brought to the operating room directly from the catheterization lab or intensive care unit
because of hemodynamic instability, and an urgent operation when operated on during the
same hospitalization as for angiography because their discharge was deemed medically
unreasonable [18]. Otherwise the operation was considered elective.
PMR was confirmed during surgery in all patients. When a papillary muscle (PM)
was divided into several heads, rupture of a single head was defined as ʺpartialʺ [12,13]. In
case of detachment of the main insertion of a head which still remained fixed to the remnant
PM via muscular bridges, rupture was defined as ʺincompleteʺ [12,13]. Rupture of the whole
PM was defined as ʺtotal and completeʺ [12,13].
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Table 2. Surgical data (n = 48)
Variablea

Value

Mitral valve surgery
Salvage

2

(4)

Emergent

29 (60)

Urgent

11 (23)

Elective

6 (13)

Timing of mitral valve surgery
Surgery <7 days after MI

27 (56)

Surgery >7 days and <30 days after MI
Surgery >30 days after MI

9 (19)
12 (25)

Posteromedian papillary muscle rupture
Complete

42 (88)
15 (36)

Incomplete

2

Partial

(5)

25 (59)

Anterolateral papillary muscle rupture

5 (10)

Complete

4 (80)

Incomplete

0

Partial

1 (20)

PMPM and ALPM rupture (both complete)

1

(0)
(2)

Leaflet prolapse
AMVL prolapse

12 (25)

PMVL prolapse

15 (31)

AMVL and PMVL prolapse

21 (44)

Surgical approach
Left atriotomy

34 (71)

Transseptal

13 (27)

Left ventriculotomy

1

Mitral valve replacement

(2)

38 (79)

mechanical prosthesis

35 (92)

bioprosthesis

3 (8)

(partial) preservation of the subvalvular apparatus
Mitral valve repair

24 (63)
10 (21)

Reimplantation of the PM in the LV wall and

1 (10)

annuloplasty ring (Carpentier‐Edwards Classic)
Reimplantation of the PM in the corresponding PM

2 (20)

with a sandwiched pledget‐reinforced PTFE suture and
annuloplasty ring (Carpentier‐edwards Classic/Physio II)
Quadrangular resection of P2 and annuloplasty

6 (60)

ring (Carpentier‐Edwards Classic or Carbomedics)b
Commissuroplasty and annuloplasty ring (Carpentier‐

1 (10)

Edwards Physio II)
Intraoperative mitral valve repair failure
Concomitant surgery

1 (9)
28 (58)

Coronary artery bypass grafting

24 (50)

Septal rupture closure

2 (4)
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Aortic valve replacement

1 (2)

Tricuspid valve plasty

2 (4)

Duration of surgery, min

278±88

Cardiopulmonary bypass time, min
Aortic cross‐clamp time, min

178±68
98±36

Intraoperative IABP requirement

24 (50)

a

Data are presented as mean±standard deviation or number (%).

b

Failed in 1 patient intraoperatively and resulted in mitral valve replacement
(not counted as mitral valve repair).

ALPM = anterolateral papillary muscle; AMVL = anterior mitral valve leaflet;
IABP = intra‐aortic balloon pump; LA = left atrium; LV = left ventricle; MI =
myocardial infarction; PMPM = postermedian papillary muscle; PM(R) =
papillary muscle (rupture); PMVL = posterior mitral valve leaflet.

Myocardial protection was carried out using moderate systemic hypothermia and
antegrade or combined antegrade and retrograde cardioplegia. The mitral valve was
exposed with a left atriotomy or a transseptal approach (or with a left ventriculotomy in one
patient with a ventricular septal rupture). Surgeon’s choice dictated treatment strategy.
Repair techniques are shown in Table 2. Concomitant procedures were performed in 28
patients and concomitant coronary artery bypass grafting (CABG) was performed in 24
patients (Table 2). After weaning from cardiopulmonary bypass mitral valve competence
was confirmed with TEE.
Patients who underwent mitral valve repair or MVR with a bioprosthesis received
acenocoumarol treatment for 3 months and patients who underwent MVR with a
mechanical prosthesis were put on lifelong acenocoumarol treatment. In addition, patients
who underwent concomitant CABG also received lifelong acetylsalicylic acid treatment.
Statistics
Continuous variables were expressed as mean ± standard deviation. Categorical variables
were expressed as percentages. Comparisons between groups for univariate analysis of in‐
hospital mortality were performed using Pearson`s χ2 test or Fisher’s exact test (two‐sided)
as appropriate for categorical variables and the independent samples t‐test or Mann
Whitney U test (two‐sided) as appropriate for continuous variables. Univariate variables
with P<0.10 were included in the multivariate analysis. Age and gender were included in all
multivariate models, irrespective of the results of univariate analysis. Multivariate analyses
were performed with the logistic EuroSCORE (model 1), with the EuroSCORE II (model 2),
and without the EuroSCOREs (model 3). Multivariate logistic regression analyses by means
of a forward stepwise algorithm (cut‐off for entry and removal set at a significance level of
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0.05) were performed to identify independent predictors of in‐hospital mortality. Odds
ratios were reported with 95% confidence intervals (CI). Goodness‐of‐fit of the final logistic
regression model was assessed with the Hosmer‐Lemeshow statistic.
Receiver operating characteristic (ROC) curves were calculated for continuous
independent predictors to single out the optimal cut‐off value of predicting in‐hospital
mortality. The point with the largest sum of sensitivity and specificity was chosen as a
threshold. The area under the curve (AUC) was estimated by the non‐parametric Wilcoxon‐
Mann–Whitney U statistic and standard error (SE) was calculated with the method of
DeLong and Clarke‐Pearson [19]. The statistical significance of difference of AUC from the
ʺno discrimination lineʺ was evaluated by the Mann–Whitney U statistic.
All calculations were performed using commercially available statistical packages
(IBM SPSS Statistics 21.0; IBM Corporation, Armonk, NY and Stats Direct 2.8.0; StatsDirect
Ltd, Cheshire, UK). Statistically significant differences were established at P<0.05.

■ Results
In‐hospital mortality
Two patients died during surgery (intraoperative mortality rate of 4.2%). One patient could
not be weaned from cardiopulmonary bypass and the other patient died due to heart failure
directly after weaning from cardiopulmonary bypass. In addition to two intraoperative
deaths, there were another 10 postoperative deaths. In‐hospital mortality was 25.0%. Causes
of in‐hospital death are shown in Table 3.
Predictors of in‐hospital mortality
Univariate and multivariate logistic regression analyses of in‐hospital mortality are shown
in Table 4. Multivariate analyses were performed with the logistic EuroSCORE (model 1),
with the EuroSCORE II (model 2), and without the EuroSCOREs (model 3).
Model 1
Multivariate analysis with the logistic EuroSCORE revealed the logistic EuroSCORE as an
independent predictor of in‐hospital mortality (odds ratio 1.07 (95% CI 1.03‐1.12), Wald χ2
9.34, P=0.002). The Hosmer‐Lemeshow goodness‐of‐fit test was non‐significant, indicating
that this multivariate model is a good fit (χ2=6.72, df=7, P=0.459). A receiver operating
characteristic (ROC) curve was calculated for the logistic EuroSCORE to single out the
optimal cut‐off value of predicting in‐hospital mortality (Fig. 1A). The optimal cut‐off value
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Table 3. Postoperative patient data (n = 48)
Variable/Conditiona

Value

Intraoperative mortality

2 (4)

Immediate postoperative grade of MR (TEE) (n=46b)
0

(none)

44 (96)

1+
(trivial)
Postoperative morbidity (n=46b)

2

(4)

Re‐exploration for bleeding

5 (11)

Re‐exploration for cardiac tamponade

3

(7)

Prolonged inotropic support (>24 hours)

22 (48)

Prolonged respiratory support (>24 hours)

19 (41)

Post‐operative hemodialysis

7 (15)

In‐hospital mortalityc

12 (25)

Causes of in‐hospital death (n=12)c
Heart failure (unable to wean from CPB)

1

Heart failure

7 (58)

Septal rupture

1

(8)

Left ventricular rupture

1

(8)

Hemorrhagic shock (massive bleeding)
Total hospital stay, days

2 (17)
18.7±15.5

Intensive care unit stay, days
a

(8)

9.7±11.0

Data are presented as mean±standard deviation or number (%).

b

Number of patients at risk left.

c

Includes intraoperative deaths.

CPB = cardiopulmonary bypass; MR = mitral regurgitation; TEE = trans‐
esophageal echocardiography.

was 40% with an area under the curve (AUC) of 0.85 (95% CI 0.71‐1.00, P<0.001), a
sensitivity of 83.3% and a specificity of 88.9%.

Model 2
Multivariate analysis with the EuroSCORE II revealed the EuroSCORE II as an independent
predictor of in‐hospital mortality (odds ratio 1.12 (95% CI 1.04‐1.21), Wald χ2 8.82, P=0.003).
The Hosmer‐Lemeshow goodness‐of‐fit test was non‐significant, indicating that this
multivariate model is a good fit (χ2=9.42, df=7, P=0.224). A ROC curve was calculated for the
EuroSCORE II to single out the optimal cut‐off value of predicting in‐hospital mortality (Fig.
1B). The optimal cut‐off value was 25% with an AUC of 0.83 (95% CI 0.68‐0.99, P=0.001), a
sensitivity of 83.3% and a specificity of 86.1%.
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Table 4. Predictors of in‐hospital mortality by univariate analysis and multivariate logistic regression
analysis
Univariate analysis
P value
95% CI

Multivariate analysis
P value
95% CI

Variable

OR

Logistic EuroSCORE, %

1.08

1.03‐1.12

<0.001

1.07

1.03‐1.12

0.002 a

EuroSCORE II, %

1.12

1.04‐1.21

0.001

1.12

1.04‐1.21

0.003 b
-

OR

Preoperative ejection fraction <30%

11.67

1.08‐125.90

0.043

-

-

Mechanical ventilation

4.71

1.09‐20.47

0.030

-

-

-

Inotropic support (medication)

7.00

1.34‐36.69

0.012

-

-

-

Acute renal failure

4.43

1.00‐19.58

0.094

-

-

-

Cardiogenic shock

8.80

1.03‐75.55

0.035

-

-

-

Salvage or emergent mitral valve

8.80

1.03‐75.55

0.035

-

-

0.031 c

surgery
Complete AL or PM PMR

4.55

1.13‐18.32

0.041

6.51

1.18‐35.78

Mitral valve replacement

9.91

0.54‐182.88

0.048

-

-

-

MVR without preservation of the

5.80

1.41‐23.84

0.024

-

-

-

subvalvular apparatus
Cardiopulmonary bypass time, min

1.01

1.00‐1.02

0.036

-

-

-

Intraoperative IABP requirement

19.46

2.25‐168.27

0.001

18.70

1.96‐178.79

0.011 c

a

Model 1; b Model 2; c Model 3.

AL = anterolateral; CI = confidence interval; Cx = circumflex coronary artery; IABP = intra‐aortic balloon pump;
MVR = mitral valve replacement; OR = odds ratio; PM = posteromedian; PMR = papillary muscle rupture.

Figure 1. Receiver operating characteristic (ROC) curves
(A) ROC curve for the logistic EuroSCORE as a predictor of in‐hospital mortality (optimal cut‐off value 40%).
(B) ROC curve for the EuroSCORE II as a predictor of in‐hospital mortality (optimal cut‐off value 25%).

Model 3
After removal of the EuroSCOREs from the model, complete papillary muscle rupture (odds
ratio 6.51 (95% CI 1.18‐35.78), Wald χ2 4.64, P=0.031) and intra‐operative IABP requirement
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(odds ratio 18.70 (95% CI 1.96‐178.79), Wald χ2 6.46, P=0.011) were independent predictors of
in‐hospital mortality. The Hosmer‐Lemeshow goodness‐of‐fit test was non‐significant,
indicating that this multivariate model is a good fit (χ2 =0.40, df=2, P=0.818).

■ Discussion
PMR is a rare, but serious mechanical complication of MI, which can lead to rapid clinical
deterioration and death [1‐4,6,7]. Immediate surgical intervention is considered the optimal
and most rational treatment for acute PMR, but it still carries high risks [2,3,6,7]. In this
study intraoperative mortality was 4.2% and in‐hospital mortality was 25.0%. Other studies
have shown similar short‐term mortality rates with intraoperative mortality ranging
between 0 and 6% and in‐hospital mortality ranging between 19 and 39% [7,14‐17,20].
The logistic EuroSCORE and EuroSCORE II were important independent
predictors of in‐hospital mortality in this study. The logistic EuroSCORE is an important
risk‐stratification model in cardiac surgery which was introduced in 1999 [21]. The model
was mainly designed for predicting in‐hospital mortality in CABG patients. In the past
decade the predictive power of the logistic EuroSCORE has proven its value in research,
clinical practice and quality monitoring. In recent years, however, the predictive power of
the logistic EuroSCORE has declined (probably due to changes in populations and
improvement in surgical techniques and perioperative care) with a relative overestimation
of in‐hospital mortality in low‐risk patients and a relative underestimation in high‐risk
patients [22]. To more accurately predict in‐hospital mortality for patients undergoing a
wider range of contemporary cardiac surgical procedures the EuroSCORE II was introduced
in 2012 [23]. In this study the mean logistic EuroSCORE was 29.4% and the mean
EuroSCORE II was 19.4%, which means that the logistic EuroSCORE overestimated and the
EuroSCORE II underestimated the actual in‐hospital mortality rate in this cohort (25.0%).
Although both EuroSCOREs were not specifically designed for patients undergoing mitral
valve surgery for post‐MI PMR, these models can be used to predict in‐hospital mortality in
this setting. ROC curve analysis showed that the optimal cut‐off value for reliably
predicting in‐hospital mortality was 40% for the logistic EuroSCORE and 25% for
EuroSCORE II.
The posteromedian papillary muscle (PMPM) ruptures 3‐12 times more frequently
than the anterolateral papillary muscle (ALPM) after MI [2,3,6,7]. The ALPM is less
vulnerable to rupture due to its dual blood supply from the left anterior descending
coronary artery and circumflex coronary artery [24]. The PMPM is more prone to ischemia
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and rupture due to its dependence on single blood supply from the posterior descending
coronary artery (which is either derived from the circumflex or from the right coronary
artery) [24]. In this study PMPM rupture occurred in 42 patients (88%) and ALPM rupture
occurred in 5 patients (10%), which supports these previous findings. Double PMR occurred
in 1 patient (2%). This study shows that ALPM rupture is usually complete (80% of cases).
PMPM rupture is usually partial (59% of cases), due to the fact that the PMPM is frequently
subdivided into several heads [12,13]. Partial PMR can lead to varying degrees of mitral
regurgitation, but complete PMR causes prolapse of both the anterior and posterior leaflet
and severe mitral regurgitation. Complete PMR usually results in a more critical
preoperative state with imminent hemodynamic instability and cardiogenic shock. In‐
hospital mortality was 42.1% for patients with complete PMR and 13.8% for patients with
partial or incomplete PMR. Complete PMR was an independent predictor of in‐hospital
mortality in this study.
Preoperative hemodynamic instability and cardiogenic shock or difficulty to wean
from CPB may warrant the use of an intra‐aortic balloon pump (IABP) to offload the left
ventricle by reducing afterload and improving coronary perfusion [25]. Preoperative
stabilization should not lead to a false sense of security and delay of surgery, because the
subsequent course can be characterized by sudden and unpredictable deterioration and
progression to death [2,3,6,7]. An IABP was required in 21 patients (44%) preoperatively.
The IABP could be removed in 3 patients at the end of the procedure. Another 6 patients
required an IABP intraoperatively. Therefore, intraoperative IABP requirement was 50%.
Similar to the findings reported in several other studies [14,17], preoperative IABP
requirement was not a predictor of in‐hospital mortality in this study. Intraoperative IABP
requirement, however, was a strong independent predictor of in‐hospital mortality; with an
in‐hospital mortality of 45.8% for patients who required an IABP intraoperatively versus an
in‐hospital mortality of 4.0% for patients who did not require an IABP intraoperatively,
P=0.001. This finding highlights the negative impact of immediate postoperative
hemodynamic instability on in‐hospital mortality.
Although PMR can lead to rapid hemodynamic instability, left ventricular ejection
fraction (LVEF) appears to be relatively preserved in patients requiring mitral valve surgery
for post‐MI PMR [7,14]. The data from this study supports that finding, since 71% of
patients had a normal LVEF (>50%), 21% had a moderately impaired LVEF (30‐50%), and
only 8% had a severely impaired LVEF (<30%). LVEF did not predict in‐hospital mortality in
our study and several other studies [14,17]. A relatively preserved LVEF may result in
greater shearing forces on the ischemic PM, which may render it more prone to rupture [3].
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Preservation of LVEF may be related to limited infarct size [7] and limited extent of
coronary artery disease (CAD) in this population [7,14]. Different studies have shown a high
incidence of one‐vessel CAD in patients requiring mitral valve surgery for post‐MI PMR,
ranging from 23% to 44% [7,14]. This study supports these findings with an incidence of
one‐vessel CAD of 48%.
The additional benefit of concomitant CABG in the setting of mitral valve surgery
for post‐MI PMR remains unclear. Two studies from the Mayo Clinic have shown that
concomitant CABG can improve immediate and long‐term survival [7,16]. Similar to the
findings reported in several other studies [15,17], concomitant CABG was not a predictor of
in‐hospital mortality in this study. In‐hospital mortality was 20.8% in the concomitant
CABG group and 29.2% in the no concomitant CABG group, P=0.505. We also determined if
revascularization (with a preoperative percutaneous coronary intervention (PCI) and/or
with concomitant CABG) predicted in‐hospital mortality in patients undergoing mitral
valve surgery for post‐MI PMR. 12 patients underwent a preoperative PCI (balloon
angioplasty with or without stenting); 24 patients underwent concomitant CABG (4 of these
patients had also undergone a preoperative PCI). In‐hospital mortality was 21.9% in the
revascularization group and 31.3% in the no revascularization group, P=0.500.
Revascularization did not predict in‐hospital mortality. At this point, there are no
randomized studies to determine the importance of concomitant CABG in this setting.
Concomitant CABG may improve postoperative LV function and survival, but these
potential benefits have to be weighed against the consequences of prolonging the duration
of cardiopulmonary bypass (CPB). CPB time was a predictor of in‐hospital mortality (but
not an independent predictor) and mean CPB time was significantly longer in patients who
underwent concomitant CABG (207 minutes) versus no concomitant CABG (149 minutes),
P=0.002. A hybrid approach with mitral valve surgery followed by PCI, if required, or
preoperative PCI of the infarct‐related artery (culprit lesion) followed by mitral valve
surgery might be useful alternative strategies. Especially because the percentage of patients
with single vessel CAD is high in this population; 48% in our study and 23‐44% in other
studies [7,14]. Randomized studies would have to identify whether such hybrid approaches
are superior to concomitant CABG in the setting of post‐MI PMR.
When post‐MI PMR is complete, repair is often not possible or advisable because of
friable infarcted tissue [7,12,15,16]. Mitral regurgitation secondary to partial or incomplete
PMR with limited adjacent tissue damage is often amenable to a reliable repair, provided
established repair techniques are used and adjacent tissue is not friable [7,8,10‐13,16,26]. All
10 repair patients in this study experienced partial or incomplete PMR. (Ischemic) PMR is
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one of the rare conditions in which several Carpentier functional types of regurgitation
(type I, annular dilatation, type II leaflet prolapse, and type IIIb restricted leaflet motion) can
more or less coexist [26], which is important to realize during repair. In‐hospital mortality
was 0.0% in the repair group versus 31.6% in the replacement group, P=0.048. MVR was not
an independent predictor of in‐hospital mortality. MVR without preservation of the
subvalvular apparatus (i.e. with disruption of valvularventricular or papillary muscle‐
annular continuity) was associated with a higher in‐hospital mortality (50.0% for MVR
without preservation of the subvalvular apparatus versus 20.8% for MVR with preservation
of the subvalvular apparatus, P=0.081; or versus 14.7% for the combined group with a
preserved subvalvular apparatus (repair or MVR with preservation of the subvalvular
apparatus), P=0.024), but it was not an independent predictor of in‐hospital mortality. In
general it has been shown that MVR with preservation of the subvalvular apparatus
maintains postoperative LV contractile function and improves outcome [9]. As shown in
this study, preservation of the subvalvular apparatus in MVR for post‐MI PMR also seems
to have a beneficial influence on in‐hospital mortality.
Limitations of this study include the retrospective design, the long time frame, and
the relatively small number of patients. However, compared to the previously published
literature on this subject this is one of the largest published cohorts that underwent mitral
valve surgery for post‐MI PMR. Future (multicenter) investigations should include larger
(preferably randomized) cohorts to more accurately identify independent predictors of
short‐ and long‐term outcome and to determine outcome benefits of mitral valve repair
versus replacement for post‐MI PMR.

■ Conclusions
Our findings indicate that the logistic EuroSCORE (optimal cut‐off ≥40%), EuroSCORE II
(optimal cut‐off ≥25%), complete PMR, and intraoperative IABP requirement are strong
independent predictors of in‐hospital mortality in patients undergoing mitral valve surgery
for post‐MI PMR. These predictors may aid in surgical decision making and they may help
improve the quality of informed consent.
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■ Abstract
BACKGROUND: Papillary muscle rupture (PMR) is a rare, but dramatic mechanical
complication of myocardial infarction (MI), which can lead to rapid clinical deterioration
and death. Immediate surgical intervention is considered the optimal and most rational
treatment, despite high risks. In this study we sought to identify overall long‐term survival
and its predictors for patients who underwent mitral valve surgery for post‐MI PMR.
METHODS: Fifty consecutive patients (mean age 64.7 ± 10.8 years) underwent mitral valve
repair (n = 10) or replacement (n = 40) for post‐MI PMR from January 1990 through May
2014. Clinical data, echocardiographic data, catheterization data, and surgical data were
stored in a dedicated database. Follow‐up was obtained in June of 2014; mean follow‐up
was 7.1 ± 6.8 years (range 0.0‐22.2 years). Univariate and multivariate Cox proportional
hazard regression analyses were performed to identify predictors of long‐term survival.
Kaplan‐Meier curves were compared with the log‐rank test.
RESULTS: Kaplan‐Meier cumulative survival at 1, 5, 10, 15, and 20 years was 71.9 ± 6.4%,
65.1 ± 6.9%, 49.5 ± 7.6%, 36.1 ± 8.0% and 23.7 ± 9.2%, respectively. Univariate and
multivariate analyses revealed logistic EuroSCORE ≥40% and EuroSCORE II ≥25% as strong
independent predictors of a lower overall long‐term survival. After removal of the
EuroSCOREs from the model, preoperative inotropic drug support and mitral valve
replacement (MVR) without (partial or complete) preservation of the subvalvular apparatus
were independent predictors of a lower overall long‐term survival.
CONCLUSIONS: Logistic EuroSCORE ≥40%, EuroSCORE II ≥25%, preoperative inotropic
drug support and MVR without (partial or complete) preservation of the subvalvular
apparatus are strong independent predictors of a lower overall long‐term survival in
patients undergoing mitral valve surgery for post‐MI PMR. Whenever possible, the
subvalvular apparatus should be preserved in these patients.
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■ Background
In the current era of early reperfusion with primary percutaneous coronary intervention
(PCI) following acute ST‐elevation myocardial infarction (STEMI), the incidence of post‐
myocardial infarction papillary muscle rupture (post‐MI PMR) has dropped from 1‐5% in
the eighties and early nineties to <0.5% in recent years [1‐3]. Although rare, PMR is still a
dramatic complication, which can lead to rapid clinical deterioration and death [1].
Approximately 80% of ruptures occur within 7 days after MI, but a delayed rupture several
weeks or months after MI is also possible [1,2,4]. The natural history of post‐MI PMR is
extremely unfavorable and under medical treatment alone mortality may be as high as 50%
in the first 24 hours (especially when PMR is complete), and as high as 80% in the first week
[4,5].
Since the first mitral valve replacement (MVR) for post‐MI PMR in 1965 [6], several
reports have emphasized that immediate surgical intervention is the optimal and most
rational treatment for acute PMR, despite high risks [2,4,7]. Although mitral valve repair
may improve outcome due to a better preservation of postoperative left ventricular (LV)
function [8‐13], MVR is generally preferred in these hemodynamically unstable, high‐risk
patients [7,14‐18].
In this study we sought to identify overall long‐term survival and its predictors for
patients who underwent mitral valve surgery for post‐MI PMR.

■ Methods
This study was conducted in accordance with the guidelines of the University Medical
Center Groningen Institutional Review Board.
Patients
Between January 1990 and May 2014, 50 consecutive patients underwent mitral valve
surgery for moderate‐to‐severe (grade 3+) or severe (grade 4+) mitral regurgitation (MR)
caused by post‐MI PMR. Clinical data, echocardiographic data, catheterization data, and
surgical data were stored in a dedicated database. Baseline patient characteristics are
summarized in Table 1. All patients had a documented MI before PMR. Infarct location was
determined electrocardiographically and echocardiographically (by the detection of wall
motion abnormalities). Four patients (8%) had a history of congestive heart failure, 12
patients (24%) had hypertension, 9 patients (18%) had diabetes mellitus, 16 patients (32%)
were smokers, 6 patients (12%) had hypercholesterolemia, 7 patients (14%) were obese
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Table 1. Preoperative patient data (n = 50)
Variablea

Value

Age, years

64.7±10.8

Gender
Male

36 (72)

Female

14 (28)

NYHA functional class
Class III

7 (14)

Class IV

43 (86)

EuroSCORE I (logistic), %

29.9±22.6

EuroSCORE II, %

19.6±14.5

Previous myocardial infarction

50 (100)

Inferior and/or posterior

34 (68)

Inferoposterolateral

13 (26)

Anterolateral

9 (18)

Coronary artery disease

50 (100)

Left main stenosis

3

(6)

One‐vessel disease

24 (48)

Two‐vessel disease

18 (36)

Three‐vessel disease

8 (16)

Infarct related artery
Left anterior descending coronary artery
Left circumflex coronary artery

1

(2)

29 (58)

Right coronary artery

20 (40)

Previous percutaneous coronary intervention
Previous cardiac surgery

14 (28)
0

(0)

1

(2)

Preoperative grade of mitral regurgitation
3+ (moderate)
4+ (severe)

49 (98)

Preoperative LV function
Normal

(EF >50%)

34 (68)

Moderately impaired

(EF 30‐50%)

11 (22)

Severely impaired

(EF <30%)

5 (10)

Heart rhythm
Sinus rhythm

45 (90)

Atrial fibrillation

5 (10)

Pacemaker

0

(0)

Pulmonary artery pressure
Systolic/diastolic, mmHg

45±13/25±10

Mean, mmHg

32±10

Pulmonary capillary wedge pressure, mmHg

24±14

Mechanical ventilation

23 (46)

Inotropic drug support

28 (56)

Intra‐aortic balloon pump

23 (46)
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Serum creatinine, μmol/L

159±94

Acute renal failure

10 (20)

Cardiogenic shock

33 (66)

a

Data are presented as mean±standard deviation or number (%).

EF = ejection fraction; LV = left ventricle; NYHA = New York Heart Association.

(body mass index > 30 kg/m2), 2 patients (4%) had peripheral vascular disease, 7 patients
(14%) had a family history of coronary artery disease, 1 patient (2%) had chronic renal
disease, 3 patients (6%) had chronic obstructive pulmonary disease, and 5 patients (10%)
had cerebrovascular disease.
Echocardiography and coronary angiography
All patients underwent preoperative echocardiography (transthoracic (TTE) and/or
transesophageal (TEE)) and coronary angiography. TTE accurately revealed the diagnosis of
PMR in 20 patients (40%). PMR was suspected in the remaining 30 patients (60%) and
confirmed with TEE in 24 patients (48%). In 6 patients (12%) the exact mechanism of MR
remained inconclusive. LV function was assessed by echocardiography. In addition, wall
motion abnormalities were documented for infarct localization.
Surgical technique
Surgical data is summarized in Table 2.
Patients were considered to undergo a salvage operation when brought to the
operating room under cardiopulmonary resuscitation, an emergency operation when
brought to the operating room directly from the catheterization lab or intensive care unit
because of hemodynamic instability, and an urgent operation when operated on during the
same hospitalization as for angiography because their discharge was deemed medically
unreasonable [19]. Otherwise the operation was considered elective.
PMR was confirmed during surgery in all patients. When a papillary muscle (PM)
was divided into several heads, rupture of a single head was defined as ʺpartialʺ [11,12]. In
case of detachment of the main insertion of a head which still remained fixed to the remnant
PM via muscular bridges, rupture was defined as ʺincompleteʺ [11,12]. Rupture of the whole
PM was defined as ʺtotal and completeʺ [11,12]. Posteromedian papillary muscle rupture
(PMPMR) occurred in 44 patients (88%), anterolateral papillary muscle rupture (ALPMR)
occurred in 5 patients (10%), and combined complete PMPMR and ALPMR occurred in 1
patient (2%). Complete PMPMR occurred in 15 patients (39%), incomplete PMPMR occurred
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Table 2. Surgical data (n = 50)
Variablea

Value

Mitral valve surgery
Salvage

2

(4)

Emergent

31 (62)

Urgent

11 (22)

Elective

6 (12)

Timing of mitral valve surgery
Surgery <7 days after MI

29 (58)

Surgery >7 days and <30 days after MI
Surgery >30 days after MI

9 (18)
12 (24)

Mitral valve replacement

40 (80)

Mechanical prosthesis

36 (90)

Bioprosthesis

4 (10)

Preservation of the SA (partial/complete)

26 (65)

AMVL and attached SA (partial/complete)

5 (19)

PMVL and attached SA (partial/complete)

14 (54)

AMVL and PMVL and attached SA (partial/complete)

7 (27)

Mitral valve repair

10 (20)

Concomitant surgery

28 (56)

Coronary artery bypass grafting

24 (48)

Septal rupture closure

2 (4)

Aortic valve replacement

1 (2)

Tricuspid valve plasty

2 (4)

Duration of surgery, min

278±88

Cardiopulmonary bypass time, min
Aortic cross‐clamp time, min

179±67
98±35

Intraoperative IABP requirement

26 (52)

a

Data are presented as mean±standard deviation or number (%).

AMVL = anterior mitral valve leaflet; IABP = intra‐aortic balloon pump; MI =
myocardial infarction; PMVL = posterior mitral valve leaflet; SA = subvalvular
apparatus.

in 2 patients (5%), and partial PMPMR occurred in 25 patients (57%). Complete ALPMR
occured in 4 patients (80%), incomplete ALPMR did not occur, and partial ALPMR occurred
in 1 patient (20%). Isolated posterior mitral valve leaflet (PMVL) prolapse was found in 15
patients (30%), isolated anterior mitral valve leaflet (AMVL) prolapse was found in 12
patients (24%), and combined prolapse was found in 23 patients (46%).
Myocardial protection was carried out using moderate systemic hypothermia and
antegrade or combined antegrade and retrograde cardioplegia. The mitral valve was
exposed with a left atriotomy (in 36 patients), with a transseptal approach (in 13 patients), or
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with a left ventriculotomy (in one patient with a ventricular septal rupture). Surgeon’s
choice dictated treatment strategy. Ten patients underwent mitral valve repair (20%). The
mitral valve was repaired by reimplantation of the PM in the LV wall combined with an
annuloplasty ring in 1 patient, by reimplantation of the PM in the corresponding PM with a
sandwiched pledget‐reinforced polytetrafluorethylene (PTFE) suture combined with an
annuloplasty ring in 2 patients, by quadrangular resection of P2 combined with an
annuloplasty ring in 6 patients, and by commissuroplasty combined with an annuloplasty
ring in 1 patient. Mitral valve repair with a quadrangular resection of P2 combined with an
annuloplasty ring failed intraoperatively in 1 patient and resulted in MVR. Concomitant
procedures were performed in 28 patients (56%) and concomitant coronary artery bypass
grafting (CABG) was performed in 24 patients (48%) (Table 2). After weaning from
cardiopulmonary bypass mitral valve competence was confirmed with TEE.
Patients who underwent mitral valve repair or MVR with a bioprosthesis received
acenocoumarol treatment for 3 months and patients who underwent MVR with a
mechanical prosthesis were put on lifelong acenocoumarol treatment. In addition, patients
who underwent concomitant CABG also received lifelong acetylsalicylic acid treatment.
Follow‐up
Follow‐up was obtained in June of 2014 directly from outpatient visits or by telephone
interview with the patient and/or the referring physician. No patient was lost to follow‐up.
Overall long‐term mortality was defined as death of any cause after surgery (and included
in‐hospital deaths).
Statistics
Continuous variables were expressed as mean ± standard deviation. Categorical variables
were expressed as percentages.
Cox proportional‐hazard regression analysis was used to determine univariate
predictors and multivariate independent predictors of overall long‐term survival.
Univariate variables with P<0.10 were included in the multivariate analysis. Age and gender
were included in all multivariate models, irrespective of the results of univariate analysis.
Multivariate analysis was performed with the logistic EuroSCORE (continuous variable)
(model 1), with the EuroSCORE II (continuous variable) (model 2), with logistic EuroSCORE
≥40% (categorical variable) (model 3), with EuroSCORE II ≥25% (categorical variable)
(model 4), and without the EuroSCOREs (model 5). Multivariate Cox proportional‐hazard
regression analysis by means of a forward stepwise algorithm (cut‐off for entry and removal
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set at a significance level of 0.05) was performed to identify independent predictors of
overall long‐term survival. Hazard ratios were reported with 95% confidence intervals (CI).
Goodness of fit of the final model was assessed with the Chi square (χ2) goodness‐of‐fit test
(the log likelihood statistic).
Separate multivariate analyses were performed with a cut‐off value of 40% for the
logistic EuroSCORE (model 3) and a cut‐off value of 25% for the EuroSCORE II (model 4).
We have previously shown that these values were optimal cut‐off values in predicting in‐
hospital mortality [13]. The EuroSCOREs were included as categorical variables at these cut‐
off values to determine if they could also predict overall long‐term survival.
Survival curves were calculated and presented according to the product‐limit
method of Kaplan and Meier. Cumulative survival was expressed as percentage ± standard
error. Survival was expressed as mean ± standard error. Differences in survival between
groups were compared with the log‐rank test.
All calculations were performed using a commercially available statistical package
(IBM SPSS Statistics 21.0; IBM Corporation, Armonk, NY). Statistically significant
differences were established at P<0.05.

■ Results
Overall long‐term survival
Mean follow up was 7.1 ± 6.8 years (range 0.0 to 22.2 years). Total follow‐up was 353.1
patient‐years. Actuarial overall long‐term survival after mitral valve surgery for post‐MI
PMR is shown in Fig. 1. Kaplan‐Meier cumulative survival at 1, 5, 10, 15, and 20 years was
71.9 ± 6.4%, 65.1 ± 6.9%, 49.5 ± 7.6%, 36.1 ± 8.0% and 23.7 ± 9.2%, respectively. Causes of
death are shown in Table 3. At last follow‐up all survivors (n = 21) were in NYHA functional
class I or II.
Predictors of overall long‐term survival
Univariate and multivariate Cox regression analyses of long‐term survival are shown in
Table 4. Multivariate analysis was performed with the logistic EuroSCORE (continuous
variable) (model 1), with the EuroSCORE II (continuous variable) (model 2), with logistic
EuroSCORE ≥40% (categorical variable) (model 3), with EuroSCORE II ≥25% (categorical
variable) (model 4), and without the EuroSCOREs (model 5).
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Figure 1. Kaplan‐Meier actuarial overall long‐term survival after mitral valve surgery for post‐MI
PMR
Pts = patients; + = censored.

Table 3. Postoperative patient data (n = 50)
Variable/Conditiona

Value

Reoperation for recurrent MR

1

(2)

Causes of death (n=29)
(End‐stage) heart failure

a

9 (31)

Refractory cardiogenic shock

3 (10)

Haemorrhagic shock (massive bleeding)

2

Acute myocardial infarction

1

(3)

Arrhythmic sudden death

1

(3)

Septal rupture

1

(3)

Left ventricular rupture

1

(3)

Ruptured aortic aneurysm

1

(3)

Non‐cardiac

3 (10)

Unknown

7 (24)

Data are presented as number (%).

MR = mitral regurgitation.
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Table 4. Predictors of a lower overall long‐term survival by univariate and multivariate Cox
proportional hazard regression analysis
Variable

HR

Univariate analysis
P value
95% CI

HR

Multivariate analysis
P value
95% CI

Age, y

1.07

1.02‐1.11

0.003

-

-

-

Logistic EuroSCORE, %

1.07

1.04‐1.09

<0.001

1.06

1.03‐1.09

<0.001 a

EuroSCORE II, %

1.07

1.04‐1.10

<0.001

1.06

1.02‐1.09

0.002 b

Logistic EuroSCORE >40%

14.28

5.65‐36.11

<0.001

16.69

4.23‐65.84

<0.001 c

EuroSCORE II >25%

6.16

2.81‐13.48

<0.001

4.31

1.67‐11.14

0.003 d

Preoperative LVEF <30%

4.31

1.58‐11.81

0.004

-

-

-

PAP (systolic), mmHg

1.03

1.00‐1.06

0.069

-

-

-

PAP (diastolic), mmHg

1.04

1.00‐1.08

0.071

-

-

-

Mean PAP, mmHg

1.04

1.00‐1.08

0.059

-

-

-

Inotropic drug support

3.51

1.56‐7.90

0.002

6.27

1.97‐19.95

0.002 e

Preoperative IABP requirement

2.69

1.25‐5.77

0.011

-

-

-

Serum creatinine, μmol/L

1.00

1.00‐1.01

0.059

-

-

-

Acute renal failure

2.29

0.96‐5.48

0.062

-

-

-

Cardiogenic Shock

3.37

1.35‐8.41

0.009

-

-

-

Salvage/Emergent mitral valve surgery

2.56

1.08‐6.06

0.032

-

-

-

MVR without preservation of the

2.60

1.23‐5.46

0.012

3.40

1.19‐9.69

0.022 e

subvalvular apparatus
No concomitant CABG

1.89

0.89‐4.01

0.098

-

-

-

Concomitant septal rupture

4.17

0.94‐18.54

0.061

-

-

-

Cardiopulmonary bypass time, min

1.01

1.00‐1.01

0.026

-

-

-

Intraoperative IABP requirement

2.99

1.37‐6.51

0.006

-

-

-

a

Model 1; b Model 2; c Model 3; d Model 4; e Model 5.

CABG = coronary artery bypass grafting; CI = confidence interval; HR = hazard ratio; IABP = intra‐aortic balloon pump;
LVEF = left ventricular ejection fraction; MVR = mitral valve replacement; PAP = pulmonary artery pressure.

Model 1
Multivariate Cox proportional‐hazard regression analysis with the logistic EuroSCORE as a
continous variable revealed the logistic EuroSCORE as an independent predictor of overall
long‐term survival (hazard ratio 1.06 (95% CI 1.03‐1.09), Wald χ2 17.84, P<0.001). The χ2
goodness‐of‐fit test (log likelihood ratio test) was significant, indicating that this
multivariate model is a good fit (χ2=22.57, df=1, P<0.001).
Model 2
Multivariate Cox proportional‐hazard regression analysis with the EuroSCORE II as a
continuous variable revealed the EuroSCORE II as an independent predictor of overall long‐
term survival (hazard ratio 1.06 (95% CI 1.02‐1.09), Wald χ2 9.68, P=0.002). The χ2 goodness‐
of‐fit test (log likelihood ratio test) was significant, indicating that this multivariate model is
a good fit (χ2=10.44, df=1, P=0.001).
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Model 3
Multivariate Cox proportional‐hazard regression analysis with the logistic EuroSCORE
≥40% (categorical variable) revealed the logistic EuroSCORE ≥40% as an independent
predictor of a lower overall long‐term survival (hazard ratio 16.69 (95% CI 4.23‐65.84), Wald
χ2 16.16, P<0.001). The χ2 goodness‐of‐fit test (log likelihood ratio test) was significant,
indicating that this multivariate model is a good fit (χ2=26.56, df=1, P<0.001). The influence
of a logistic EuroSCORE ≥40% on overall long‐term survival is shown in a Kaplan‐Meier
survival curve (Fig. 2A). Patients with a logistic EuroSCORE ≥40% had a significantly lower
mean overall long‐term survival (1.1 ± 0.6 years) compared to patients with a logistic
EuroSCORE <40% (14.5 ± 1.4 years, P<0.001).

Figure 2. Kaplan‐Meier actuarial overall long‐term survival after mitral valve surgery for post‐MI
PMR
(A) Logistic EuroSCORE <40% vs. Logistic EuroSCORE ≥40%. (B) EuroSCORE II <25% vs. EuroSCORE
≥25%.
ES II = EuroSCORE II; Log. ES = logistic EuroSCORE; Pts = patients; + = censored.

Model 4
Multivariate Cox proportional‐hazard regression analysis with the logistic EuroSCORE
≥25% (categorical variable) revealed the logistic EuroSCORE ≥25% as an independent
predictor of a lower overall long‐term survival (hazard ratio 4.31 (95% CI 1.67‐11.14), Wald
χ2 9.12, P=0.003). The χ2 goodness‐of‐fit test (log likelihood ratio test) was significant,
indicating that this multivariate model is a good fit (χ2=10.64, df=1, P=0.001). The influence
of an EuroSCORE II ≥25% on overall long‐term survival is shown in a Kaplan‐Meier
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survival curve (Fig. 2B). Patients with an EuroSCORE II ≥25% had a significantly lower
mean overall long‐term survival (2.5 ± 1.2 years) compared to patients with an EuroSCORE
II <25% (14.1 ± 1.5 years, P<0.001).
Model 5
After removal of the EuroSCOREs from the model, preoperative inotropic drug support
(hazard ratio 6.27 (95% CI 1.97‐19.95), Wald χ2 9.64, P=0.002) and MVR without (partial or
complete) preservation of the subvalvular apparatus (SA) (hazard ratio 3.40 (95% CI 1.19‐
9.69), Wald χ2 5.21, P=0.022) were independent predictors of a lower overall long‐term
survival. The χ2 goodness–of‐fit test (log likelihood ratio test) was significant, indicating that
this multivariate model is a good fit (χ2=14.06, df=2, P=0.001). The influence of preoperative
inotropic drug support and preservation of the SA on overall long‐term survival are shown
in Kaplan‐Meier survival curves (Fig. 3A‐C). Patients who required preoperative inotropic
drug support had a significantly lower mean overall long‐term survival (6.2 ± 1.4 years)
compared to patients who did not require preoperative inotropic drug support (14.7 ± 1.9
years, P=0.001) (Fig. 3A). Patients in which the mitral valvular‐ventricular continuity was
preserved (i.e. patients who underwent mitral valve repair or MVR with (partial or
complete) preservation of the SA) had a significantly higher mean overall long‐term
survival (12.4 ± 1.6 years) compared to patients who underwent MVR without (partial or
complete) preservation of the SA (5.4 ± 2.1 years, P=0.008) (Fig. 3B). A survival comparison
between patients who underwent MVR with (n = 26) or without (partial or complete)
preservation of the SA (n = 14) also showed that MVR with (partial or complete)
preservation of the SA carries a significantly higher mean overall long‐term survival (11.4 ±
1.9 years) than MVR without (partial or complete) preservation of the SA (5.4 ± 2.1 years,
P=0.037) (Fig. 3C). The type of preservation (partial or complete preservation of the anterior,
or posterior, or both mitral valve leaflets and the attached SA) did not influence overall
long‐term survival.
Univariate and multivariate analyses showed that both MVR and concomitant
CABG did not predict overall long‐term survival. Patients who underwent MVR had a
mean overall long‐term survival (9.2 ± 1.5 years) that did not differ significantly from the
mean overall long‐term survival in patients who underwent mitral valve repair (14.0 ± 2.7
years, P=0.111). Patients who did not undergo concomitant CABG had a mean overall long‐
term survival (8.1 ± 1.5 years) that did not differ significantly from the mean overall long‐
term survival in patients who did undergo concomitant CABG (12.7 ± 2.1 years, P=0.089).
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Figure 3. Kaplan‐Meier actuarial overall long‐term survival after mitral valve surgery for post‐MI
PMR
(A) No preoperative inotropic drug support vs. preoperative inotropic drug support. (B) Mitral valve replacement
with (partial or complete) preservation of the subvalvular apparatus or mitral valve repair vs. mitral valve
replacement without (partial or complete) preservation of the subvalvular apparatus. (C) Mitral valve replacement
with (partial or complete) preservation of the subvalvular apparatus vs. mitral valve replacement without (partial
or complete) preservation of the subvalvular apparatus.
MVP = mitral valve plasty/repair; MVR =mitral valve replacement; SA = subvalvular apparatus; Pts = patients; +
= censored.
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■ Discussion
Overall long‐term survival for patients who underwent mitral valve surgery for post‐MI
PMR was 71.9 ± 6.4% after 1 year, 65.1 ± 6.9% after 5 years, 49.5 ± 7.6% after 10 years, 36.1 ±
8.0% after 15 years, and 23.7 ± 9.2% after 20 years in this study. Previous studies reported
similar overall long‐term survival rates with 1 year‐survival ranging between 75% and 81%
[14,15], 5 year‐survival ranging between 65% and 68% [14,15,17] and 10 year‐survival
ranging between 32% and 56% [14,15,17].
Both the logistic EuroSCORE and EuroSCORE II were strong independent
predictors of overall long‐term survival in this study. The logistic EuroSCORE was
introduced in 1999 and has proven its value as an important risk‐stratification model in
cardiac surgery [20]. However, the model was mainly designed for predicting in‐hospital
mortality in CABG patients and its predictive power has declined in recent years [21]. To
more accurately predict in‐hospital mortality for patients undergoing a wider range of
cardiac surgical procedures the EuroSCORE II was introduced in 2012 [22]. Although both
EuroSCOREs were not specifically designed for patients undergoing mitral valve surgery
for post‐MI PMR or to assess long‐term survival, these models can both be used as
predictors of overall long‐term survival in this setting. Both EuroSCOREs contain items that
were shown to be univariate predictors (P<0.10) of overall long‐term survival in this study,
such as age, serum creatinine (incorporated in the creatinine clearance in EuroSCORE II),
left ventricular ejection fraction (LVEF), (systolic) pulmonary artery pressure, preoperative
inotropic drug support/intra‐aortic balloon pump (IABP) requirement/acute renal failure (all
incorporated in the “critical preoperative state” item of both EuroSCOREs), emergency
surgery, and postinfarct septal rupture (only incorporated in the logistic EuroSCORE as a
separate item) (Table 4). A logistic EuroSCORE ≥40% and an EuroSCORE II ≥25% are both
strong independent predictors of a worse overall long‐term survival after mitral valve
surgery for post‐MI PMR (hazard ratio 16.69 and 4.31, respectively).
Preoperative hemodynamic instability and cardiogenic shock following post‐MI
PMR may warrant the use of inotropes and/or an IABP. However, stabilization should never
lead to delay of surgery, because rapid clinical deterioration and death are always imminent
[2,4,7]. We previously showed that intraoperative IABP requirement was an independent
predictor of in‐hospital mortality after mitral valve surgery for post‐MI PMR [13], but it was
not an independent predictor of overall long‐term mortality in this study. Preoperative
inotropic drug support was a strong independent predictor of overall long‐term survival in
this study. Mean overall long‐term survival was significantly lower in the group that
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required preoperative inotropes (6.2 ± 1.4 years) compared to the group that did not require
preoperative inotropes (14.7 ± 1.9 years, P=0.001). Preoperative inotropic drug requirement
may reflect reduced viability of myocardial reserve and a tendency towards a faster
postoperative deterioration of LVEF (and a reduced survival) over time. However, relative
preservation of LVEF in most post‐MI PMR patients requiring mitral valve surgery [7,14]
contradicts this explanation. Alternatively, inotropic drugs themselves may also have
deleterious effects, which may only become apparent after a certain period of time. Several
studies have shown that inotropic stimulation of contractility in hibernating myocardium
without restoration of blood flow increases short‐term myocardial contractility at the
expense of accelerated apoptosis and further degeneration of myocardial function [23‐25].
These effects may also occur after short‐term use of inotropic drugs. However, the influence
of (preoperative) inotropic drug support on postoperative LVEF was not assessed in this
study.
MR secondary to partial or incomplete PMR with limited adjacent tissue damage is
often amenable to a reliable repair, provided established repair techniques are used and
adjacent tissue is not friable [7,8,10‐13,17]. All 10 repair patients in this study experienced
partial or incomplete PMR. Complete post‐MI PMR generally requires MVR because of
friable infarcted tissue [7,11,13,15,17]. In this study mean overall long‐term survival in the
repair group (14.0 ± 2.7 years) did not differ significantly from the mean overall long‐term
survival in the replacement group (9.2 ± 1.5 years, P=0.111). A major finding in this study is
that (partial or complete) preservation of the SA in patients undergoing mitral valve surgery
for post‐MI PMR independently predicts and significantly improves overall long‐term
survival. Patients in which mitral valvular‐ventricular continuity or papillary muscle‐
annular continuity was preserved (i.e. patients who underwent mitral valve repair or MVR
with (partial or complete) preservation of the SA) had a significantly higher mean overall
long‐term survival (12.4 ± 1.6 years) compared to patients who underwent MVR without
(partial or complete) preservation of the SA (5.4 ± 2.1 years, P=0.008). A separate survival
comparison in the replacement group also showed that mean overall long‐term survival is
significantly higher after MVR with (partial or complete) preservation of the SA (11.4 ± 1.9
years) compared to MVR without (partial or complete) preservation of the SA (5.4 ± 2.1
years, P=0.037). In general it has been shown that MVR with preservation of the SA
maintains postoperative LV contractile function and improves outcome [9]. This study
shows that MVR with (partial or complete) preservation of the SA improves overall long‐
term survival specifically for patients with post‐MI PMR. Several techniques are available
for preservation of the SA in MVR [26]. The type of preservation (partial or complete
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preservation of the anterior, or posterior, or both mitral valve leaflets and the attached SA)
did not influence overall long‐term survival in this study. Although we prefer to preserve as
much of the SA in MVR as possible to maintain optimal valvular‐ventricular (or papillary
muscle‐annular) continuity [27], resection of the anterior mitral valve leaflet and the
attached SA are frequently required to facilitate implantation of a suitably sized valve, to
prevent interference of the SA with the prosthetic valve mechanism, and to prevent LV
outflow tract obstruction [26].
The relative importance of concomitant CABG in the setting of mitral valve surgery
for post‐MI PMR remains unclear. It has been shown that concomitant CABG can improve
immediate [7,16] and long‐term survival [7] after post‐MI PMR, but a more recent study was
unable to corroborate those findings for long‐term survival [17]. Concomitant CABG was
not a predictor of overall long‐term survival in this study. Mean overall long‐term survival
was 12.7 ± 2.1 years in the concomitant CABG group and 8.1 ± 1.5 years in the no
concomitant CABG group, P=0.089. Revascularization of any kind (preoperative PCI
(balloon angioplasty with or without stenting) (n = 10), concomitant CABG (n = 20), or both
(n = 4)) also did not improve overall long‐term survival. Mean overall long‐term survival
was 11.8 ± 1.8 years in the revascularization group and 7.8 ± 1.9 years in the no
revascularization group, P=0.143. At this point, there are no randomized studies to
determine the relative importance of concomitant CABG or hybrid PCI approaches in the
setting of post‐MI PMR. Results from the SHOCK (should we emergently revascularize
occluded coronaries in cardiogenic shock) trial did show improved long‐term survival with
early revascularization for cardiogenic shock complicating MI [28], but patients with PMR
were excluded in this trial. Concomitant CABG may improve postoperative LV function and
survival in the setting of post‐MI PMR, but these potential benefits have to be weighed
against the consequences of prolonging the duration of cardiopulmonary bypass.
A propensity‐matched case‐control study recently showed that life expectancy may
return to normal (i.e. to the life expectancy of patients with a similar MI, but without PMR)
for operative survivors (patients who survived the first 30 days after surgery) [17]. Five‐year
survival for patients with a similar MI but no PMR was 79 ± 4%; 10‐year survival was 55 ±
6% [17]. After recalculation, results from this study support those findings with a 5‐year
survival rate of 86 ± 6% and a 10‐year survival rate of 65 ± 9% for operative survivors.
Return to normal life expectancy provides an additional argument for prompt diagnosis and
aggressive surgical treatment of post‐MI PMR.
Even though this is one of the largest studies on mitral valve surgery for post‐MI
PMR, the number of patients is still relatively small. Other limitations include the long time
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frame and the non‐randomized retrospective design. Larger multicenter (preferably
randomized) studies are required to more accurately identify independent predictors of
short‐ and long‐term outcome and to determine potential outcome benefits of mitral valve
repair over replacement for post‐MI PMR. However, such studies would be very difficult to
conduct and would probably face major ethical issues.

■ Conclusions
Our findings indicate that logistic EuroSCORE ≥40%, EuroSCORE II ≥25%, preoperative
inotropic drug support and MVR without (partial or complete) preservation of the
subvalvular apparatus are strong independent predictors of a lower overall long‐term
survival in patients undergoing mitral valve surgery for post‐MI PMR. Whenever possible,
the subvalvular apparatus should be preserved in these patients.
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CHAPTER 9

■ Abstract
Libman‐Sacks endocarditis of the mitral valve was first described by Libman and Sacks in
1924. Currently, the sterile verrucous vegetative lesions seen in Libman‐Sacks endocarditis
are regarded as a cardiac manifestation of both systemic lupus erythematosus (SLE) and the
antiphospholipid

syndrome

(APS).

Although

typically

mild

and

asymptomatic,

complications of Libman‐Sacks endocarditis may include superimposed bacterial
endocarditis, thrombo‐embolic events, and severe valvular regurgitation and/or stenosis
requiring surgery. In this study we report two cases of mitral valve repair and two cases of
mitral valve replacement for mitral regurgitation (MR) caused by

Libman‐Sacks

endocarditis. In addition, we provide a systematic review of the English literature on mitral
valve surgery for MR caused by Libman‐Sacks endocarditis. This report shows that mitral
valve repair is feasible and effective in young patients with relatively stable SLE and/or
APS and only localized mitral valve abnormalities caused by Libman‐Sacks endocarditis.
Both clinical and echocardiographic follow‐up after repair show excellent mid‐ and long‐
term results.
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■ Introduction
In 1924 Libman and Sacks first described four cases of non‐bacterial verrucous vegetative
endocarditis [1]. The sterile verrucous lesions of Libman‐Sacks (LS) endocarditis (Fig. 1)
show a clear predisposition for the mitral and aortic valves and are nowadays seen as both a
cardiac manifestation of systemic lupus erythematosus (SLE) and, more recently, of the
antiphospholipid syndrome (APS) [2‐5].
SLE is an autoimmune disorder resulting in multi‐organ inflammatory damage.
Over the last decades with prolonged survival and improvement in diagnostic techniques,
particularly in echocardiography, cardiac disease associated with SLE has become more
apparent [6,7]. A recent echocardiographic study revealed that LS vegetations can be found
in approximately 11% of patients with SLE [8]. In 63% of these patients with vegetations the
mitral valve was involved [8]. Earlier echocardiographic studies reported a higher
prevalence of LS vegetations in patients with SLE, ranging from 53% to 74% [9,10].
Antiphospholipid syndrome (APS) has been defined as venous or arterial
thrombosis, recurrent fetal loss, or thrombocytopenia accompanied by increased levels of
antiphospholipid antibodies (aPLs) (i.e. anticardiolipin antibodies and the lupus
anticoagulant) [11‐14]. This syndrome can be either primary or secondary to an underlying
condition (most commonly SLE) [11‐14]. An echocardiographic study in patients with
primary APS showed that approximately one third of these patients have LS valvular
lesions [4]. SLE is frequently accompanied by the presence of aPLs, which is associated with
a higher prevalence of valvular abnormalities in SLE patients [5,15].
Although typically mild and asymptomatic, LS endocarditis can lead to serious
complications, including superimposed bacterial endocarditis, thrombo‐embolic events,
such as stroke and transient ischemic attacks, and severe valvular regurgitation and/or
stenosis requiring surgery.
The literature on mitral valve surgery for mitral regurgitation (MR) caused by LS
endocarditis is comparatively sparse. In this study we report two cases of mitral valve repair
and two cases of mitral valve replacement for MR caused by LS endocarditis. In addition,
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Figure 1. Verrucous vegetations seen in Libman‐Sacks endocarditis of the mitral valve
The sterile fibrofibrinous vegetations seen in LS endocarditis of the mitral valve may vary in size and typically
have a wart‐like morphology. They can be found near the edge of the leaflets along the line of closure; both on the
atrial and ventricular sides of the leaflets. They can even be found on the chordae and the endocardium. In this
case several microthrombi are present on the free edge of the leaflet and on the chordae.
Reproduced with permission from: Dr. S. Gonzalez. Copyright 2009, Department of Pathology, Pontifical
Catholic University of Chile, Santiago, Chile.

we provide a systematic review of the English literature on mitral valve surgery for MR
caused by LS endocarditis.

■ Case Reports
We analyzed our institution’s mitral valve surgery database and found four patients who
underwent mitral valve surgery for MR caused by LS endocarditis in the period 1995‐2008.
Patient 1
A 49‐year‐old Caucasian man presented at our institution with SLE that had been diagnosed
originally in August 1996. Manifestations of his disease included arthritis, a rash on sun‐
exposed skin, and skin lesions resembling urticaria. Laboratory findings are shown in Table
1. A skin biopsy revealed urticarial vasculitis. There was no evidence of cerebral or renal
involvement. His therapy for SLE required long‐term plaquenil and prednisone. In
September 1997 the patient was admitted with progressive exertional dyspnea, cardiac
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decompensation, and a blowing systolic murmur at the apex radiating to the left axilla.
Transthoracic (TTE) and transesophageal echocardiography (TEE) revealed severe MR with
thickened mitral valve leaflets and a small vegetation on the posterior mitral valve leaflet.
Repeated blood cultures were negative and there was no other evidence of infective
endocarditis.

The

patient

was

recompensated

with

diuretics

and

discharged.

Echocardiographic follow‐up over the following months revealed a rapid increase in left
ventricular (LV) diameters and normal LV function. Results of cardiac catherization are
shown in Table 1. The patient underwent mitral valve repair in March 1998. Intraoperative
inspection showed slightly thickened, but otherwise surprisingly normal leaflets. A small
perforation was found in the P2 section of the posterior leaflet. Preoperatively a small
vegetation was found near this location. Although rare and more often seen in infectious
endocarditis, leaflet perforation in LS endocarditis has been reported before [16]. This
patient’s history did not reveal any documented thrombo‐embolic events. A quadrangular
resection of the P2 section of the posterior mitral valve leaflet was performed, followed by
implantation of a 32 mm Carpentier‐Edwards Classic annuloplasty ring. Microscopic
examination of the excised mitral valve segment revealed myxoid degeneration and no
evident signs of inflammation. Although evidence of LS endocarditis could not be found
microscopically, the diagnosis was made based on the clinical features, laboratory findings,
and echocardiographic appearance. The patient’s recovery from surgery was uneventful,
and he was discharged on the seventh postoperative day. Echocardiographic follow‐up
revealed stable trace MR from April 1998 through January 2009. When last seen in March
2009, the patient was doing well, except for a mild degree of dyspnea.
Patient 2
A 56‐year‐old Caucasian man presented at our institution with severe SLE that had been
diagnosed originally in July 2003. Manifestations of his disease included arthritis,
pericarditis, and pleuritis without any evidence of skin, cerebral or renal involvement.
Laboratory findings are shown in Table 1. His therapy for SLE required long‐term
prednisone, plaquenil and azathioprine. On routine examination in 2006 the patient
appeared to have a blowing systolic murmur at the apex radiating to the left axilla. TTE
revealed mitral valve thickening with focal vegetations and severe MR. Repeated blood
cultures were negative and there was no other evidence of infectious endocarditis. Results
of cardiac catheterization are shown in Table 1. The patient underwent mitral valve
replacement with a 31 mm St. Jude mechanical prosthesis in October 2007. The excised
mitral valve was thickened and fibrotic with focal vegetations. Microscopic pathologic
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Table 1. Preoperative baseline characteristics of four patients with MR caused by LS endocarditis
Patient
Gender
Age (years)
SLE/APS
Years of SLE/APS
Steroids
Valve Lesion
NYHA class
Echocardiography
‐MR grade
‐LV function
Cardiac Catheterization
‐PAP (mmHg) (N: 15‐30/3‐12mmHg)
‐PCWP (mmHg) (N: 1‐10 mmHg)
‐LVEDP (mmHg) (N: 3‐12 mmHg)
‐Cardiac Output (L/min/m2) (N: 2.6‐4.2 L/min/m2)
Laboratory tests
‐Repeated blood cultures
‐CRP (mg/l) (N: 0‐5 mg/l)
‐White blood cell count (x109/l) (N: 4.0‐10.0x109/l)

1
Male
49
SLE
1.5
yes
MR
IV

2
Male
56
SLE
4
yes
MR
I

3
Female
28
APS
1
no
MR
III

4
Female
22
APS
0.5
no
MR
I

4+
normal

4+
normal

4+
normal

2+
normal

34/6
10
10

41/18
18
18

32/21
21
19

NA
NA
NA

2.74

3.20

4.30

NA

neg
38

neg
60

neg
3

neg
34

4.6

3.8

6.8

8.9

‐Thrombocyte count (x109/l) (N: 150‐300x109/l)

258
249
105
114
‐Lupus anticoagulant (N: neg)
NA
NA
pos
pos
‐Anti‐cardiolipin Ab (IgG) (U/ml) (N: <10 U/ml)
<10
25
>100
53
‐Anti‐cardiolipin Ab (IgM) (U/ml) (N: <10 U/ml)
<10
<10
<10
<10
‐Complement C3 (g/l) (N: 0.90‐1.80 g/l)
0.39
0.77
1.19
1.57
‐Complement C4 (g/l) (N: 0.10‐0.40 g/l)
0.13
0.19
0.31
0.39
‐Anti‐Nuclear Antibody (ANA) titer (N: <20)
320
>640
40
40
‐Anti‐ds‐DNA Ab (Farr‐assay) (U/ml) (N: <10 U/ml)
11
154
<3
5
‐Extractable Nuclear Antigens (ENA) (N: neg)
NA
neg
neg
neg
Ab = antibodies; APS = anti‐phospholipid syndrome; CRP = C‐reactive protein; ds‐DNA = double stranded
DNA; LS = Libman‐Sacks; LV(EDP) = left ventricular (end‐diastolic pressure); MR = mitral regurgitation;
N = normal values; NA = not available; NYHA = New York Heart Association; PAP = pulmonary artery
pressure; PCPW = pulmonary capillary wedge pressure; SLE = systemic lupus erythematosus.

examination of the excised mitral valve revealed fibrosis, neovascularization, and
vegetations with fibrinplatelet thrombi and evident inflammatory cell infiltration (Fig.
2A,B). LS endocarditis of the mitral valve was confirmed. The patient’s recovery from
surgery was uneventful, and he was discharged on the seventh postoperative day.
Echocardiographic follow‐up revealed no MR. When last seen in April 2009, the patient was
doing well.
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Figure 2. Microscopic histopathological examination of excised mitral valve tissue in patient 2 (A,B), 3
(C,D), and 4 (E,F)
(A) Photomicrograph of patient 2. Hematoxylin and Eosin (HE) stain of the atrial surface of the excised mitral
valve anterior leaflet. Orginal magnification × 25. (B) Magnified section of A. Original magnification × 400.
Fibrinoid changes and neovascularization at the base of the vegetation. The vegetation consists of fibrin‐platelet
thrombi and shows signs of acute and chronic inflammation with neutrophil and mononuclear cell infiltration. (C)
Photomicrograph of patient 3. HE stain of the atrial surface of the excised mitral valve posterior leaflet. Orginal
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magnification × 50. (D) Magnified section of C. Original magnification × 400. Fibrinoid and hyaline changes at
the base of the vegetation. The vegetation itself shows signs of fibroblastic organization of fibrin‐platelet thrombus
and an inflammatory infiltrate with neutrophils. (E) Photomicrograph of patient 4. HE stain of the atrial surface
of the excised mitral valve posterior leaflet. Orginal magnification × 50. (F) Magnified section of E. Original
magnification × 200. Fibrinoid and myxoid degenerative changes at the base of the vegetation. The vegetation
shows signs of organization of fibrin‐platelet thrombus without an evident inflammatory reaction. Sporadically,
several neutrophils and mononuclear cells can be found in this section.
Black transparant rectangles outline magnified sections shown in the right‐hand column. V = vegetation.

Patient 3
A 28‐year‐old Caucasian woman was referred to our institution in October 2006 with
arthralgias and intermittent hemoptysis. She had a missed abortion earlier that year, when
she was nine weeks pregnant. Laboratory findings are shown in Table 1. The patient was
diagnosed with primary APS. In November 2006 she presented with exertional dyspnea and
a blowing systolic murmur at the apex radiating to the left axilla. TTE revealed mitral valve
leaflet thickening with small vegetations on the edges of both leaflets (Fig. 3A,B) and severe
MR with backflow into the pulmonary veins (Fig. 3C). Repeated blood cultures were
negative and there was no other evidence of infectious endocarditis. Results of cardiac
catheterization are shown in Table 1. The patient underwent mitral valve replacement in
October 2007. Intraoperative inspection revealed thickened and fibrotic mitral valve leaflets
with focal vegetations (Fig. 3D,E). Therefore, mitral valve repair was not considered possible
and the mitral valve was replaced with a 31 mm St. Jude mechanical prosthesis. Microscopic
pathologic examination of the excised mitral valve revealed myxoid and hyaline
degeneration, fibrosis, and vegetations with fibrin‐platelet thrombi and evident
inflammatory cell infiltration (Fig. 2C,D). LS endocarditis of the mitral valve was confirmed.
The patient’s recovery from surgery was uneventful, and she was discharged on the seventh
postoperative day. Echocardiographic follow‐up revealed no MR. When last seen in June
2009, the patient was doing well.
Patient 4
A 22‐year‐old Hispanic woman with a history of hypothyreoidism was referred to our
institution in October 2007 after a transient ischemic attack of the right cerebral hemisphere
with temporary left hemiplegia. Routine TTE revealed a tumor with a diameter of
approximately 1 cm on the atrial side of the posterior mitral valve leaflet (Fig. 4A,B) as the
source of this thrombo‐embolic event. In addition, a normal LV function and moderate
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Figure 3. Two‐dimensional TTE examination and intraoperative inspection of the mitral valve in
patient 3
(A) Parasternal long‐axis view, systolic. (B) Apical four‐chamber view, systolic. Morphologic examination of the
mitral valve leaflets in both views revealed several structural abnormalities, such as leaflet thickening and
vegetations on the edges of both leaflets. (C) Severe MR as determined by jet area (13.4 mm2) divided by left atrial
area (25.9 mm2) (= 52%) and the vena contracta width (= 6 mm, not shown). (D) Superior view of the excised
posterior mitral valve leaflet (as seen from the left atrium). (E) Frontal view of the excised posterior mitral valve
leaflet. Both views show marked thickening and calcification of the posterior mitral valve leaflet and several
thrombotic vegetations on the edge of the leaflet.
Ao = aorta; LA = left atrium; LV = left ventricle; MR = mitral regurgitation; V = vegetations.

(grade 2+) MR was found (Fig. 4C). Repeated blood cultures were negative and there was no
other evidence of infectious endocarditis. Based on her history and the echocardiographic
appearance of the tumor the initial working diagnosis was papillary fibroelastoma.
Laboratory findings are shown in Table 1. The patient was diagnosed with primary APS.
Subsequently, LS endocarditis of the mitral valve was considered as an alternative
diagnosis. To prevent future thrombo‐embolic events the patient was accepted for mitral
valve surgery. Cardiac catherization was not performed. The patient underwent mitral
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Figure 4. Two‐dimensional TTE examination and intraoperative inspection of the mitral valve in
patient 4
Morphologic examination of the mitral valve in both views revealed a 0.8 × 1.0 cm tumor on the posterior mitral
valve leaflet; (A) Parasternal long‐axis view, mid‐diastolic; (B) Apical four‐chamber view, end‐diastolic. (C) Mild‐
to‐moderate MR as determined with color‐Doppler TTE; apical four‐chamber view, systolic. (D) Intraoperative
inspection of the mitral valve (transseptal approach): a verrucous thrombotic tumor was found on the P2 section of
the posterior mitral valve leaflet. (E) The verrucous thrombotic tumor was removed with a quadrangular resection
of P2.
Ao = aorta; LA = left atrium; LV = left ventricle; MR = mitral regurgitation; T = tumor.

valve repair in March 2008. Intraoperative inspection showed a large verrucous tumor on
the atrial side of the P2 section of the posterior mitral valve leaflet (Fig. 4D). A quadrangular
resection of the P2 section of the posterior mitral valve leaflet was performed (Fig. 4E),
followed by implantation of a 28 mm Cosgrove‐Edwards annuloplasty ring. Microscopic
examination of the excised mitral valve segment revealed myxoid degeneration and large
vegetations with fibrin‐platelet thrombi, but without an evident inflammatory infiltrate (Fig.
2E,F). The initial working diagnosis of papillary fibroelastoma could not be confirmed on
microscopic examination. A definite diagnosis of LS endocarditis was made. The patient’s
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recovery from surgery was uneventful, and she was discharged on the seventh
postoperative day. Echocardiographic follow‐up after 1.5 years revealed no recurrence of
MR. When last seen in September 2009, the patient was doing well.
Systematic Review
We systematically reviewed the literature on mitral valve surgery for (isolated) MR caused
by (SLE and/or APS related) LS endocarditis (Table 2). We performed separate Medline
(PubMed), EMBASE, and Cochrane database queries with the following text and keywords:
ʺlibman‐sacks endocarditis, mitralʺ, ʺantiphospholipid syndrome, mitralʺ, and ʺnon‐
bacterial thrombotic endocarditis, mitralʺ. All papers were considered irrespective of their
quality or the journal in which they were published. We then used strict criteria. Titles and
abstracts were screened and relevant papers were selected. All papers with a case report or
a series of case reports on mitral valve surgery for (isolated) MR caused by LS endocarditis
were included. Reports not written in English were excluded, as well as reports without a
clear description of MR etiology and/or mitral valve pathology. In addition, cases of mitral
valve surgery for mitral stenosis (MS) (4 cases) or combined MR and MS (11 cases) caused
by LS endocarditis were excluded. Although these exclusions may be seen as a limitation,
we believe it is a particular strength of this study, since it generated a “clean” cohort of
patients that underwent mitral valve surgery for (isolated) MR caused by Libman‐Sacks
endocarditis.

■ Discussion
Nowadays LS endocarditis is seen as a cardiac manifestation of both SLE and APS [2‐5]. LS
endocarditis is usually typically mild and asymptomatic, but can lead to serious
complications, such as superimposed bacterial endocarditis, thrombo‐embolic events, and
valvular regurgitation and/or stenosis requiring surgery. The mitral valve is most
commonly affected [8,10]. The presence of APLs in patients with SLE is related to a higher
prevalence of valvular abnormalities [5,15], which suggests a possible role for APLs in the
pathogenesis.
Pathogenesis
At this point the exact pathogenesis of LS endocarditis is still unclear. The initial insult to
the valve, which causes endothelial damage and elicits the pathogenetic sequence of events,
has not yet been identified. However, LS endocarditis has been assumed to involve the
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Table 2. Systematic review of the English literature on mitral valve surgery for (isolated) MR caused by
Libman‐Sacks endocarditisa
Ref Year Gender/ SLE,APS/

Steroids MR

MVR/

Surgical procedure

Follow‐up

Reis‐Hancock porcine bioprosthesis
Beall Surgitoul mechanical prosthesis
Porcine xenograft (bioprosthesis)
Hancock porcine bioprosthesis

alive 2 months post‐op
alive 6 months post‐op
alive 4 months post‐op
NR

Hancock porcine bioprosthesis
Björk‐Shiley mechanical prosthesis
Starr‐Edwards mechanical prosthesis

NR
CVA 17 months post‐op
alive 4 years post‐op

c

Carpentier‐Edwards porcine
bioprosthesis

alive 26 months post‐op

d

Carpentier‐Edwards heterograft
(bioprosthesis)

NR

74
75
75
80

Age, y
F/22
F/43
F/18
F/27

Duration, y
SLE/3
SLE/2
SLE/4
SLE/0.3

yes
yes
yes
no

gradeb MVP
4+
MVR
4+
MVR
4+
MVR
4+
MVR

[21] 81
[22] 83
[23] 86

M/51
F/20
M/43

SLE/21
SLE/2
SLE/2

no
yes
yes

4+
4+
NR

MVR
MVR

[24] 88

F/54

SLE/2

yes

4+

MVR

[25] 88

F/22

SLE/<1

no

4+

MVR

[26] 90
[27] 94
[28] 95

F/67
M/34
F/42
F/28

SLE/10
SLE/9
APS/1
SLE/0.5

yes
yes
no
yes

2+/3+
4+
2+/3+
4+

[29] 95

F/17

SLE/5

yes

4+

[30] 95

F/29

APS/0

yes

4+

St. Jude mechanical prosthesis
Carpentier‐Edwards bioprosthesis
Medtronic Hall mechanical prosthesis
Resection of the prolapsed posterior
commissure and restoration with an
autologous pericardial patch;
sliding plasty of the anterior leaflet;
transposition of secondary chordae
to the commisure; Carpentier‐Edwards
annuloplasty ring
MVP Posterior leaflet enlargement with
pericardial patch and Carpentier‐
Edwards annuloplasty ring
reMVR Cryopreserved homograft
MVR St. Jude mechanical prosthesis

[31] 96

M/37

SLE,APS/>2 yes

[17]
[18]
[19]
[20]

c

MVR

c

MVR

MVR
MVR
MVP

c

1+/2+ MVR

MS 6 months post‐op
due to calcification
alive 1 year post‐op
alive 2 years post‐op

Carpentier‐Edwards porcine
bioprosthesis
reMVR Carpentier‐Edwards porcine
bioprosthesis
MVR St. Jude mechanical prosthesis

recurrent A‐V fistula

MVRe

NR
NR
alive >1 year post‐op

[32] 96

F/40

SLE/12

yes

4+

[33] 00

F/51
F/49
F/23

SLE,APS/NR no
SLE,APS/7
yes
SLE/8
yes

4+
4+
4+

MVR
MVR

F/54

SLE/7

yes

4+

MVPf

F/64

SLE/2

yes

4+

MVP

[35] 01

F/52

APS/NR

no

4+

MVP

[36] 02
[37] 03

M/50
F/54

APS/0
no
SLE,APS/13 yes

0/1+
4+

MVP
MVR

Quadrangular resection of the posterior
leaflet and Duran annuloplasty ring
Kay`s annuloplasty and Cosgrove
annuloplasty ring
Removal of two mitral valve masses
Bioprosthesis (not further specified)

[38] 03

M/23

SLE/NR

NR

4+

MVP

not further specified

[39] 03
[40] 03

F/44
F/57

SLE/1
SLE,APS/3

yes
NR

3+
4+

[41] 04

F/48

APS/NR

yes

F/73

APS/NR

yes

[34] 01

died intraoperatively
alive 2.5 years post‐op
NR
no MR recurrence
1 year post‐op

not further specified
not further specified
St. Jude mechanical prosthesis

not further specified
reMVR St. Jude mechanical prosthesis
e

MVRc,d St. Jude mechanical prosthesis
MVR Mechanical prosthesis (not further
specified)
3+/4+ MVR Carbomedics mechanical prosthesis
reMVR not further specified
3+/4+ MVR Hancock porcine bioprosthesis
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died 1 month post‐op
alive 2 weeks post‐op

MR 29 months post‐op
alive >5 years post‐op
alive >3 years post‐op
alive 3 months post‐op
alive 9 weeks post‐op
bioprosth. thrombosis &
death 9 months post‐op
NR
alive 6 months post‐op
MI 2 days post‐op
MR 90 months post‐op
died 6 months post‐op
died 13 months post‐op
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c

F/47

APS/NR

yes

3+/4+ MVR

Carbomedics mechanical prosthesis

[42] 05
[43] 06

F/38
F/51
F/36
F/34

SLE,APS/NR
SLE,APS/NR
SLE/8
SLE/9

yes
yes
NR
yes

3+/4+
3+/4+
4+
0/1+

MVR
MVR
MVP
MVP

Carbomedics mechanical prosthesis
Carbomedics mechanical prosthesis
not further specified
Resection of A3 and attached chordae
(en‐bloc); restoration of the anterior
leaflet; 4 PTFE neochordae

[44] 07

F/28

SLE,APS/4.5 yes

4+

MVR

[16] 08

M/58

SLE,APS/0

no

3+/4+ MVP

Bouma 10

M/49

SLE/1.5

yes

4+

MVP

M/56
F/28
F/22

SLE/4
APS/1
APS/0.5

yes
no
no

4+
4+
2+

MVR
MVR
MVP

a

c,d

Mechanical prosthesis (not further
specified)
Valvuloplasty and annuloplasty
(not further specified)
Quadrangular resection of the posterior
leaflet (P2) and Carpentier‐Edwards
annuloplasty ring
St. Jude mechanical prosthesis
St. Jude mechanical prosthesis
Quadrangular resection of the posterior
leaflet (P2) and Cosgrove‐Edwards
annuloplasty ring

splenic embolus 3 and
CVA 10 months post‐op
alive 42 months post‐op
alive 32 months post‐op
alive 33 months post‐op
mild MR 1 year post‐op
no MR recurrence 6
months post‐op
NR
NR
stable trace MR
11 years post‐op
alive >1.5 years post‐op
alive >1.5 years post‐op
no MR recurrence
1.5 years post‐op

Reports not written in English or reports of mitral valve surgery in patients with SLE and/or APS without a description

of MR etiology and mitral valve pathology were excluded; cases of MS (n=4) or combined MR/MS (n=11) caused by LS
endocarditis were also excluded.
b

MR severity grading: 0, no or trace MR; 1+, mild MR; 2+, moderate MR; 3+, moderate‐to‐severe MR; 4+, severe MR.

c

Including aortic valve replacement (AVR).

d

e

Including CABG.

f

Including tricuspid valve plasty (TVP).

Including aortic valve plasty (AVP).

A‐V = atrioventricular; APS = antiphospholipid syndrome; CVA = cerebrovascular accident; F = female; M = male; MI =
myocardial infarction; MR = mitral regurgitation; MS = mitral stenosis; MVP = mitral valve plasty; MVR = mitral valve
replacement; NR = not reported; PTFE = polytetrafluorethylene; SLE = systemic lupus erythematosus.

formation of fibrin‐platelet thrombi on the altered valve, the organization of which leads to
valve fibrosis, edema, diffuse thickening, mild inflammatory changes, valve distortion,
scarring, and subsequent valvular dysfunction [5,7,17‐19]. Both valve thickening and
formation of vegetations represent different stages of the same pathological proces [5].
Immunologic injury has been postulated as a possible initiating insult, since
immunofluorescent microscopy revealed deposition of immunoglobulins and complement
on affected valves [5,19]. Rather than playing a more direct pathogenetic role, aPLs are
thought to promote thrombus formation on the endothelium of valves already
compromised by immune complex deposition, leading to further valvular damage and
inflammation [5,8,15,17,18,20,21].
Microscopy
Valvular LS lesions are microscopically characterized by fibrin deposits at various stages of
fibroblastic organization, neovascularization, occasional hematoxylin bodies, and by a
variable extent of inflammation with mononuclear cell infiltration [6,7]. Valvular lesions
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change over time [10] and the end‐stage or healed form of LS verrucous endocarditis is a
fibrous plaque, sometimes with focal calcification [5]. If the lesions are extensive enough,
their healing may be accompanied by marked scarring, thickening, and deformity of the
valve [5].
LS Endocarditis versus Non‐Bacterial Thrombotic Endocarditis (NBTE)
Microscopically, the mitral valve vegetations seen in SLE are distinct from those seen in
(primary) APS. A rather remarkable difference is the absence (or minimal extent) of
inflammatory cell infiltration in (primary) APS [5,22]. To emphasize this difference some
authors prefer to use the term NBTE for the valve lesions seen in primary APS instead of the
term LS endocarditis. However, others (including the authors of this study) prefer to use the
term LS endocarditis, because the two underlying diseases are both auto‐immune
phenomena, are often interrelated (APS secondary to SLE), and probably share a (partially)
similar pathologic pathway in causing valve lesions.
Differentiation from infective endocarditis and intracardiac tumors
Due to its asymptomatic nature establishing a diagnosis of LS endocarditis can be rather
difficult. This is further complicated by the fact that the condition can mimick intracardiac
tumors [23‐25] and bacterial endocarditis (ʺpseudoinfective” endocarditis) [26] or may
coexist with (superimposed) bacterial endocarditis (also known as “double‐decker”
endocarditis) [7,26,27].
The modified Duke criteria can be useful in helping differentiate between true
infective endocarditis and LS endocarditis [28]. Helpful laboratory markers in
distinguishing infective endocarditis from LS endocarditis are the white blood cell count
(elevated in infective endocarditis and often decreased in LS endocarditis), C‐reactive
protein levels (elevated in infective endocarditis and relatively low in LS endocarditis), aPL
levels (normal in infective endocarditis and moderate to high in LS endocarditis), and
(repeated) blood cultures (positive in infective endocarditis and negative in LS endocarditis)
[21,29]. Echocardiographically, LS vegetations appear as valve masses of varying size and
shape with irregular borders and echodensity, they are firmly attached to the valve surface
and exhibit no independent motion [8]. Contrary to the vegetations of infective endocarditis,
which typically exhibit independent motion [30].
As previously demonstrated [23‐25] and as we showed in patient 4, differentiation
from intracardiac tumors can also be difficult. Although LS vegetations are usually typically
sessile, wartlike, and small, varying from pinhead size to 3‐4 mm [5], they can become

__________
284

MV SURGERY FOR MR CAUSED BY LIBMAN‐SACKS ENDOCARDITIS
rather large making them difficult to distinguish (echocardiographically) from a typical
mitral valve tumor such as papillary fibroelastoma. On echocardiography papillary
fibroelastoma usually arise via a pedicle from mitral valve tissue or adjacent endocardium,
and have a characteristic frond‐like appearance [31]. A remarkable feature that LS
vegetations do not posses.
Recently, a prospective randomized controlled study showed that TEE was
superior to TTE in diagnosing LS endocarditis [32]. Nevertheless, establishing the diagnosis
remains challenging.
Treatment with corticosteroids and anticoagulation
Corticosteroids do not prevent LS endocarditis, but they facilitate healing of LS lesions over
time by decreasing the amount of inflammation [5,33‐35]. However, they can increase
fibrosis and scarring, ultimately worsening valvular damage and dysfunction [5,33‐35].
Nonetheless, appropriate steroid therapy to control SLE disease activity is important.
The risk of thrombo‐embolic events (mainly stroke and transient ischemic attacks)
is increased in LS endocarditis [8]. Current therapeutic guidelines for APS include thrombo‐
embolic prevention with long‐term anticoagulation [5]. In addition, patients with LS
endocarditis who have suffered a thrombo‐embolic event are recommended to be on
lifelong anticoagulation for prevention of future thrombo‐embolic events [5]. Moreover,
implantation of a mechanical valve requires anticoagulation and atrial fibrillation is
frequently a concomitant condition necessitating anticoagulation in patients with severe
MR. In other words, lifelong anticoagulation can often not be avoided in these patients.
Mitral valve surgery
In most patients hemodynamically important valvular dysfunction can be controlled with
conservative treatment (i.e. immunosuppression, anticoagulation, endocarditis profylaxis,
and specific heart failure treatment including ACE‐inhibitors, beta‐blockers, and diuretics)
[5,36,37]. However, if severe symptomatic valvular dysfunction persists mitral valve surgery
may be required.
Valve repair versus replacement and valve selection
In contemporary cardiac surgery mitral valve repair has become the mainstay of surgical
treatment for most causes of MR. Particularly, in the last two decades there has been a
gradual shift from mitral valve replacement to mitral valve repair for MR caused by a broad
range of etiologies. Several general advantages of mitral valve repair over replacement
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include a lower operative mortality rate, higher survival rates, better maintainance of LV
function, a lower risk of endocarditis, a lower risk of thrombo‐embolic complications, less
use of lifelong anticoagulation, and lower costs [38,39].
In recent years mitral valve repair for significant MR due to LS endocarditis has
been described in 10 patients (Table 2) [16,23,24,40‐45]. Unfortunately the exact surgical
repair techniques were not described in 4 of these patients [16,42,44,45]. In this report we
added two mitral valve repair cases to the literature with a precise description of mitral
valve pathology and mitral valve repair techniques. In both patients (one with SLE and one
with primary APS) intraoperative macroscopic examination revealed only localized
abnormalities with otherwise relatively normal leaflets. Therefore mitral valve repair was
considered a good surgical option in these two patients. Echocardiographic and clinical
follow‐up of both patients after 11 and 1.5 years, respectively, showed excellent results and
no recurrence of MR. To our knowledge, this is the longest follow‐up ever described after
mitral valve repair for MR caused by LS endocarditis.
Some studies suggest that results of mitral valve replacement are usually superior
to repair for LS endocarditis [41,42]. According to these studies, severe (ongoing)
calcification and fibrosis lead to rapid recurrence of MR after repair with a subsequent
reoperation and mitral valve replacement [41,42]. In our systematic review we found two
cases of mitral valve replacement after initial repair for MR due to LS endocarditis [41,42]. In
the first case severe mitral stenosis developed 6 months after mitral valve repair due to
ongoing calcification [41] and in the second case severe MR recurred 29 months after repair
[42].
Taken together, we believe mitral valve repair for LS endocarditis of the mitral
valve can be justified in specific patients. If SLE and/or APS has been relatively stable (with
immunosuppresive therapy) in a young patient, if intraoperative macroscopic examination
reveals relatively normal leaflets with only localized abnormalities, and if repair seems
feasible, then mitral valve repair is in our opinion certainly justified and probably the
preferred surgical option. Especially in young females, who are likely to become pregnant in
the near future, longterm anticoagulation is preferably avoided by mitral valve repair.
However, as previously mentioned, anticoagulation is often still necessary in LS
endocarditis and APS to prevent future thrombo‐embolic events. In that case mitral valve
replacement with preservation of the subvalvular apparatus may be a good surgical
alternative.
In case of mitral valve replacement, prosthetic valve selection is highly
individualized based on age and other factors. In patients with bleeding abnormalities the
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superiority of bioprosthetic valves over mechanical valves is clear. However, mechanical
valve replacement is recommended in patients at low risk with anticoagulation and at high
risk for bioprosthetic valve calcification. Although successful placement of porcine
bioprostheses in patients with LS endocarditis has been reported (Table 2), complications
can arise. In our systematic review we found one case in which a bioprosthetic porcine valve
had to be replaced, because it was affected by (rapid) calcification and valvulitis and
subsequent perforation [46] and another case in which massive bioprosthetic thrombosis
occurred [47]. Again stressing the importance of anticoagulation in this disease. In addition,
(SLE associated) renal failure can accelerate bioprosthetic degeneration as a consequence of
abnormal calcium and phosphate metabolism [40]. Therefore, a mechanical prosthesis may
provide better results than a bioprosthesis for MR caused by LS endocarditis, even though
mechanical prostheses carry a higher risk of thrombo‐embolic complications.
Evidently, no definite consensus has been reached at this point as to whether or not
these valves should be replaced or repaired and whether a mechanical prosthesis is more
advantageous than a bioprosthesis.

■ Conclusion
LS endocarditis should be strongly suspected when significant valve dysfunction, such as
MR, develops during the course of SLE and/or APS. Differentiation from infective
endocarditis and intracardiac tumors can be difficult, but is important and has different
therapeutic implications. After establishing the diagnosis, periodic echocardiographic
follow‐up is recommended to detect detoriation of valvular function. When severe
symptomatic MR requires surgery, mitral valve repair should always be considered. This
report showed that mitral valve repair is feasible and effective in young patients with
relatively stable SLE and/or APS and only localized mitral valve abnormalities caused by LS
endocarditis. Both clinical and echocardiographic follow‐up showed excellent mid‐ and
long‐term results.
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■ Abstract
A 37‐year‐old man with end‐stage idiopathic dilated cardiomyopathy underwent an
orthotopic heart transplant followed by a reoperation with mitral annuloplasty for severe
mitral regurgitation. Shortly thereafter, he developed severe tricuspid regurgitation and
severe recurrent mitral regurgitation due to annuloplasty ring dehiscence. The dehisced
annuloplasty ring was refixated, followed by tricuspid annuloplasty through a right
anterolateral thoracotomy. After four years of follow‐up, there are no signs of recurrent
mitral or tricupid regurgitation and the patient remains in New York Heart Association
class II. Pushing the envelope on conventional surgical procedures in marginal donor hearts
(both before and after transplantation) may not only improve the patient’s functional status
and reduce the need for retransplantation, but it may ultimately alleviate the chronic
shortage of donor hearts.
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■ Background
Although cardiac transplantation has become a relatively common procedure, its major
limitation is still the chronic shortage of donor hearts. Potentially, the donor pool could be
expanded by extending donor selection criteria and by performing conventional surgical
procedures on the donor heart, such as coronary artery bypass grafting or valve repair [1‐4].
The limits of these procedures are being pushed to improve the patient’s functional status
and to reduce the need for re‐transplantation.
This report shows the feasibility of mitral valve repair and re‐repair in a
transplanted heart. To our knowledge, this is the first report of mitral valve re‐repair in a
transplanted heart.

■ Case presentation
A 37‐year‐old man (length 1.98 m, weight 120 kg, body surface area 2.57 m2) with end‐stage
idiopathic dilated cardiomyopathy underwent an orthotopic heart transplant in June 2006.
The donor was a 53‐year‐old man with no history of heart disease who had suffered
intracerebral hemorrhage. A predonation echocardiogram revealed grade 1+ mitral
regurgitation (MR), no other valvular lesions, and a moderate left ventricular (LV) function
(Table 1). Coronary angiography was unavailable. Palpation did not reveal any coronary
artery disease.
The donor heart was preserved with St. Thomas’ solution (flush‐perfusion) and
implanted using the biatrial anastomotic technique. The total ischemic time of the donor
heart was 226 minutes. Intraoperative transesophageal echocardiography (TEE) (during
dopamine and noradrenaline support after weaning from cardiopulmonary bypass)
revealed grade 1+ MR. The postoperative course was complicated by prolonged inotropic
support (3 days) and atrial fibrillation. The donor heart experienced substantial ischemic
damage as shown by high levels of postoperative serum creatine kinase (maximum level
2500 U/L) and creatine kinase‐MB (maximum level 246 U/L). A predischarge transthoracic
echocardiogram (TTE) revealed grade 2+ MR, grade 1+ tricuspid regurgitation (TR),
inferoposterior hypokinesia, and a moderate LV function. Sixteen routine endomyocardial
biopsies in the first year after transplantation showed no significant rejection episodes
(International Society of Heart and Lung Transplantation (ISHLT) grade ≤ IA).
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Table 1. Overview of events, treatment, NYHA class, and echocardiographic follow‐up
Event

Month & Year

Treatment

Heart transplant June 2006
Discharge
June 2006

‐
‐

NSTEMI
June 2007
(inferoposterior)

PCI RCA with 2
PRO‐kinetic stents

Follow‐up

‐

Recipient
TTE/TEE
Echocardiographic findings
NYHA class
4
Pre‐op donor TTE MR 1+, TR 0, moderate LVF
3
Pre‐discharge TTE MR 2+, TR1+, moderate LVF
(inferoposterior hypokinesia)
3
‐
‐
TTE and TEE

MR 4+a,b (Fig 1A), TR 2+,

2

Post‐op TTE

dilatation of the LV and
deterioration of LVF
MR 1+, TR 1+, moderate LVF

2
3

‐
TTE and TEE

2

Post‐op TTE

2

TTE

September 2008 Upgrade to CRT‐D
July 2010
‐

2
2

‐
TTE

February 2012

2

TTE

January 2008

NSTEMI
(inferior)

May 2008

Total AV block
Follow‐up

May 2008
June 2008
July 2008

August 2008

4

Mitral valve repair
(CE classic 32 mm ring);
hybrid PCI of the Cx
DDD‐pacemaker
‐
Redo mitral repair (ring
refixation) and tricuspid
repair (CE classic 36 mm
ring)
‐

‐

‐
MR 4+ (ring dehiscence) (Fig 1B),
TR 4+ (Fig 1C), moderate LVF
MR 1+, TR 1+, moderate LVF

Moderate LVF, intraventricular
dyssynchronia
‐
MR 1+ (Fig 1D), TR 1+ (Fig 1D),
moderate LVF
MR 1+, TR 1+, moderate LVF

a

MR severity: jet surface area (18.5 cm2)/LA surface area (36.5 cm2)=51%; vena contracta = 65 mm.

b

Mitral geometry: annular diameter = 39 mm (TEE, LAX), 40 mm (TTE, PLAX), 43 mm (TTE, AP4CH); intercommissural

width = 36 mm (TEE, basal SAX); interpapillary muscle distance = 12 mm (TTE, PSAX); tenting height = 5 mm (TTE,
AP4CH), 6 mm (TTE, PLAX); tenting area = 1.0 cm2 (TEE, LAX), 1.1 cm2 (TTE, AP4CH); posterior tethering angle = 20°
(TTE, AP4CH); anterior tethering angle = 16° (TTE, PLAX).
AP4CH = apical four‐chamber view; AV = atrioventricular; CE = Carpentier‐Edwards; CRT‐D = cardiac resynchronization
therapy‐defibrillator; Cx = circumflex coronary artery; DDD = dual chamber/dual demand; LA = left atrial; LV(F) = left
ventricular (function); MR = mitral regurgitation; NSTEMI = non ST‐segment elevation myocardial infarction; NYHA = New
York Heart Association; PCI = percutaneous coronary intervention; (P)LAX = (parasternal) short‐axis view; RCA = right coro‐
nary artery; TEE = transesophageal echocardiography; TR = tricuspid regurgitation; TTE = transthoracic echocardiography.

In June 2007, the patient suffered an inferoposterior non‐ST‐segment elevation
myocardial infarction (NSTEMI). A percutaneous coronary intervention (PCI) of the right
coronary artery was performed with implantation of two Biotronik PRO‐kinetic stents
(Biotronik, Berlin, Germany). The circumflex coronary artery did not show any
abnormalities. In January 2008, TTE and TEE revealed grade 4+ central MR (Fig. 1A), grade
2+ TR, and a dilated LV with deterioration of the moderate LV function. Additional analysis
of MR severity and mitral valve geometry is shown in Table 1. Mitral valve surgery

__________
300

MV REPAIR AND REDO REPAIR FOR MR IN A HEART TRANSPLANT RECIPIENT

Figure 1. Doppler echocardiographic imaging
(A) Preoperative TTE; grade 4+ MR. (B) Postoperative TEE; grade 4+ recurrent MR along the posterior annulus.
(C) Postoperative TTE; grade 4+ TR. (D) Two‐year follow‐up TEE; grade 1+ residual TR and MR. LA, left
atrium; LV, left ventricle.
MR = mitral regurgitation; RA = right atrium; RV = right ventricle; TEE = transesophageal echocardiography;
TR = tricuspid regurgitation; TTE = transthoracic echocardiography.

was initially postponed, but in the following months complaints of dyspnea on exertion
worsened and in May 2008 the patient suffered an inferior NSTEMI (this time based on a
stenosis in the circumflex coronary artery). A hybrid treatment strategy was chosen with
mitral valve surgery followed by PCI of the circumflex coronary artery.
In May 2008, mitral valve repair was performed through a redo median
sternotomy. The mitral valve was exposed with a right atrial, trans‐septal approach. No
structural mitral valve abnormalities were found and saline testing revealed central
regurgitation. MR was presumed to be ischemic in etiology. After careful sizing, annular
dilatation was corrected by implantation of an undersized 32 mm Carpentier‐Edwards
classic mitral valve annuloplasty ring with interrupted 2‐0 Ticron sutures (i.e., a downsizing
of two ring sizes). Postoperative recovery was complicated by a total atrioventricular (AV)
block, which eventually required implantation of a DDD (dual chamber/dual demand)‐
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pacemaker. On the seventh day after surgery, TTE showed grade 1+ MR and TR and a
moderate LV function.
Follow‐up TTE and TEE after six weeks showed severe recurrent MR (grade 4+)
along the posterior annulus (Fig. 1B) and severe TR (grade 4+) (Fig. 1C). In July 2008, a right
anterolateral thoracotomy was performed. The mitral valve was again exposed with a right
atrial, trans‐septal approach. Inspection revealed mitral annuloplasty ring dehiscence along
the posterior annulus. The annuloplasty ring was refixated with interrupted 2‐0 Ticron
pledgeted sutures. Inspection of the tricuspid valve revealed no structural abnormalities. A
36 mm Carpentier‐Edwards classic tricuspid annuloplasty ring was implanted. On the fifth
day after surgery, TTE showed grade 1+ MR and TR and a moderate LV function.
In August 2008, TTE still showed a moderate LV function with evidence of
intraventricular dyssynchronia. In September 2008, the DDD‐pacemaker was upgraded to
CRT‐D (cardiac resynchronization therapy‐defibrillator). In July 2010 (after a follow‐up of
two years) (Fig. 1D) and in February 2012 (after a follow‐up of nearly four years), MR and
TR remained grade 1+, LV function remained moderate, and the patient remained in NYHA
functional class II.

■ Discussion
The reported experience with repair of atrioventricular valves after cardiac transplantation
is still limited. Publications include different reports of single or double atrioventricular
valve repair, either before (ex vivo bench surgery) or after transplantation [1‐4]. However,
this case is the first report of mitral valve re‐repair in a transplanted heart.
Atrioventricular valve regurgitation after heart transplantation is common [1].
Early after transplantation, regurgitation is attributable to edema and poor lymphatic
drainage, which normally subsides after about three months [1,4]. Some authors assume
that the biatrial anastomosis results in atrioventricular size mismatch or malalignment,
which lies at the basis of annular dilatation and valve dysfunction [1]. The bicaval
anastomosis has been shown to preserve atrial geometry and size, and may be associated
with reduced atrioventricular valve dysfunction [5]. Progression of natural valve disease in
the donor heart at the time of transplantation may also cause atrioventricular valve
regurgitation [1]. Endomyocardial biopsy‐induced chordal damage is a known cause of TR
[1] and accelerated graft atherosclerosis may lead to ischemic valve disease [1,3].
The etiology in this case is most likely chronic ischemic MR (CIMR); the donor
heart was subjected to a relatively long ischemic time, there was a documented
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inferoposterior myocardial infarction, inferoposterior hypokinesia, LV dilatation, and no
structural mitral valve abnormality [6]. The posterior part of the mitral valve annulus has
been shown to experience the largest amounts of mechanical strain during the cardiac cycle
[7]. In addition, the biatrial method may have contributed to distortion of the atrial
geometry with increased strain levels on the posterior annulus. Large amounts of strain on
the sutures of the posterior part of the annuloplasty ring may eventually have caused
dehiscence. Careful analysis of preoperative tenting parameters (Table 1) showed values
well below the cut‐off values of independent predictors of annuloplasty failure [6]. Since
initial mitral annuloplasty was justified based on these parameters, we chose to perform
mitral valve re‐repair. Initial mitral valve annuloplasty with a more flexible ring (e.g., the
Carpentier‐Edwards Physio II ring) or a ring specifically tailored for CIMR (e.g., the
Edwards Geo‐Form ring) might have reduced the chance of annuloplasty dehiscence. At the
time, however, these rings were not yet in use or available on the market. The etiology of TR
in this case remains uncertain. Since no structural abnormalities were found, it may be
related to atrioventricular size mismatch, progression of natural valve disease, or a
combination of both.

■ Conclusions
In conclusion, double atrioventricular valve repair (including mitral valve re‐repair) can be
performed with good mid‐term results after orthotopic heart transplantation. Acceptance of
marginal donor hearts may lead to a complicated and demanding postoperative course, as
shown in this case. However, pushing the envelope on convential surgical procedures in the
transplanted heart may not only improve the patient’s functional status and reduce the need
for retransplantation, but it may ultimately alleviate the chronic shortage of donor hearts.

__________
303

CHAPTER 10

■ References
[1]

Fernandez J, Babadjanov D, Farivar RS. Mitral and tricuspid valve repair 21 years after

[2]

Prieto D, Antunes P, Antunes MJ. Donor mitral valve repair in cardiac transplantation.

[3]

Wigfield CH, Lewis A, Parry G, Dark JH. Mitral valve dysfunction and repair following

[4]

Wijburg ER, Balk AHMM, van Herwerden LA. Double valve repair in a transplanted heart. J

[5]

Schnoor M, Schäfer T, Lühmann D, Sievers HH. Bicaval versus standard technique in

cardiac transplantation. J Thorac Cardiovasc Surg 2010;140:e3‐4.
Transplant Proc 2009;41:932‐4.
orthotopic heart transplantation: a case report. Transplant Proc 2008;40:1796‐7.
Thorac Cardiovasc Surg 1998;115:250‐1.
orthotopic heart transplantation: a systematic review and meta‐analysis. J Thorac Cardiovasc
Surg 2007;134:1322‐31.
[6]

Bouma W, van der Horst ICC, Wijdh‐den Hamer IJ, Erasmus ME, Zijlstra F, Mariani MA,
Ebels T. Chronic ischemic mitral regurgitation. Current treatment results and new,
mechanism‐based surgical approaches. Eur J Cardiothorac Surg 2010;37:170‐85.

[7]

Eckert CE, Zubiate B, Vergnat M, Gorman JH III, Gorman RC, Sacks MS. In vivo dynamic
deformation of the mitral valve annulus. Ann Biomed Eng 2009;37:1757‐71.

__________
304

MV REPAIR AND REDO REPAIR FOR MR IN A HEART TRANSPLANT RECIPIENT

__________
305

__________
306

Discussion and Future Perspectives
The mitral valve and mitral valve repair techniques have been subject of extensive research
over the past few decades. Mitral valve repair techniques have evolved considerably and
have become the gold standard for common conditions such as degenerative mitral
regurgitation (MR). In less common conditions, such as ischemic mitral regurgitation (IMR)
(chronic and acute), MR caused by (special forms of) endocarditis or MR in heart transplant
recipients, repair techniques are still subject of much debate. Although it has become clear
from different studies that mitral valve repair is generally superior to valve replacement in
terms of preservation of left ventricular (LV) function, survival rates, reoperation rates,
endocarditis risk, thrombo‐embolic complication rates, the need for lifelong anticoagulant
drugs, and costs [1‐4], it is not always clear whether valve repair is indeed better or even
feasible for specific, less common forms of MR. This thesis provides new insights into the
surgical treatment of these specific and often complex forms of MR.
Chronic ischemic mitral regurgitation (CIMR) occurs in approximately 20‐25% of
patients followed up after myocardial infarction (MI) and in 50% of those with post‐MI
congestive heart failure (CHF) and its incidence is likely to increase in the next few decades
as the population ages and as survival rates for acute MI continue to improve [5‐10]. The
presence of CIMR adversely affects prognosis, increasing mortality and the risk of CHF in a
graded fashion according to CIMR severity [6,10]. Although mitral valve repair with
undersized ring annuloplasty (usually combined with concomitant coronary artery bypass
grafting (CABG)) has become the preferred treatment strategy [11‐13], the overall CIMR
persistence and recurrence rate (moderate or severe CIMR) remains high (up to 30% after 6
months and up to 60% after 3‐5 years) [14,15] and after a 10‐year follow‐up there does not
appear to be a survival benefit of a combined procedure compared to CABG alone (10‐year
survival rate for both is approximately 50%) [16,17]. Undersized ring annuloplasty treats
annular dilatation, but does little to reduce annular flattening and it does not address the
main pathophysiological mechanism of CIMR, which is ischemia‐induced LV remodeling
with papillary muscle displacement and apical leaflet tethering [18]. In fact, undersized ring
annuloplasty may potentiate leaflet tethering by increasing posterior leaflet tethering [19].
Annular dilatation and flattening and leaflet tethering and flattening reduce leaflet
coaptation and increase leaflet and chordal strain [18,20]. Strain is the main cause of limited
repair durability and CIMR recurrence after repair, which may explain the difficulty in
demonstrating a survival benefit of annuloplasty for CIMR [16,17,19,20]. Patients with
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advanced mitral valve tethering who are at risk of annuloplasty failure based on
preoperative three‐dimensional (3D) and two‐dimensional (2D) echocardiographic
parameters (such as a P3 tethering angle ≥29.9° or a tenting area ≥2.5 cm2, a tenting height
≥10 mm, a posterior tethering angle ≥45°, an anterior tethering angle ≥39.5°, an
interpapillary muscle distance >20 mm, a LV end‐systolic volume ≥145 ml, a systolic
sphericity index >0.7) may benefit from mitral valve replacement with preservation of the
subvalvular apparatus or from annuloplasty combined with new repair techniques targeting
the subvalvular apparatus including the LV [18,21]. These new mechanism‐based repair
techniques were designed to improve repair durability and include second‐order chordal
cutting, papillary muscle repositioning by a variety of techniques and ventricular
approaches using external ventricular restraint devices or the Coapsys device [18]. Although
promising, at this point these new procedures still lack investigation in large patient cohorts
with long‐term follow‐up. They will, however, be the subject of much anticipated and
necessary ongoing and future research.
In order to reduce the high CIMR persistence and recurrence rate after repair with
undersized annuloplasty rings, new annular and valvular procedures were introduced in
addition to the new subvalvular and ventricular procedures mentioned in the previous
paragraph [22,23]. CIMR repair with posterior leaflet augmentation (with bovine
pericardium) combined with ring annuloplasty or CIMR repair with a saddle‐shaped
annuloplasty ring are promising, reproducible techniques that can reduce tethering and
increase leaflet coaptation and repair durability, but they remain annular/valvular solutions
to a subvalvular problem, which render them susceptible to CIMR recurrence [18,22,23]. The
ultimate objective will be to tailor the ideal combination of annular, valvular, chordal,
papillary muscle and ventricular repair techniques based on preoperative clinical and
echocardiographic characteristics to achieve the best result in each individual patient with
CIMR. In conjunction with advancements made in 3D echocardiographic mitral valve
imaging this should lead to a “continuum of surgical techniques” for CIMR that can be
customized to the individual patient’s needs.
The pathophysiological mechanisms of CIMR have gradually been unravelled in
the past decades. The main cause of CIMR is ischemia‐induced LV remodeling with
papillary muscle displacement and apical tethering (and flattening) of the mitral valve
leaflets combined with annular dilatation (and flattening) [18]. The role of papillary muscle
infarction (PMI) in the development op CIMR is still debated. Our late gadolinium‐
enhanced cardiac magnetic resonance imaging study has shown that CIMR rates are higher
in patients with PMI four months after primary percutaneous coronary intervention for ST‐
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elevation MI, but PMI is not an independent predictor of CIMR [24]. Instead, independent
predictors of CIMR include age, infarct size, tethering height, and interpapillary muscle
distance [24].
Acute ischemic mitral regurgitation (AIMR) caused by post‐myocardial infarction
papillary muscle rupture (post‐MI PMR) is a rare, but life‐threatening condition that
requires immediate surgical intervention [25‐29]. Post‐MI PMR usually involves the
posteromedian papillary muscle due to its single blood supply [29‐32]. Partial or incomplete
post‐MI PMR is generally a good indication for repair (with established repair techniques
such as tri‐ or quadrangular resection combined with ring annuloplasty or height‐ and
length‐adjusted papillary muscle reimplantation) and provides good short‐ and long‐term
results [31]. PMR type and adjacent tissue quality determine the feasibility and durability of
repair [31]. Complete post‐MI PMR generally requires mitral valve replacement [32,33]. Due
to high risks (intraoperative mortality of 4.2% and in‐hospital mortality of 25.0%) some
surgeons may be reluctant to operate certain patients with post‐MI PMR [32]. In order to
improve surgical decision making and to improve the quality of informed consent we
sought to identify which patients were at highest risk by identifying independent predictors
of in‐hospital mortality. A logistic EuroSCORE ≥40%, an EuroSCORE II ≥25%, complete
PMR, and intraoperative intra‐aortic balloon pump requirement independently predict in‐
hospital mortality [32]. Overall long‐term survival is 49.5±7.6% after 10 years and based on
the results from our cohort there is no difference in overall long‐term survival between
repair and replacement and between patients who did and did not undergo concomitant
CABG [33]. Logistic EuroSCORE ≥40%, EuroSCORE II ≥25%, preoperative inotropic drug
support and mitral valve replacement without preservation of the subvalvular apparatus
are independent predictors of a lower overall long‐term survival [33]. Whenever possible,
the subvalvular apparatus (i.e. the papillary muscle‐annular continuity) should be
preserved in these patients to improve long‐term survival.
In even less common forms of MR such as Libman‐Sacks endocarditis or severe MR
in heart transplant recipients repair is feasible and durable with established mitral valve
repair techniques (such as tri‐ or quadrangular resection combined with ring annuloplasty,
neochords combined with ring annuloplasty, or isolated ring annuloplasty) [34,35].
This thesis provides new insights into the surgical treatment of more complex
forms of MR. Important developments in 3D diagnostic imaging modalities and surgical
techniques for these complex forms of MR may also have implications for more common
and less complex forms of MR.

__________
309

DISCUSSION AND FUTURE PERSPECTIVES
The future of mitral valve surgery is expected to show an increasing shift towards
minimally invasive (robotic) and percutaneous approaches and custom‐made repair
techniques and annuloplasty rings based on advanced 3D mitral valve imaging [36].
In the past decades we have begun to unravel the delicate anatomy of the mitral
valve and the elegant way in which the anatomy of the interrelated parts of mitral valve
reduce strain and stress on itself during the cardiac cycle. Maintaining or restoring the
delicate geometric and functional integrity of the mitral valve is essential to durable mitral
valve surgery. This principle is not only important in mitral valve repair, but also in mitral
valve replacement (i.e. maintaining the subvalvular apparatus).
In more complex mitral valve disease such as CIMR different mechanisms go on to
produce MR to different extents and the relative contributions of these mechanisms may
change over time, partially due to the delicate interrelated geometry of the mitral valve [18].
In order to achieve durable mitral valve repair it is essential to determine what the relative
contributions of those mechanisms are and the effects they have on annular, leaflet, chordal,
and papillary muscle strain. Advanced computer models based on 3D echocardiographic
data will allow us to construct a 3D image of the regurgitant mitral valve during a full
cardiac cycle and it will allow us to test what the effect of different repair techniques are on
mitral regurgitation and annular, leaflet, chordal, and papillary muscle strain. At this point
time‐consuming manual segmentation of 3D echocardiographic images is required to
generate a 3D mitral valve rendering (Fig. 1A,B). Therefore, work is in progress to develop
automated segmentation techniques that will allow image processing and segmentation in
minutes rather than hours (Fig. 1C) [37]. These mathematical computer models will pave the
way for custom‐made mitral valve repair tailored to a patientʹs individual needs. Such a
tailored approach based on predictive mathematical models is to be expected within the
next decade, because 3D imaging and predictive mathematical models are currently
evolving at a rapid pace. Real time 3D echocardiography and strain analysis (Fig. 1D) will
also become an important part of intraoperative assessment of repair results. Advancements
in 3D printing will even allow us to print 3D models of the regurgitant mitral valve at any
point during the cardiac cycle (Fig. 1E) [38]. Further advancements in 3D printing may even
allow production of custom‐made annuloplasty rings and mitral valve prostheses.
Ultimately superior predictive computer models would not only include
anatomical and strain related aspects, but also clinical patient‐related factors (such as age,
comorbidity and LV function) and procedure‐related factors (such as risk of repair failure
with prolonged cardiopulmonary bypass and aortic cross‐clamping) in order to decide
between a sophisticated costum‐made repair or mitral valve replacement with preservation
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of the subvalvular apparatus. There is an ongoing debate in the literature regarding the
advantages of repair versus replacement in patients with CIMR. Indeed, a recent
randomized study among 251 patients with severe CIMR showed no significant difference
in LV reverse remodeling, major adverse cardiac or cerebrovascular events, functional
status, quality of life, or survival 12 months after repair or chordal‐sparing mitral valve
replacement [39]. Moderate or severe MR recurrence was significantly higher after repair
(32.6% vs. 2.3%, P < 0.001) and patients with recurrence showed no reverse remodeling,

Figure 1. Advanced 3D mitral valve imaging models
(A) Oblique view of a 3D rendering of a normal mitral valve after manual image segmentation; (B) oblique view of
a 3D rendering of a severely tethered mitral valve (CIMR) after manual image segmentation (notice annular
dilatation and flattening and leaflet tethering with loss of leaflet curvature and leaflet coaptation); (C) Oblique
view of a 3D rendering of a tethered mitral valve (CIMR) after automated image segmentation; (D) Oblique view
of a 3D rendering of a normal mitral valve with leaflet curvature assessment (the pseudocolor map in the figure
depicts regional Gaussian curvature in the anterior and posterior mitral leaflets; deeper blue colors represent more
negative Gaussian curvature, which is indicative of a hyperbolic (saddle‐shaped) curvature and reduced leaflet
strain/stress); (E) Oblique view of a physical printed 3D mitral valve model based on C.
A‐E provided by: the Gorman cardiovascular research group.
AC = anterior commissure; AMVL = anterior mitral valve leaflet; PC = posterior commissure; PMVL = posterior
mitral valve leaflet.
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indicating advanced stages of tethering [39]. The results need to be interpreted carefully,
because the study has several important drawbacks. No data was provided regarding
tethering severity or the types of repair used and as a consequence no attempt was made to
identify patient subgroups that might benefit from repair. Disadvantages of mitral valve
replacement may still make it worthwhile to attempt repair, especially because newer
percutaneous mitral valve replacement techniques [40‐42] such as ʺthe valve in ring
conceptʺ may be used as bail‐out procedures for recurrent MR after repair and lower the
threshold for repair in these more complex forms of MR [43].
To conclude, sophisticated 3D imaging modalities and computer models combined
with sophisticated new, tailor‐made repair techniques, annuloplasty rings and mitral valve
prostheses are expected to truly revolutionize mitral valve surgery in the next decade.
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Summary
In 1513 the first drawings and descriptions of the mitral valve were made by Leonardo
daVinci and in 1543 the mitral valve received its current name from Andreas Vesalius, but it
wasn’t until after the introduction of the heart‐lung machine in the 1950s that open‐heart
mitral valve surgery truly came to fruition. Although the history of mitral valve surgery is
relatively short, it is a rapidly evolving and exciting surgical field.
The mitral valve and mitral valve repair techniques have been subject of extensive
research over the past few decades. Mitral valve repair techniques have evolved
considerably and have become the gold standard for common conditions such as
degenerative mitral regurgitation (MR). In less common conditions, such as ischemic mitral
regurgitation (IMR) (chronic and acute), MR caused by (special forms of) endocarditis or
MR in heart transplant recipients, repair techniques are still subject of much debate.
Although it has become clear from different studies that mitral valve repair is generally
superior to valve replacement in terms of preservation of left ventricular (LV) function,
survival rates, reoperation rates, endocarditis risk, thrombo‐embolic complication rates, the
need for lifelong anticoagulant drugs, and costs, it is not always clear whether valve repair
is indeed better or even feasible for specific, less common forms of MR. This thesis provides
new insights into the surgical treatment of these specific and often complex forms of MR.
Part 1 of this thesis focuses on chronic ischemic mitral regurgitation (CIMR). IMR occurs
frequently after acute myocardial infarction (MI). In many patients acute IMR (occurring in
the immediate postinfarct period) is mild and it may disappear completely. In other
patients, however, IMR persists or develops after a period of time (1‐6 weeks), at which
point IMR becomes chronic.
Chapter 1 provides a detailed overview of the present knowledge about the
different aspects of CIMR, which is one of the most complex and unresolved aspects in the
management of ischemic heart disease. CIMR occurs in approximately 20‐25% of patients
followed up after MI and in 50% of those with post‐MI congestive heart failure (CHF).
CIMR is defined as MR occurring as a consequence of MI or chronic myocardial ischemia in
the absence of any inherent structural damage to the leaflets, chordae or papillary muscles.
The presence of CIMR adversely affects prognosis, increasing mortality and the risk of CHF
in a graded fashion according to CIMR severity. The primary pathofysiological mechanism
of CIMR is ischemia‐induced LV remodeling with papillary muscle displacement and apical
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tethering of the mitral valve leaflets. Current repair techniques for CIMR (mainly restrictive
mitral valve ring annuloplasty combined with coronary artery bypass grafting (CABG))
often do not target these pathophysiological mechanisms; they only provide an annular
solution to a subvalvular problem. The persistence and recurrence rate (at least MR grade
3+) for CIMR repair with restrictive annuloplasty remains high (up to 30% at 6 months
postoperatively), and after a 10‐year follow‐up there does not appear to be a survival benefit
of a combined procedure compared to CABG alone (10‐year survival rate for both is
approximately 50%). Patients at risk of annuloplasty failure based on preoperative
echocardiographic parameters (such as a tenting area ≥2.5 cm2, a tenting height ≥10 mm, a
posterior tethering angle ≥45°, an anterior tethering angle ≥39.5°, an interpapillary muscle
distance >20 mm, a LV end‐systolic volume ≥145 ml, a systolic sphericity index >0.7) may
benefit from mitral valve replacement with preservation of the subvalvular apparatus or
from annuloplasty combined with new repair techniques targeting the subvalvular
apparatus including the LV. These new procedures include second‐order chordal cutting,
papillary muscle repositioning by a variety of techniques and ventricular approaches using
external ventricular restraint devices or the Coapsys device. Although promising, at this
point these new procedures still lack investigation in large patient cohorts with long‐term
follow‐up. They will, however, be the subject of much anticipated and necessary ongoing
and future research.
In Chapter 2 CIMR repair with posterior leaflet augmentation (with bovine
pericardium) combined with remodeling annuloplasty is discussed in more detail. Although
it is a promising, reproducible technique with good mid‐term results, it is still an
annular/valvular solution to a subvalvular problem, which renders it prone to CIMR
recurrence. It might be a more valuable technique when it would be combined with
subvalvular techniques. Unfortunately long‐term results are unknown.
Chapter 3 focuses on mechanisms of CIMR. More precisely, it focuses on the
influence of papillary muscle infarction (PMI) detected by late gadolinium‐enhanced cardiac
magnetic resonance imaging (MRI) on CIMR and on independent predictors of PMI and
CIMR. Independent predictors of PMI include infarct size, inferior myocardial infarction,
and the circumflex coronary artery as the infarct‐related artery. Four months after primary
percutaneous intervention (PCI) for ST‐elevation myocardial infarction (STEMI) CIMR rates
are higher in patients with PMI, but PMI is not an independent predictor of CIMR. Instead,
independent predictors of CIMR include age, infarct size, tethering height, and
interpapillary muscle distance.
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Due to high CIMR recurrence rates after mitral ring annuloplasty a patient‐specific
three‐dimensional (3D) imaging‐based approach to surgical treatment of CIMR is required
to optimize surgical results. In Chapter 4 we use advanced real‐time 3D echocardiographic
imaging models to analyze whether preoperative mitral annular geometry and regional
leaflet tethering are able to predict CIMR recurrence 6 months after ring annuloplasty.
Preoperative regional tethering of segment P3 is a strong independent predictor of CIMR
recurrence after ring annuloplasty. In patients with a preoperative P3 tethering angle ≥29.9°
chordal‐sparing valve replacement or annuloplasty combined with leaflet or subvalvular
repair techniques should be considered. These findings play an important role in
developing a patient‐specific approach to optimal surgical treatment of CIMR.
In Chapter 5 we use a porcine CIMR model and advanced real‐time 3D
echocardiographic imaging models to demonstrate that saddle‐shaped ring annuloplasty
improves leaflet coaptation compared to flat ring annuloplasty. Undersized (flat) ring
annuloplasty treats annular dilatation, but does little to improve annular saddle‐shape and
it does not address the main pathophysiological mechanism of CIMR, which is ischemia‐
induced LV remodeling with papillary muscle displacement and apical leaflet tethering. In
fact, undersized (flat) ring annnuloplasty may potentiate leaflet tethering, reduce leaflet
coaptation and increase leaflet and chordal strain. Strain is the main cause of limited repair
durability and CIMR recurrence after repair. Saddle‐shaped annuloplasty restores or
maintains a more physiological annular and leaflet geometry and function, which reduces
leaflet tethering and strain and improves leaflet coaptation. According to Carpentier
creating a large surface of coaptation is essential to repair durability. Although compelling,
long‐term results are lacking and we have to keep in mind saddle annuloplasty is still an
annular solution to a subvalvular problem, which renders it prone to CIMR recurrence. The
ultimate objective will be to tailor the ideal combination of annular, valvular, chordal,
papillary muscle and ventricular repair techniques based on preoperative clinical and
echocardiographic characteristics to achieve the best result in each individual patient with
CIMR. In conjunction with advancements made in real‐time 3D echocardiographic mitral
valve imaging this should lead to a “continuum of surgical techniques” for CIMR that can
be customized to the individual patient’s needs.
Part 2 of this thesis focuses on acute ischemic mitral regurgitation caused by papillary
muscle rupture (PMR). After MI the posteromedian papillary muscle ruptures 3‐12 times
more frequently than the anterolateral papillary muscle. In the current era of early
reperfusion with primary PCI following STEMI the incidence of post‐MI PMR has dropped

__________
319

SUMMARY
from 1‐5% in the eighties and early nineties to <0.5% in recent years. Although rare, PMR is
still a devastating complication, which can lead to rapid clinical deterioration and death.
Approximately 80% of ruptures occur within 7 days after MI, but a delayed rupture several
weeks or months after MI is also possible.
The natural history of post‐MI PMR is extremely unfavorable and under medical
treatment alone mortality may be as high as 50% in the first 24 hours (especially when PMR
is complete), and as high as 80% in the first week. Immediate surgical intervention is
considered the optimal and most rational treatment for acute PMR. Mitral valve
replacement is generally preferred in these unstable, high‐risk patients, but mitral valve
repair seems feasible in selected cases and may offer improved surgical outcome. Chapter 6
analyzes the outcome of our experience with mitral valve repair for post‐MI PMR and
provides a systematic review of the literature on this topic. Mitral valve repair for partial or
incomplete post‐MI PMR is reliable and provides good short‐ and long‐term results
(freedom from grade 3+ or 4+ MR and from reoperation at 1, 5, and 10 years of 87.5±11.7%;
and a 1‐, 5‐, and 10‐year survival rate of 100%, 83.3±15.2%, and 66.7±19.2%, respectively).
Established repair techniques, such as quadrangular or triangular resection of a prolapsing
leaflet segment combined with annuloplasty, are efficient. If mitral valve prolapse involves
a segment that is too large to resect, reimplantation of the remnant papillary muscle can be a
useful technique. Due to a high risk of recurrence, the ruptured papillary muscle remnant
should not be reimplanted directly at the site of rupture or into the LV wall. Ultimately PMR
type and adjacent tissue quality determine the feasibility and durability of repair.
Because of the high risk some surgeons may be reluctant to operate certain patients
with post‐MI PMR, while others are willing to accept the high risk. At this point it is not
entirely clear which patients are at highest risk. Therefore, Chapter 7 focuses on short‐term
outcome after mitral valve surgery (repair and replacement) for post‐MI PMR and identifies
predictors of in‐hospital mortality. Intraoperative mortality is 4.2% and in‐hospital mortality
is 25.0% for patients undergoing mitral valve surgery for post‐MI PMR. The logistic
EuroSCORE (optimal cut‐off ≥40%), EuroSCORE II (optimal cut‐off ≥25%), complete PMR,
and intraoperative intra‐aortic balloon pump requirement are strong independent
predictors of in‐hospital mortality in patients undergoing mitral valve surgery for post‐MI
PMR. These predictors may aid in surgical decision making and they may help improve the
quality of informed consent.
Chapter 8 analyzes predictors of long‐term survival after mitral valve surgery for
post‐MI PMR. Overall long‐term survival is 49.5±7.6% after 10 years and based on the
results from our cohort there is no difference in overall long‐term survival between repair
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and replacement. Logistic EuroSCORE ≥40%, EuroSCORE II ≥25%, preoperative inotropic
drug support and mitral valve replacement without preservation of the subvalvular
apparatus are strong independent predictors of a lower overall long‐term survival in
patients undergoing mitral valve surgery for post‐MI PMR. Whenever possible, the
subvalvular apparatus should be preserved in these patients to improve long‐term survival.
In Part 3 and Chapter 9 the outcome of mitral valve surgery for mitral regurgitation caused
by Libman‐Sacks (LS) endocarditis is discussed. LS endocarditis is a non‐bacterial (sterile)
verrucous vegetative endocarditis and it is a cardiac manifestation of systemic lupus
erythematosus (SLE) and the antiphospholipid syndrome (APS). LS endocarditis is usually
typically mild and asymptomatic, but can lead to serious complications, such as
superimposed bacterial endocarditis, thrombo‐embolic events, and valvular regurgitation
and/or stenosis requiring surgery. LS endocarditis should be strongly suspected when
significant valve dysfunction, such as MR, develops during the course of SLE and/or APS.
Differentiation from infective endocarditis and intracardiac tumors can be difficult, but is
important and has different therapeutic implications. After establishing the diagnosis,
periodic echocardiographic follow‐up is recommended to detect deterioration of valvular
function. When severe symptomatic MR requires surgery, mitral valve repair should always
be considered. Chapter 7 shows that mitral valve repair is feasible and effective in young
patients with relatively stable SLE and/or APS and only localized mitral valve abnormalities
caused by LS endocarditis. When mitral valve abnormalities are localized, established repair
techniques such as quadrangular resection and mitral valve ring annuloplasty can be used.
Both clinical and echocardiographic follow‐up show excellent mid‐ and long‐term results.
In Part 4 and Chapter 10 several causes of MR in the tranplanted heart are discussed. These
include edema and poor lymphatic drainage (early after transplantation), atrioventricular
mismatch or malalignment due to the biatrial anastomotic technique, progression of natural
disease in the donor heart, and accelerated graft atherosclerosis leading to ischemic mitral
valve disease. Chapter 9 shows that mitral valve repair and redo repair are feasible in a heart
transplant recipient. Pushing the envelope on conventional surgical procedures in marginal
donor hearts may not only improve the patient’s functional status and reduce the need for
retransplantation, but it may ultimately alleviate the chronic shortage of donor hearts.

__________
321

SUMMARY
Our knowledge about the mitral valve, about mitral valve disease, and about mitral valve
surgery has undergone a mind‐blowing development in the past few decades and it is
therefore truly exciting to see what the next century of mitral valve surgery will bring.
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Samenvatting
In 1513 werden de eerste tekeningen en beschrijvingen van de mitralisklep gemaakt door
Leonardo daVinci en in 1543 ontving de mitralisklep zijn huidige naam van Andreas
Vesalius. Pas na de introductie van de hartlongmachine in de jaren ’50 kwam de
mitralisklepchirurgie (in het geopende hart) echt tot ontwikkeling. De historie van de
mitralisklepchirurgie is relatief kort, maar dit interessante chirurgische aandachtsgebied
ontwikkelt zich snel.
Er is de afgelopen decennia veel onderzoek gedaan naar de mitralisklep en naar
technieken om de mitralisklep te kunnen repareren. Deze reparatietechnieken hebben een
enorme ontwikkeling doorgemaakt en zijn de gouden standaard geworden voor de
chirurgische

behandeling

van

veelvoorkomende

aandoening

als

degeneratieve

mitralisklepinsufficiëntie (lekkage) (MR). Voor minder vaak voorkomende aandoeningen,
zoals ischemische mitralisklepinsufficiëntie (IMR) (chronisch en acuut), MR veroorzaakt
door (speciale vormen van) endocarditis of MR bij harttransplantatie patiënten, is het veel
minder duidelijk of reparatie wel een verstandige keuze is. Alhoewel uit verschillende
studies naar voren is gekomen dat mitralisklepreparatie over het algemeen beter is dan
mitralisklepvervanging voor wat betreft het behoud van linkerventrikel (LV) functie,
overleving, het risico op reoperatie, het risico op endocarditis, thrombo‐embolische
complicaties, de noodzaak tot het levenslange gebruik van anticoagulantia, en kosten, is het
nog steeds niet duidelijk of mitralisklepreparatie ook daadwerkelijk mogelijk of beter is
voor minder vaak voorkomende vormen van MR. Dit proefschrift biedt nieuwe inzichten in
de chirurgische behandeling van deze specifieke en vaak complexe vormen van MR.
Deel 1 van dit proefschrift gaat over chronische ischemische mitralisklepinsufficiëntie
(CIMR). IMR (lekkage van de mitralisklep als gevolg van verminderde of onderbroken
bloedtoevoer naar het hartspierweefsel) komt vaak voor na een acuut myocardinfarct (MI)
(hartinfarct). Bij veel patiënten met acute IMR (optredend direct na het infarct) is sprake van
een milde vorm van MR die ook weer volledig kan verdwijnen. Bij andere patiënten blijft
IMR bestaan of ontstaat IMR na een bepaalde periode (1‐6 weken) en dan is sprake van
CIMR.
Hoofdstuk 1 geeft een gedetailleerd overzicht van de huidige kennis omtrent CIMR;
één van de meest complexe en onopgeloste aspecten bij de behandeling van ischemische
hartziekten. CIMR komt bij ongeveer 20‐25% van de patiënten voor na een MI en bij
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ongeveer 50% van de patiënten met congestief hartfalen (CHF) na een MI. CIMR kan
worden gedefinieerd als MR die optreedt als gevolg van een myocardinfarct of chronische
myocardischemie zonder dat er structurele afwijkingen bestaan van de klepbladen, de
chordae of de papillairspieren. De aanwezigheid van CIMR beïnvloedt de prognose in
negatieve zin; naarmate de ernst van CIMR toeneemt stijgt de mortaliteit en het risico op
CHF. Het primaire pathofysiologische mechanisme van CIMR is ischemie‐geïnduceerde LV
remodeling met verplaatsing van de papillairspieren en apicale tethering van de
mitralisklepbladen. De huidig reparatietechnieken voor CIMR (vooral de restrictieve
mitralisklepannuloplastiek gecombineerd met coronaire bypass chirurgie (CABG) zijn niet
gericht op deze pathofysiologische mechanismen; ze bieden slechts een annulaire oplossing
voor een subvalvulair probleem. Het percentage rest‐MR en recidief‐MR (tenminste graad
3+ MR) na CIMR reparatie met een restrictieve annuloplastiek blijft hoog (tot 30% 6
maanden na de operatie) en na een follow‐up van 10 jaren blijkt er geen
overlevingsvoordeel te zijn voor een gecombineerde procedure vergeleken met uitsluitend
CABG (de 10‐jaars overleving voor beiden bedraagt ongeveer 50%). Patiënten die op basis
van preoperatieve echoparameters een hoog risico op falen van de annuloplastiek hebben
(zoals een tenting oppervlak ≥2.5 cm2, een tenting hoogte ≥10 mm, een posterior tethering
hoek ≥45°, een anterior tethering hoek ≥39.5°, een interpapillairspierafstand >20 mm, een LV
eind‐systolisch volume ≥145 ml, een systolische sphericiteitsindex >0.7) zouden kunnen
profiteren van een mitralisklepvervanging met behoud van het subvalvulaire apparaat of
van een annuloplastiek in combinatie met nieuwe reparatietechnieken gericht op het
subvalvulaire apparaat inclusief de LV. Enkele van deze nieuwe reparatietechnieken zijn:
het doornemen van secundaire chordae, het op diverse manieren repositioneren van de
papillairspieren en ventriculaire benaderingen met het Coapsys apparaat of met externe
apparaten die de LV bedwingen. Alhoewel deze nieuwe procedures veelbelovend zijn, zijn
er op dit moment nog geen lange termijn resultaten van grote patiëntencohorten bekend. De
nieuwe procedures zullen uiteraard onderwerp blijven van langverwacht lopend en
toekomstig onderzoek waar met veel belangstelling op wordt gewacht.
In Hoofdstuk 2 wordt dieper ingegaan op CIMR reparatie door augmentatie van het
postior

klepblad

(met

runderpericard)

in

combinatie

met

een

remodellerende

annuloplastiek. Alhoewel het om een veelbelovende, reproduceerbare techniek gaat met
goede middellange termijn resultaten, blijft het een annulaire/valvulaire oplossing voor een
subvalvulair probleem, waardoor het gevoelig is voor recidief CIMR. Het zou een
waardevollere techniek kunnen zijn als het gecombineerd wordt met subvalvulaire
technieken. Helaas zijn er geen lange termijn resultaten.
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Hoofdstuk 3 richt zich op mechanismen van CIMR. Specifiek richt dit hoofdstuk zich
op de invloed van met cardiale magnetic resonance imaging (MRI) gedetecteerde
papillairspierinfarcering (PMI) op CIMR en het richt zich op onafhankelijke voorspellers
van PMI en CIMR. Infarctgrootte, het inferior infarct en de circumflex als infarct‐
gerelateerde kransslagader zijn onafhankelijke voorspellers voor PMI. Vier maanden na
primaire percutane coronaire interventie (PCI) in verband met een ST‐elevatie
myocardinfarct (STEMI) zijn CIMR percentages bij patiënten met PMI hoger, maar PMI is
niet een onafhankelijke voorspeller voor CIMR. Leeftijd, infarctgrootte, tethering hoogte, en
afstand tussen beide papillairspieren zijn wel onafhankelijke voorspellers voor CIMR.
In verband met het hoge percentage recidief CIMR na ring annuloplastieken is een
individuele benadering gebaseerd op driedimensionale (3D) beeldvorming noodzakelijk om
de resultaten van de chirurgische behandeling van CIMR te optimaliseren. In Hoofdstuk 4
worden geavanceerde real‐time 3D echocardiografische modellen gebruikt om te analyseren
of de preoperative geometrie van de mitralisklep annulus en regionale klepblad tethering
recidief CIMR 6 maanden na ring annuloplastiek kunnen voorspellen. Preoperatieve
regionale tethering van segment P3 is een sterke onafhankelijke voorspeller van recidief
CIMR na ring annuloplastiek. Bij patiënten met een preoperatieve P3 tethering hoek ≥29.9°
moet een chorda‐sparende mitralisklepvervanging of een annuloplastiek in combinatie met
klepblad of subvalvulaire reparatietechnieken worden overwogen. Deze bevindingen
spelen een belangrijke rol bij de ontwikkeling van een patiënt‐specifieke benadering ter
optimalisatie van de chirurgische behandeling van CIMR.
In Hoofdstuk 5 worden een CIMR diermodel en geavanceerde real‐time 3D
echocardiografische modellen gebruikt om aan te tonen dat het gebruik van een
zadelvormige annuloplastiekring tot een betere klepbladcoaptatie leidt in vergelijking met
het

gebruik

van

een

platte

annuloplastiekring.

Met

een

ondermaatse

(platte)

annuloplastiekring kan annulusdilatatie worden behandeld, maar het verbetert niet de
zadelvorm van de annulus en het richt zich niet op het belangrijkste pathofysiologische
mechanisme van CIMR, namelijk ischemie‐geïnduceerde LV remodeling met verplaatsing
van de papillairspieren en apicale tethering van de mitralisklepbladen. Het gebruik van een
ondermaatse (platte) annuloplastiekring kan zelfs leiden tot toename van tethering,
verminderde coaptatie en toename van klepblad en chorda strain. Strain is de belangrijkste
oorzaak van een verminderde duurzaamheid van reparatie en recidief CIMR. Het gebruik
van een zadelvormige annuloplastiekring leidt tot herstel of behoud van een meer
fysiologische annulus en klepblad geometrie en functie, hetgeen klepblad strain en tethering
vermindert en klepbladcoaptatie verbetert. Volgens Carpentier is het creëren van een groot
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coaptatieoppervlak essentieel voor een duurzame reparatie. De resultaten lijken
overtuigend, maar lange termijn resultaten ontbreken en we moeten niet vergeten dat een
zadelvormige annuloplastiekring nog steeds een annulaire oplossing voor een subvalvulair
probleem is, waardoor het gevoelig is voor recidief CIMR. Het ultieme doel is maatwerk
door op basis van preoperatieve klinische en echocardiografische gronden de ideale
combinatie van reparatietechnieken op annulus‐, klepblad‐, chorda‐, papillairspier‐ en
ventrikel‐niveau te gebruiken voor het beste resultaat in iedere individuele patiënt met
CIMR. In combinatie met de vooruitgang in real‐time 3D echocardiografie zou dit moeten
leiden tot een continuüm van chirurgische technieken voor CIMR met maatwerk voor
iedere individuele patiënt.
Deel 2 van dit proefschrift gaat over acute ischemische mitralisklepinsufficiëntie als gevolg
van een papillairspierruptuur (PMR). Na een MI ruptureert de posteromediane
papillairspier 3‐12 keer vaker dan de anterolaterale papillairspier. In het huidige tijdperk
van snelle reperfusie met een primaire PCI bij een STEMI is de incidentie van post‐MI PMR
gedaald van 1‐5% in de jaren tachtig en begin jaren negentig naar <0.5% in de afgelopen
jaren. Alhoewel PMR zeldzaam is, blijft het een zeer ernstige complicatie, die tot snelle
klinische verslechtering en de dood kan leiden. Ongeveer 80% van alle rupturen treedt
binnen 7 dagen na het MI op, maar een late ruptuur enkele weken of maanden na het MI is
ook mogelijk.
Het natuurlijke beloop van post‐MI PMR is extreem ongunstig en met alleen
medicamenteuze behandeling kan de mortaliteit oplopen tot 50% binnen de eerste 24 uren
(vooral als er sprake is van een complete PMR) en tot 80% binnen de eerste week.
Onmiddellijke chirurgische behandeling wordt beschouwd als de optimale en meest
rationele behandeling voor een acute PMR. Bij deze instabiele, hoog‐risico patiënten wordt
over het algemeen de voorkeur gegeven aan een mitralisklepvervanging, maar een
mitralisklepreparatie lijkt mogelijk in bepaalde gevallen en zou kunnen leiden tot een betere
chirurgische uitkomst. In Hoofdstuk 6 wordt de uitkomst van onze ervaring met
mitralisklepreparaties voor post‐MI PMR geanalyseerd en daarnaast wordt een
systematische review van de literatuur over dit onderwerp gegeven. Mitralisklepreparaties
voor partiële of incomplete post‐MI PMR zijn betrouwbaar en kennen goede korte en lange
termijn resultaten (afwezigheid van graad 3+ of 4+ MR en afwezigheid van reoperatie
87.5±11.7% na 1, 5 en 10 jaren; en een 1‐, 5‐ en 10‐jaars overleving van 100%, 83.3±15.2% en
66.7±19.2%, respectievelijk). Gebruikelijke reparatietechnieken, zoals een quadrangulaire of
triangulaire resectie van een prolaberend segment van een klepblad in combinatie met een
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annuloplastiek, zijn efficiënt. Indien de mitralisklepprolaps een segment omvat dat te groot
is voor resectie, dan kan reïmplantatie van het restant papillairspier een nuttige techniek
zijn. Het geruptureerde restant papillairspier moet niet in de directe nabijheid van de
ruptuur of in de LV wand worden gereïmplanteerd vanwege de hoge kans op recidief.
Uiteindelijk bepalen het type PMR en de aangrenzende weefselkwaliteit de haalbaarheid en
duurzaamheid van de reparatie.
Vanwege het hoge risico zouden sommige chirurgen terughoudend kunnen zijn bij
het opereren van bepaalde patiënten met post‐MI PMR, terwijl anderen wel bereid zijn om
het hoge risico te accepteren. Het is op dit moment niet volledig duidelijk welke patiënten
het hoogste risico hebben. Daarom wordt in Hoofdstuk 7 ingegaan op de korte termijn
resultaten van mitralisklepchirurgie (klepvervanging en reparatie) in verband met post‐MI
PMR en op voorspellers van ziekenhuismortaliteit. De intraoperatieve mortaliteit bedraagt
4.2% en de ziekenhuismortaliteit bedraagt 25.0% voor patiënten die een mitralisklepoperatie
ondergaan in verband met post‐MI PMR. De logistische EuroSCORE (optimale afkapwaarde
≥40%), EuroSCORE II (optimale afkapwaarde ≥25%), complete PMR en de intraoperatieve
noodzaak tot het het gebruik van een intra‐aortale ballonpomp zijn sterke onafhankelijke
voorspellers van ziekenhuismortaliteit voor patiënten die mitralisklepchirurgie ondergaan
in verband met post‐MI PMR. Deze voorspellers kunnen helpen bij de chirurgische
besluitvorming en ze kunnen helpen bij het verbeteren van informed consent.
In

Hoofdstuk

8

worden

voorspellers

van

lange

termijn

overleving

na

mitralisklepchirurgie in verband met post‐MI PMR geanalyseerd. De overall lange termijn
overleving bedraagt 49.5±7.6% na 10 jaren en op basis van de resultaten uit ons cohort is er
geen verschil in overall lange termijn overleving tussen klepreparatie en klepvervanging.
Een logistische EuroSCORE ≥40%, EuroSCORE II ≥25%, het preoperatief gebruikt van
inotropica en mitralisklepvervanging zonder behoud van het subvalvulaire apparaat zijn
sterke onafhankelijke voorspellers voor een lagere overall lange termijn overleving voor
patiënten die mitralisklepchirurgie ondergaan in verband met post‐MI PMR. Indien
mogelijk, dient het subvalvulaire apparaat te worden behouden om de lange termijn
overleving voor deze patiënten te verbeteren.
In

Deel

3

en

Hoofdstuk

9

wordt

de

uitkomst

van

mitralisklepchirurgie

voor

mitralisklepinsufficiëntie op basis van Libman‐Sacks (LS) endocarditis besproken. LS
endocarditis is een niet‐bacteriële (steriele) verruceuze vegetatieve endocarditis en het is een
cardiale manifestatie van systemische lupus erythematosus (SLE) en het antifosfolipiden
syndroom (APS). LS endocarditis is over het algemeen typisch mild en asymptomatisch,
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maar het kan tot serieuze complicaties leiden, zoals gesuperponeerde bacteriële
endocarditis, thrombo‐embolische events en klepinsufficiëntie of ‐stenose waarvoor
chirurgische behandeling nodig is. Er moet sterk aan LS endocarditis worden gedacht als
significante klepdysfunctie, zoals MR, ontstaat in het beloop van SLE en/of APS.
Differentiatie van infectieuze endocarditis en intracardiale tumoren kan moeilijk zijn, maar
is belangrijk en heeft verschillende therapeutische implicaties. Nadat de diagnose is gesteld,
wordt periodieke echocardiografische follow‐up aanbevolen om verslechtering van de
klepfunctie te kunnen detecteren. Als chirurgie nodig is voor symptomatische MR, dan
moet

mitralisklepreparatie

altijd

worden

overwogen.

Hoofdstuk

7

toont

dat

mitralisklepreparatie mogelijk en effectief is bij jonge patiënten met relatief stabiele SLE
en/of APS en uitsluitend gelokaliseerde mitralisklepafwijkingen als gevolg van de LS
endocarditis. Als er sprake is van gelokaliseerde mitralisklepafwijkingen, dan kan gebruik
worden gemaakt van gebruikelijke reparatietechnieken, zoals een quadrangulaire resectie
en een annuloplastiekring. Zowel klinische als echocardiografische follow‐up laten goede
middellange en lange termijn resultaten zien.
In Deel 4 en Hoofdstuk 10 worden enkele oorzaken van MR in het getransplanteerde hart
besproken,

zoals

oedeem

en

slechte

lymfedrainage

(vroeg

na

transplantatie),

atrioventriculaire ʺmismatchʺ of ʺmalalignmentʺ door de biatriale techniek, progressie van
natuurlijke ziekte in het donorhart en versnelde graft atherosclerose leidend tot ischemische
mitraliskleppathologie. Hoofdstuk 9 laat zien dat klepreparatie en re‐reparatie mogelijk zijn
in een harttransplantatie patiënt. Het verleggen van grenzen van conventionele chirurgische
procedures in marginale donorharten kan niet alleen leiden tot het verbeteren van de
functionele status van de patiënt en een vermindering van de noodzaak tot retransplantatie,
maar het zou uiteindelijk ook kunnen leiden tot een vermindering van het chronische tekort
aan donorharten.
Onze kennis over de mitralisklep, over mitraliskleppathologie en over mitralisklepchirurgie
heeft de afgelopen decennia een fenomenale ontwikkeling doorgemaakt en daarom is het
uitermate boeiend om te zien wat de volgende eeuw mitralisklepchirurgie ons zal brengen.
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Dankwoord
Het schrijven van een proefschrift is te vergelijken met een lange reis. Ondanks een gedegen
voorbereiding en een duidelijke bestemming blijft de reis onvoorspelbaar. Onderweg kom je
vele obstakels tegen en zijn er mooie en minder mooie momenten, maar als het doel
eenmaal bereikt is, geeft dat een enorme voldoening en voelt het als een overwinning.

Dit proefschrift zou niet tot stand zijn gekomen zonder de hulp van een groot aantal
mensen. Het is onmogelijk iedereen met naam en toenaam te noemen. Toch wil ik een aantal
mensen in het bijzonder bedanken.
Allereerst mijn promotor en opleider, Prof. Dr. M.A. Mariani. Beste Massimo, je stelt hoge
eisen aan jezelf en verwacht van je collega’s, assistenten en promovendi hetzelfde. Daarbij
probeer je iedereen continu te prikkelen en uit te dagen om nog harder te gaan. Het
resultaat telt. Dankzij jouw steun en vermogen om een nieuw licht op zaken te werpen is dit
proefschrift tot een goed einde gekomen. Ik wil je bedanken voor de ruimte, de tijd en de
mogelijkheden die je me hebt gegeven om mezelf binnen de cardiothoracale chirurgie en op
wetenschappelijk gebied te ontwikkelen. Ik bewonder je vele capaciteiten en hoop de
komende jaren nog erg veel van je te kunnen leren.
Mijn co‐promotor, Dr. I.C.C. van der Horst. Beste Iwan, ik bewonder je enthousiasme, je
cardiologische en echocardiografische expertise en je “no nonsense” benadering. Je bent
altijd bereikbaar voor hulp of overleg. Ik wil je bedanken voor het volledige en
scherpzinnige commentaar op al mijn artikelen. Een promovendus kan zich geen betere co‐
promotor wensen. Ik hoop de komende jaren nog veel met je samen te kunnen werken in de
kliniek en op wetenschappelijk gebied.
De leden van de beoordelingscommissie, bestaande uit Prof. Dr. O.R. Alfieri, Prof. Dr. J.G.
Grandjean en Prof. Dr. M.P. van den Berg wil ik bedanken voor hun bereidheid mijn
proefschrift kritisch te lezen en te beoordelen.
Diverse collega onderzoekers en co‐auteurs wil ik eveneens bedanken.
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Geachte Dr. C.P.H. Lexis, beste Chris, als collega promovendus bij de cardiologie wil ik je
bedanken voor een prettige samenwerking. We kennen elkaar inmiddels al vele jaren, zowel
binnen als buiten het ziekenhuis. Zonder jouw harde werk voor de GIPS‐III trial zou de PMI
substudie nooit tot stand zijn gekomen. Bedankt voor je enorme inzet en collegialiteit. Ik
wens je veel succes met je vooropleiding en hoop je daarna weer snel terug te zien in het
UMCG.
Geachte Drs. M. Kuijpers, beste Michiel, we kennen elkaar inmiddels al vele jaren. Eerst als
collega ANIOS en later als collega AIOS en promovendi. In al die jaren hebben we in allerlei
opzichten binnen en buiten het ziekenhuis veel steun aan elkaar gehad. Ik vind het
bewonderenswaardig en inspirerend hoe jij als beginnend thoraxchirurg binnen korte tijd
een onmisbare positie binnen de groep hebt weten te verwerven. Ik ben je dankbaar voor
het kritisch beoordelen en corrigeren van de definitieve versie van dit proefschrift en voor
het vervullen van de taak van paranimf. Ik hoop onze prettige samenwerking in Groningen
nog lange tijd voort te kunnen zetten.
Geachte Drs. I.J. den Hamer, beste Inez, door onze gemeenschappelijke interesse voor de
mitralisklep(chirurgie) was het erg prettig om met jou als co‐auteur aan diverse artikelen te
werken. Ik bewonder je chirurgische en sociale vaardigheden. Daarnaast hoop ik dat we
onze mooie onderzoekslijnen binnen de miralisklepchirurgie de komende jaren kunnen
voortzetten en uitbreiden. Ik hoop nog lang met je samen te kunnen werken en nog veel van
je te kunnen leren.
Geachte Dr. M.E. Erasmus, beste Michiel, als oud‐opleider en wetenschapper ben je altijd
zeer betrokken geweest bij het opzetten van de mitraliskleppen‐database en het uitwerken
van het merendeel van de artikelen. Je commentaar, zowel inhoudelijk als structureel was
altijd zeer waardevol. Ik wil je bedanken voor je steun. De manier waarop jij kliniek en
onderzoek combineert is bewonderenswaardig en ik hoop dat in de toekomst op een
vergelijkbare wijze te kunnen doen.
Geachte Drs. T.J. Klinkenberg, beste Theo, je vaardigheid als chirurg, je directheid,
enthousiasme en zakelijk instinct hebben diepe indruk op mij gemaakt. Je maakte me
bewust van de noodzaak om een proces van begin tot eind volledig te kunnen overzien
zonder de details uit het oog te verliezen. Het is een advies waar ik zowel op de
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operatiekamer als op wetenschappelijk gebied veel aan heb gehad. Ik hoop nog lang met je
samen te kunnen werken in het UMCG en in de HHK.
Geachte Dr. E. Natour, beste Ehsan, je chirurgische vaardigheid en deskundigheid op het
gebied van de aortachirurgie zijn bewonderenswaardig. Je Duitse achtergrond is in alles
merkbaar en geeft soms een frisse kijk op de situatie. Dit was ook het geval bij het
becommentariëren van de diverse artikelen. Helaas ga je Groningen verlaten, maar ik hoop
onze samenwerking nog vele jaren voort te kunnen zetten.
Geachte Drs. B.M.J.A. Koene, beste Bart, op de operatiekamer en als collega promovendus is
het

vanaf

het

begin

zeer

prettig

samenwerken

geweest.

Ik

vond

het

erg

bewonderenswaardig hoe jij als beginnend thoraxchirurg snel je draai wist te vinden in
Groningen. Helaas heb je Groningen verlaten en heb je besloten je carrière te vervolgen in
het Catharina Ziekenhuis in Eindhoven. In wetenschappelijk opzicht hebben we veel steun
aan elkaar gehad en ik hoop deze samenwerking nog vele jaren voort te kunnen zetten.
Ook de andere thoraxchirurgen, Monica Gianoli, Yvonne Douglas, Michael Hartman,
Giorgio Viganò en Caroline Van De Wauwer wil ik bedanken voor hun steun. Jullie hebben
allemaal een eigen visie op de thoraxchirurgie en een eigen manier van opereren. Ik wil
jullie bedanken voor het prettige opleidingsklimaat en de mogelijkheid om dit proefschrift
tijdens de opleiding tot een goed einde te kunnen brengen.
De huidige (en oud) chirurgen van de afdeling congenitale thoraxchirurgie, Tjark Ebels,
Tjalling Waterbolk, Guido Michielon, Yvonne Drijver, Sara Arrigoni, Ryan Accord, Paul
Schoof en Felix Haas wil ik eveneens bedanken voor hun steun. Ik hoop in de toekomst nog
regelmatig met velen van jullie samen te kunnen werken.
Diverse cardiologen die op directe of indirecte wijze bij de totstandkoming van dit
proefschrift betrokken zijn geweest wil ik eveneens bedanken. In het bijzonder Pim van der
Harst, Marco Willemsen, Eric Lipsic, Johan Brügemann, Dirk‐Jan van Veldhuisen en Felix
Zijlstra. Ook Niek Prakken, radioloog, ben ik zeer dankbaar voor zijn hulp bij de analyse
van de MRI’s.
Verder wil ik alle arts‐assistenten thoraxchirurgie (AIOS en ANIOS) die we door de jaren
heen hebben gehad bedanken voor hun collegialiteit en steun. Mijn huidige collega AIOS
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thoraxchirurgie en tevens collega promovendi Aanke Bijleveld, Arash Khamooshian en Gijs
de Maat wil ik in het bijzonder bedanken. Zonder hun steun en flexibiliteit zou ik dit
proefschrift niet tot een goed einde hebben kunnen brengen. Ik ben jullie ook dankbaar voor
het kritisch beoordelen en corrigeren van de definitieve versie van dit proefschrift. Ik hoop
met jullie allen nog veel te leren tijdens de opleiding en ook daarna nog lange tijd in
Groningen samen te kunnen werken.
Alle personen werkzaam binnen het Thoraxcentrum, op het operatiecomplex (operatie‐
assistenten, perfusionisten, thoraxanesthesiologen en anesthesie‐medewerkers), op de
thorax

intensive

verpleegafdelingen

care,
B2

op
en

de
C2

hartbewaking,
(verpleegkundig

op

de

hartcatheterisatie,

specialisten,

op

de

verpleegkundigen

en

fysiotherapeuten) en op de polikliniek wil ik eveneens bedanken voor hun steun en inzet.
Zonder goede patiëntenzorg is klinisch wetenschappelijk onderzoek onmogelijk.
De dames van het secretariaat, Wanda Schut, Magda Munstra, Daniëlle Groenhagen, Mahé
Hilbrands, Annemiek Hummel, Anneke Hamming, Stefanie van der Veen, Esther
Kromkamp en Jessica Volders, wil ik in het bijzonder bedanken voor hun flexibiliteit en
secretariële en mentale steun in de afgelopen jaren.
De opleider heelkunde in het Martini Ziekenhuis, Dr. Peter Baas, en de volledige
opleidersgroep, bestaande uit Wendy Kelder, Steffan Rödel, Arend‐Jan Julius, Annette
Olieman, Jan‐Kees Breek, Gerald Glade, Paul Keller, Ruby Krol, Adrie Stael, Eelke Bosma en
Gerard Beerthuizen, wil ik bedanken voor het in mij gestelde vertrouwen en voor een zeer
leerzame en plezierige vooropleiding.
Alle arts‐assistenten heelkunde (AIOS en ANIOS) met wie ik heb mogen samenwerken in
het Martini Ziekenhuis tijdens mijn vooropleiding algemene chirurgie wil ik eveneens
bedanken voor hun collegialiteit en steun. De vele bijeenkomsten in het chirurgencafé
herinner ik me als bijzonder prettig.
Verder wil ik Dr. Robert C. Gorman en Dr. Joseph H. Gorman III van het Gorman
Cardiovascular Research Lab, University of Pennsylvania, Philadelphia, USA bedanken.
Dear Rob and Joe, you accepted my proposal for a research internship in 2005 and as a
young unexperienced student you allowed me to work in your prestigious lab in 2006. In
your lab I was quickly taught how to think, speak, and act as a researcher and future cardiac
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surgeon. I cannot thank you enough for the opportunities you both gave me and I think it
has played a pivotal role in this PhD thesis and being chosen as a cardiac surgery resident in
Holland. In the last decade I have seen your lab evolve and it has now become one of the
most important research labs in the world for mitral valve disease. I look forward to
working with you again and hopefully we will be able to collaborate on numerous other
projects in the near future.
I would like to thank my research colleagues and fellow cardiac surgeons (in training) Kevin
Koomalsingh (Columbia University Medical Center, New York, USA) and J. Daniel Robb
(St. Thomas’s Hospital, London, UK) for their help and support in the Gorman Lab.
I would also like to thank my friends from Philadelphia, who made me feel at home in the
city of brotherly love; Jonathan Mesón, Italo Tempera, Juan Jimenez, Richard Aguilar, Philip
Degroote, Abhishek Agarwal, Liana Doganiero, Elise Fitzpatrick, Aviva Henrion, Andrea
Noya, Natalie Elizabeth, Megumi Hirokawa, Yuko Yasuda, Akane Mita, Nan Lor, Ammar
Rahman, John Ming‐Yi Lee, Daniyal Mufti, Norihuro Kudama, Kei Morimoto, Zuleika
Bonilla, and Patrick Coleman. What an amazing time we had in 2006 and 2009. I wouldn’t
have missed it for the world.
Vrienden en oud collega co‐assistenten; Jitske, Tessa, Yanka, Herre en Bert. We kunnen
terugkijken op een prachtige en leerzame tijd als co‐assistenten in ziekenhuis Nij Smellinghe
Drachten. Hier werd een goede basis gelegd. Ook na onze co‐schappen spraken we
regelmatig af en hopelijk blijft dat zo. Het is mooi om te zien hoe iedereen uiteindelijk zijn
eigen weg heeft gevonden in de medische wereld.
Beste Eppie en Baukje. Met de totstandkoming van dit proefschrift zelf hebben jullie weinig
te maken gehad, maar jullie steun als vrienden wordt enorm gewaardeerd. Laten we snel
weer eens een feest organiseren.
Beste Gerben, ook jij hebt met de totstandkoming van dit proefschrift zelf weinig te maken.
Toch wil ik je bedanken voor je steun. Hopelijk is er snel weer een thoraxborrel.
Liefste, onze reis is pas sinds kort begonnen, maar we hebben al prachtige bestemmingen
aangedaan. Bedankt voor je steun.
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Michiel Kuijpers en Bert Postma wil ik hartelijk bedanken voor het feit dat zij de taak van
paranimf op zich hebben genomen. Bedankt voor jullie enorme hulp en steun.
De meest stabiele factor is mijn familie.
Leave Pake Atte. Het kost me moeite om dit dankwoord voor u te schrijven. In de eerste
plaats omdat het lastig is een Fries in het Nederlands te bedanken, maar vooral omdat ik u
heel erg mis. In 2001 onderging u een ingrijpende hartoperatie en daar heeft u nog 10 jaren
plezier van gehad. Deze gebeurtenis heeft veel indruk op mij gemaakt en mij geïnspireerd
om een carrière in dit vakgebied na te streven. Mijn proefschrift draag ik op aan u. Leave
Pake, bedankt foar alles en ik sil jo nea ferjitte…
Leave Beppe Jannie. Ik heb altijd kunnen rekenen op uw steun. Samen met Pake vormde u
een hecht team. De afgelopen jaren zijn niet de makkelijkste voor u geweest, maar ik
bewonder uw positivisme en doorzettingsvermogen. Hopelijk blijft u nog vele jaren bij ons.
Leave Jannie, myn “lytse” suske. Ook jij bent in de zorg terecht gekomen en ook jij bent
tijdens je reis de nodige obstakels tegen gekomen. Uiteindelijk heb je ook je doel bereikt en
uit betrouwbare bron weet ik dat je een voortreffelijke verpleegkundige bent. Ik ben trots op
je. Zonder jouw directe en indirecte steun zou ik dit proefschrift niet tot een goed einde
hebben kunnen brengen. Ik wens je veel succes met je carrière en veel geluk met Bert en
Feline.
Leave Heit en Mem. De stabiele thuisbasis en jullie onvoorwaardelijke steun en vertrouwen
hebben mij in staat gesteld de opleidingsplaats tot cardiothoracaal chirurg te bemachtigen
en dit proefschrift te voltooien. Bedankt voor alles.
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Curriculum Vitae
Wobbe Bouma wordt geboren op 16 mei 1984 te Drachten. Zijn
jeugd brengt hij door in Surhuisterveen en in 2002 slaagt hij
cum laude voor zijn eindexamen Gymnasium aan het
Drachtster Lyceum. Hierdoor kan hij in 2002 direct beginnen
met de studie geneeskunde aan de Rijksuniversiteit Groningen.
Zijn interesse voor cardiothoracale chirurgie wordt al in de
beginjaren van zijn studie gewekt. In 2006 vertrekt hij daarom
naar de University of Pennsylvania in Philadelphia (VS) om in
het onderzoekslaboratorium van de Gorman brothers te
werken aan een project voor zijn wetenschappelijke stage. Eind
2006 behaalt hij vervolgens zijn doctoraalbul geneeskunde (cum laude). Daarna volgen 2
jaren van co‐schappen in achtereenvolgens Ziekenhuis Nij Smellinghe Drachten, Medisch
Centrum Leeuwarden en het Martini Ziekenhuis Groningen. Tijdens zijn co‐schappen start
hij met onderzoek naar de resultaten van mitralisklepchirurgie in het Universitair Medisch
Centrum Groningen. De eerste resultaten zijn veelbelovend en via de Junior Scientific
Masterclass lukt het hem in aanmerking te komen voor een promotietraject (MD‐PhD
traject). In 2008 start hij met zijn keuze co‐schap thoraxchirurgie en op 16 oktober 2008
behaalt hij zijn artsenbul (cum laude). Daarna kiest hij nadrukkelijk voor de combinatie
kliniek en onderzoek en is hij afwisselend werkzaam als arts‐assistent thoraxchirurgie en
promovendus.

Eind

2009

werkt

hij

opnieuw

enkele

maanden

in

het

onderzoekslaboratorium van de Gorman brothers om een gezamenlijk project voor zijn
promotie af te ronden. Het lukt hem om een vruchtbaar samenwerkingsverband op te zetten
tussen de afdeling cardiothoracale chirurgie van het UMCG en het Gorman Cardiovascular
Research Lab van de University of Pennsylvania. In september 2011 start hij met de
opleiding tot cardiothoracaal chirurg. De vooropleiding algemene chirurgie doorloopt hij in
het Martini Ziekenhuis Groningen. Na zijn promotie in 2016, zal hij zich naast zijn opleiding
tot cardiothoracaal chirurg bezig gaan houden met het verder opzetten en uitbreiden van de
onderzoekslijn mitralisklepchirurgie.
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