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�Introduction

Minimally invasive valve surgery in its most comprehensive 
definition involves any procedure to replace or repair a heart 
valve without a full sternotomy. It is not a single approach 
but more of a constellation of different techniques and tech-
nologies that are specific to this type of procedure. They 
include various enhanced visualization or exposure devices 
and instrumentation, as well as modified perfusion tech-
niques, used with the ultimate goal of minimizing surgical 
trauma by limiting the surgical incision. Types of access 
typically used include partial upper or lower sternotomy with 
a T or J transection of the sternum, and mini-thoracotomy 
approaches using videoscopic or robotic assistance or direct 
vision.

Reported advantages of these procedures over their open 
surgical analogues include shorter hospital and intensive 
care unit stays, less postoperative pain, a more cosmetically 
acceptable incision, lower thoracic wound infection rates, 
less use of blood products, better postoperative respiratory 
function, a more rapid return to baseline functional status, 
greater patient satisfaction, and lower hospital costs [1–4]. 
These advantages mimic those observed with minimally 
invasive techniques used in other fields. Concerns remain, 
however, that there is a tradeoff of limited exposure against 
safety, operative length—including cardiopulmonary bypass 
time and duration of cross-clamping (if used)—ability to 
adequately evacuate air from the heart, quality of valve 
repair, potential vascular and cerebrovascular complications, 
and a long learning curve.

The recent development and implementation of transcath-
eter mitral valve (MV) replacement and repair technologies, 
while representing the pinnacle of minimally invasive ideals, 
will for the near future remain limited in scope because of 
the heterogeneity of the MV, technical challenges, and lack 
of long-term data regarding durability and results. 
Nonetheless, transvenous/transseptal access to the MV for 
deployment of a mitral clip has benefited a subset of patients. 
Newer technologies have been developed to access and 
repair the MV via a transapical approach. These transcathe-
ter/transapical approaches have been named “micro” inva-
sive procedures to differentiate them from techniques that 
require cardiopulmonary bypass (CPB). Less-invasive 
approaches, whether surgical or transcatheter, will continue 
to evolve and play a major role in cardiovascular therapies.

�Evolution

Minimally invasive MV surgery has undergone an evolution 
of different techniques and philosophies. In this chapter, we 
review the evolution of the procedure, including the develop-
ment of CPB techniques, surgical incisions, and approaches 
that have led the way to its current state. In addition, we 
review different techniques for replacing and repairing the 
MV in different disease states.

The first successful use of CPB by John Gibbon in 1953 
paved the way to allowing correction of complex cardiac 
anomalies in a bloodless field [5]. The first documented mini-
mally invasive approach to both aortic and mitral valve disease 
through a right parasternal incision is attributed to Cosgrove 
and colleagues in 1996 [6]. Concurrently, improvements were 
made to minimize the circulating blood volume through a 
bypass circuit, with the objective of diminishing the inflamma-
tory reaction caused by CPB. Cannulas became smaller and 
longer and were manufactured with non-kinking materials to 
maximize flow dynamics. Application of carbon dioxide to 
displace the oxygen in the operative field has reduced the risk 
of air embolism. In addition, the advent and routine use of 
intraoperative transesophageal echocardiography (TEE) has 
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aided in both confirming cannula placement and ensuring 
proper removal of air [7].

One of the most significant advances in the evolution of 
minimally invasive valve surgery is the development of alter-
native methods of establishing CPB. Because these proce-
dures do not fully expose the heart, alternative techniques 
involving central aortic or peripheral cannulation via the 
femoral, subclavian/axillary, and/or jugular vessels were 
required. Additionally, many minimally invasive operations 
employ hybrid cannulation strategies involving both central 
and peripheral cannulation. These strategies can be used on 
an arrested, fibrillating, or even beating heart [8].

Several disadvantages of peripheral arterial cannulation 
have been documented, including elevated incidences of vas-
cular complications and stroke [9–11]. However, results 
from several studies of large patient cohorts contradict these 
findings [12, 13]. In fact, outcomes have been similar whether 
central arterial or peripheral cannulation was used. Numerous 
variations of venous cannulation have been tried, as well. 
The application of vacuum-assisted drainage with a hard-
shell reservoir has had a dramatic impact on venous drain-
age, augmenting the decompression of the right atrium and 
ventricle. Such drainage is performed directly via the right 
atrium or percutaneously from the femoral or internal jugu-
lar veins [14].

In a similar manner, cardioplegia solution can be admin-
istered either antegrade directly into the aorta or retrograde 
via the coronary sinus with either transjugular access or 
direct right atrial insertion. Additionally, extended-effect car-
dioplegia solutions have allowed surgeons to protect the 
heart for longer periods of time while performing complex 
valvular reconstructions.

In the beginning, minimally invasive MV operations were 
performed through a right parasternal incision. This required 
resecting the third and fourth costal cartilages, which led to 
significant chest-wall deformities and paradoxical chest-wall 
motion [15]. Thereafter, for many surgeons, ministernotomy 
with a T or L transection of the sternum in the fourth or fifth 
intercostal space became the incision of choice for mini-
mally invasive mitral-valve repairs [16, 17]. This allows cen-
tral cannulation and facilitates conversion to median 
sternotomy if necessary. Other incisions have included a 
right thoracotomy, right infra-axillary thoracotomy [18], 
transsternal approach [19], inverted T-sternotomy [20], and 
“V”-incision [1]. Today, a right mini-thoracotomy in the 
fourth or fifth intercostal space is the most widely used 
approach.

In addition, innovative technologies have been developed 
to facilitate minimally invasive cardiac surgery. The port-
access, keyhole, or “Heart Port” method was one of the first 
to use aortic occlusion with an endoaortic balloon inserted 
through a peripheral artery, along with a retrograde cardio-
plegia catheter inserted through the right internal jugular 

vein [21]. An alternative method that is commonly used 
today is direct aortic clamping either via a separate port or 
directly through the incision [22].

In 1996, Carpentier described the use of 2-D video thora-
coscopic assistance to improve visualization of the MV [23]. 
Shortly thereafter, a 3D version was developed to improve 
depth perception. In an attempt to further facilitate the proce-
dure, a voice-activated robotic arm was attached to the scope 
(AESOP 3000, Computer Motion, Inc., CA, USA), allowing 
mitral surgery to be performed by a single surgeon [24].

In 1998, Carpentier also became the first surgeon to per-
form a MV operation using a robotic system, the Da Vinci® 
Surgical System (Intuitive Surgical, Inc., Sunnyvale, CA, 
USA) [25]. This telemanipulator allowed the surgeon to sit at 
a console and remotely control surgical instruments in the 
operative field with 360 degrees of motion. Robotic surgical 
systems were met with great enthusiasm initially but were 
not widely adopted because they involved an extremely steep 
learning curve. In addition, operative times and costs are 
often greater for robotic surgery than for traditional sternot-
omy approaches, except at a few expert centers. Nonetheless, 
newer generations of the Da Vinci Surgical System have 
been developed, and other corporations—including Google, 
which has teamed up with Johnson & Johnson (Verb 
Surgical), Medtronic, and Cambridge Medical Robotics 
(Versius)—are now introducing their own versions of the 
robotic system.

�Minimally Invasive Surgical Approaches 
for the Mitral Valve

The most common surgical approach to the MV is through a 
median sternotomy with central aortic and right atrial can-
nulation. The MV is exposed through the intra-atrial groove 
or the right atrium with either a transseptal exposure or a 
superior approach through the dome of the left atrium.

Less-invasive approaches to the MV have also been 
devised. The most common include a right mini-thoracotomy 
with direct visualization, video thoracoscopic visualization, 
and robotic surgical assistance. The most important consid-
erations are that the patient’s safety not be compromised and 
that the mitral repair be effective and durable.

�Comorbidities and Anatomic Considerations

A complete history and physical exam to identify all comor-
bidities should be routine before any cardiac operation. In 
addition, computed tomography (CT) imaging can help to 
determine whether a patient is a good candidate for a mini-
mally invasive approach. When such an approach is planned, 
careful screening is necessary for several pertinent comor-
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bidities. Significant lung disease is of particular concern in 
minimally invasive surgery because this approach may 
require single-lung ventilation. Furthermore, lung dysfunc-
tion places the patient at risk for postoperative respiratory 
failure. Any patient with symptoms of obstructive lung dis-
ease or with a heavy smoking history should be considered 
for pulmonary function testing.

Any history of chest trauma, chest tube placement, empy-
ema, or chest surgery should be elucidated, because existing 
adhesions or scarring can complicate efforts to obtain the 
necessary exposure of the heart. These pulmonary adhesions 
may require extensive dissection, potentially leading to lung 
injury. Interestingly enough, imaging cannot detect intraop-
erative adhesions that would potentially preclude a right 
mini thoracotomy approach.

If a chest radiograph shows the right border of the heart 
adjacent to the right border of the vertebral column, the heart 
might be displaced toward the left side of the chest. In addi-
tion, the surgeon should know if the patient has breast 
implants, as these can complicate placement of the atrial 
retraction system. Significant obesity or extensive chest-wall 
musculature can place the MV further away from the sur-
geon, also potentially compromising exposure.

Physical examination and a CT scan help identify con-
genital and traumatic chest-wall and skeletal deformities that 
can compromise exposure during minimally invasive mitral 
surgery. In these specific cases, preoperative screening can 
potentially prevent conversion by identifying aberrant or 
challenging anatomy.

Although the aforementioned barriers can potentially 
complicate minimally invasive right thoracotomy surgery, 
none of them definitively contraindicate it.

Peripheral vascular disease, aortic aneurysmal disease, 
and aortic calcification are also of particular concern. 
Minimally invasive surgery often involves cannulating the 
femoral vessels for retrograde arterial perfusion, as well as 
aortic occlusion with a cross-clamp or endoaortic balloon. 
Existing peripheral vascular disease may preclude safe aortic 
cross-clamping or peripheral cannulation, thereby placing 
the patient at risk for perioperative limb ischemia. A com-
plete physical examination should be made of the femoral 
and peripheral pulses. Any abnormalities on examination or 
a history of prior vascular disease warrants additional test-
ing. Noninvasive vascular screening can be a useful adjunct 
to the physical exam. A more detailed assessment is obtained 
with CT angiography of the chest, abdomen, and pelvis, 
including the femoral vessels. This scan can reveal vascular 
dissection, thrombus, aneurysmal dilation, and occlusive dis-
ease, all of which contraindicate minimally invasive surgery. 
Patients with an aortic diameter >4 cm may not be suitable 
candidates for endoaortic balloon occlusion. A calcified 
aorta does not contraindicate mitral surgery, but identifying 
it preoperatively enables the surgeon to be prepared to per-

form the procedure on a fibrillating heart if necessary. In 
addition, evaluating the venous phase on CT can help iden-
tify barriers to successful peripheral venous cannulation, 
especially for patients with a history of iliofemoral deep vein 
thrombosis or an inferior vena cava filter. Having such a filter 
does not definitively contraindicate femoral venous cannula-
tion, but cannulation should be attempted with fluoroscopic 
guidance.

In addition, obesity and overlying pannus can interfere 
with femoral cannulation and place the patient at risk for 
infection. Evidence of fungal infection in the groin should 
prompt consideration of alternate cannulation sites.

Coronary artery disease, coexisting valvular disease, 
reduced left ventricular ejection fraction (LVEF), right ven-
tricular dysfunction, and severe pulmonary hypertension are 
additional comorbidities that should be screened for. 
Echocardiography should be completed on all patients pre-
operatively and can identify many of these comorbidities. 
Left heart catheterization identifies coronary disease, poten-
tially allowing hybrid approaches with percutaneous coro-
nary intervention and, thereafter, valve surgery in selected 
patients. The American Heart Association (AHA) guidelines 
recommend left heart catheterization for male patients over 
40 and postmenopausal women undergoing valvular surgery 
[26]. The need for concomitant coronary revascularization 
may be considered a relative contraindication to minimally 
invasive MV replacement unless the revascularization can be 
performed percutaneously. Concomitant tricuspid valve and 
even aortic valve surgery is not a contraindication. A mini-
mally invasive approach through the right chest can incur 
longer ischemic times, which places patients with severely 
decreased LVEF, depressed right ventricular function, and 
severe pulmonary hypertension at high risk if the surgeons 
are inexperienced. In addition, topical cooling of the heart 
may not be possible with a minimally invasive approach.

The only definitive contraindication to a less-invasive 
approach is the inability to cannulate the patient safely. 
Although challenging to address, anatomical variants and 
associated comorbidities are not definitive contraindications 
to minimally invasive MV surgery.

�Additional Considerations

Other important factors may influence patient selection for 
minimally invasive mitral surgery. For example, for most 
reoperative MV procedures, a minimally invasive approach 
should be considered. Performing the procedure through the 
right chest and avoiding a redo sternotomy limits the associ-
ated risk of iatrogenic injuries. In the majority of cases, a 
right chest approach provides a field with fewer adhesions. 
In addition, some patients with prior stroke, limited mobil-
ity, or increased frailty may benefit from the avoidance of a 
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sternotomy. Furthermore, many of the relative contraindica-
tions to minimally invasive surgery can be overcome with 
surgeon experience and modified operative techniques. 
Inserting transjugular retrograde coronary perfusion cannu-
las and pulmonary artery vents can augment cardiac protec-
tion and heart decompression in patients with existing 
coronary disease or aortic insufficiency. Retrograde cannu-
las can also be inserted directly into the right atrium from 
the operating port. Cold fibrillatory arrest may be an option 
for patients with extensive pericardial adhesions, aortic dis-
ease precluding cross-clamp or endoaortic balloon place-
ment, or prior coronary artery bypass grafting. Hybrid 
approaches with percutaneous coronary intervention can 
further increase candidacy for these procedures. Mitral 
annular calcification adds significant complexity and thus 
can be considered a relative contraindication. The feared 
complication of atrioventricular disruption associated with 
mitral annular calcification is sometimes difficult to repair 
for even the most experienced limited-access surgeons. 
These features can be identified on both preoperative echo-
cardiography and CT angiography. Not only should the 
pathology of the MV be considered, but any additional valve 
disease must be considered, as well. Aortic regurgitation is 
of particular interest, as it may complicate cardiac protec-
tion, arrest, and effective decompression and venting. As 
surgeon experience increases, more complex repairs, as well 
as concomitant procedures, can be completed with a mini-
mally invasive platform.

�Robotic Mitral Valve Surgery

Robotic mitral surgery is more technically challenging and 
takes longer to learn than other approaches. Patient setup in 
the operating room is largely the same as in other minimally 
invasive approaches. The trachea is intubated with either a 
double-lumen tube or a bronchial blocker. In some cases, a 
pulmonary EndoVent and transjugular retrograde cardiople-
gia cannula (Edwards Lifesciences, Irvine, CA, USA) are 
inserted. The patient is positioned with the right chest ele-
vated by a scapula roll. The right arm hangs off the table with 
the elbow slightly flexed. Defibrillator pads are placed on the 
posterior and lateral thorax.

Robotic mitral operations usually require peripheral can-
nulation, usually via the femoral artery and vein, although in 
some cases, an additional venous cannula is inserted into the 
superior vena cava (SVC) through the right internal jugular 
vein. An endoscope port is placed in the fourth intercostal 
space (ICS), 2–3  cm lateral to the nipple. The right mini-
thoracotomy working port (1.5-cm retractor) is placed in the 
fourth ICS as well, approximately 4 cm lateral to the camera. 
The left robotic arm enters through a port in the second ICS, 
halfway between the endoscope port and shoulder. The right 

robotic arm is placed in the sixth ICS in the region of the 
anterior axillary line. An atrial lift retractor is inserted 
through an additional port in the fourth ICS medial to the 
camera port. Aortic occlusion is performed with an endoaor-
tic balloon catheter. In these cases, bilateral radial arterial 
lines are placed, and care is taken to avoid dampening of the 
pressures, which signals migration of the balloon and occlu-
sion of the great vessels. If an endoaortic balloon is not used, 
a sixth incision or port is created in the second ICS, 10 cm 
posterior to the left robotic arm, for insertion of a transtho-
racic cross-clamp. Cardioplegia solution is delivered through 
the endoaortic balloon or, if the aorta is clamped externally, 
directly into the aortic root with a small cannula. Mitral 
repair techniques are similar for all minimally invasive 
approaches. Robotic assisted MV replacement is more chal-
lenging and should be reserved for the most experienced 
robotic surgeons. Suture management is challenging, and the 
working port needs to be large enough to permit passage of 
the prosthetic valve. Autoknotting devices may facilitate 
tying in these cases [27].

�Endoscopic Mitral Valve Surgery

The intraoperative setup and patient positioning are essen-
tially similar to those used in a robotic operation. A 4-cm 
working incision or port is made at the level of the fourth or 
fifth ICS, starting at the anterior axillary line, and thereafter 
a soft tissue retractor is placed. Rib spreading with an inter-
costal rib retractor is avoided in these procedures. Another 
incision is made at the level of the seventh ICS midaxillary 
line. Through this incision, a sump suction is tunneled and is 
subsequently inserted through the left atriotomy and into the 
left inferior pulmonary vein to help drain the pulmonary 
venous return. Carbon dioxide is infused into the operative 
field at 2–3 L/min. This facilitates evacuation of air from the 
heart. Peripheral cannulation is usually used with video 
endoscopic procedures. Aortic occlusion can be performed 
with an endoaortic balloon or direct external aortic clamping 
through a separate incision. Cardioplegia solution is admin-
istered through the endoballoon or a cardioplegia cannula 
inserted directly into the aortic root.

Once electromechanical arrest of the heart is established, 
a left atriotomy is performed. Cross-clamping, cardioplegia 
delivery, pericardiotomy, atriotomy, and closure can be per-
formed with videoscopic assistance or direct vision. A 5-mm 
trocar is placed 1 intercostal space above and lateral to the 
working port. A 0° or 30° thoracoscope is inserted through 
the trocar to directly visualize the MV. After the left atriot-
omy, an atrial lift retractor is inserted through the working 
port and connected to a post inserted through a separate stab 
wound medial to the incision. Long-shafted, manually con-
trolled instruments are inserted through the working port to 
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perform the mitral repair or replacement. Video endoscopic 
operations can be challenging and take time to learn [28].

�Direct Vision Right Mini-Thoracotomy Mitral 
Valve Surgery

A single-lumen endotracheal tube is inserted, and double-
lung ventilation is used throughout the operation. If visual-
ization of the heart is impaired by the lungs, the lungs are 
temporarily deflated, or CPB can be instituted early.

Single-lung ventilation with a double-lumen endotracheal 
tube or bronchial blocker is not commonly performed unless 
significant pleural adhesions limit visualization and dissec-
tion. There are reported cases of unilateral re-expansion pul-
monary edema secondary to single-lung ventilation [29, 30].

�Transesophageal Echocardiography

Every patient should have a thorough intraoperative 2-D and 
3-D TEE assessment. The size of the mitral annulus and 
anterior leaflet are measured. Left ventricular function is 
assessed. The MV is further interrogated. Atherosclerotic 
disease is assessed in the ascending and descending aorta; 
evidence of grade 4 or 5 free-floating atheroma in the 
descending aorta should preclude femoral cannulation and 
retrograde arterial perfusion. The venous cannula is posi-
tioned in the SVC under TEE guidance, using a bicaval mid-
esophageal view at 80–100°. In patients with mild-to-moderate 
aortic insufficiency, TEE is used to obtain a midesophageal 
four-chamber view at 0° to guide placement of a retrograde 
cardioplegia cannula.

Intraoperative fluoroscopy can also be used to aid place-
ment of the venous guide wire and cannula when the wire can-
not be visualized by TEE. Intraoperative iliac and abdominal 
aortic angiograms with fluoroscopy are performed when there 
is uncertainty after insertion of the femoral arterial cannula, or 
when calcified plaques are encountered during cannulation.

�Cannulation and Perfusion

A femoral platform is the access site of choice. Left femoral 
artery and vein cannulation are preferred because most 
patients undergo a cardiac catheterization via the right femo-
ral artery. If the surgeon is not yet experienced with this tech-
nique, CT angiography should be performed routinely, 
especially if severe peripheral vascular disease is suspected.

Before cannulation, the patient is fully heparinized 
(3.3  mg/kg). A 2–3-cm longitudinal skin incision is made 
above the inguinal crease. In our practice, using this 
approach, along with limited dissection of the anterior aspect 

of the vessels, has decreased the incidence of seroma forma-
tion. Careful attention is paid to assessing the quality of the 
artery. The presence of a posterior horseshoe calcified plaque 
does not contraindicate cannulation, but circumferential cal-
cification does. A purse string suture is placed on the anterior 
aspect of each vessel. A modified Seldinger technique is used 
for cannulation. A guide wire is advanced through the femo-
ral artery and subsequently into the proximal descending 
aorta, and its position is verified by TEE. The wire should 
pass through without resistance. Thereafter, a cannula is 
inserted into the artery. The choice of cannula size depends 
on the patient’s body surface area.

If there is any resistance when the cannula is advanced, an 
alternative access site should be chosen. Additionally, if 
there are any concerns, an intraoperative angiogram can be 
performed. If an alternative cannulation site is required, the 
right axillary artery is the next access point of choice. During 
axillary cannulation, intraoperative fluoroscopy and angiog-
raphy are always performed. Because all female patients are 
positioned with the arm placed over the head, if peripheral 
vascular disease is present, the axillary artery is cannulated 
through the axilla. Central cannulation can also be per-
formed, although this is more challenging because of the dis-
tance from the incision.

�Venous Cannulation

Femoral venous cannulation is performed by using a 
Seldinger technique. A wire is passed through the femoral 
vein and into the SVC under TEE guidance. A 0° bicaval 
view is obtained for placement [31].

Thereafter, a 25 Fr venous cannula is advanced deep into 
the SVC. To obtain adequate venous drainage, the cannula 
should be in the SVC, and vacuum drainage should be 
applied. Vacuum assistance with 35 mmHg of negative suc-
tion is applied and increased to 65 mmHg if necessary. The 
application of negative pressure increases the formation of 
gaseous microemboli, although this has not been proven to 
be harmful [32]. Evidence suggests that surpassing 60 mmHg 
of negative pressure does not increase the incidence of neu-
rological events [33].

There are also instances in which additional venous drain-
age is required because of right-sided distention or dislodge-
ment of the venous cannula into the right atrium. It is crucial 
to have adequate decompression of the right side of the heart, 
because this can lead to postoperative heart failure.

�Patient Selection

When compared with standard sternotomy MV surgery, min-
imally invasive MV surgery appears to benefit higher-risk 
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patients. These include patients more than 75 years old [2], 
obese patients (body mass index >30  kg/m2) [4], patients 
with chronic obstructive pulmonary disease (COPD) [3], and 
patients with a low LVEF (<35%) [4].

Several series have demonstrated lower morbidity and 
mortality with minimally invasive MV procedures in these 
subsets of patients. Concomitant tricuspid and aortic valve 
surgery can also be performed. Unlike in minimally invasive 
AVR surgery, a saphenous vein bypass to the right coronary 
artery cannot be performed. On the other hand, reoperative 
MV surgery is feasible in patients with prior valve surgery or 
coronary revascularization via a right mini-thoracotomy 
approach [34]. Patients with CAD amendable to PCI can be 
offered a hybrid approach. A percutaneous intervention can 
be performed at any time before the minimally invasive valve 
procedure; in a select few patients, it can be performed after-
ward. Furthermore, a mini-thoracotomy approach can be 
offered to patients receiving dual antiplatelet therapy [35].

�Surgical Technique

All male patients are positioned with the arm hanging slightly 
off of the operating table with a scapula roll allowing eleva-
tion of the right chest. Female patients are positioned with the 
scapula roll as well, although the right arm is positioned over 
the head and the breast is displaced medially to provide addi-
tional exposure. A 5–6-cm incision is made at the level of the 
fourth or fifth intercostal space. A soft-tissue retractor and a 
rib spreader provide additional exposure. Cardiopulmonary 
bypass is instituted, and the pericardium is opened and 
retracted with stay sutures. The aorta is clamped directly 
through the incision, and cardioplegia solution is adminis-
tered into the aortic root. If there is mild-to-moderate aortic 
insufficiency, a retrograde cardioplegia cannula is inserted. 
Thereafter, an atrial lift retractor is inserted, and the MV is 
further exposed. If a concomitant ablation or ligation of the 
atrial appendage is required, it is performed before the MV 
operation begins. Carbon dioxide is infused into the operative 
field at a rate of 2 L/min. Infusing a greater volume of CO2 
will raise the patients’ CO2 level during CPB, and sweeping it 
off will be an arduous task for the perfusionist.

The MV repair or replacement proceeds in the usual fash-
ion, although long-shafted surgical instruments are required. 
On completion, the left atriotomy is closed and pacing wires 
are placed on the inferior wall of the right ventricle. The cross-
clamp is removed, and deairing is performed with an aortic root 
vent. Once TEE images confirm adequate air removal, valve 
function, and valve competency, the patient is weaned from 
CPB. After protamine is administered, the femoral arterial and 
venous cannulas are removed. A drain is placed in the pericar-
dium and the right pleural cavity. An intercostal nerve block is 
performed, and the chest is closed in the usual fashion.

�Mitral Valve: Introduction

Mitral valve disease represents the most common valvular 
disorder worldwide. Although mitral stenosis (MS) is on the 
decline because of earlier treatment of rheumatic fever, 
mitral regurgitation (MR) remains a more common valvular 
disease, especially in developed nations. In the United States, 
MR is the most frequent valvular disease; nearly 10% of MR 
patients aged 75 years or older have moderate-to-severe MR 
[36]. This equates to 4 million affected persons, with an esti-
mated incidence of 250,000 new cases of severe MR per year 
[36, 37]. Medical therapy has a limited role in these patients’ 
treatment; surgical repair and replacement are the mainstays 
of therapy [26].

However, a large discrepancy exists between patients who 
have MV disease and patients who undergo surgical therapy; 
2009 data show that only 2% of this potential patient popula-
tion was treated surgically [38–40]. The reasons for this dis-
parity are multifold. Nearly 50% of symptomatic patients 
with severe MR are never referred for correction because 
they are deemed too high risk for surgery. Of the patients 
referred for surgery, only a fraction actually undergo it; the 
rest are not treated surgically because of age, comorbidities, 
or severe LV dysfunction [39]. Mitral regurgitation also has 
a variable natural history: some patients have stable, mild, or 
moderate MR for many years, while others’ MR progresses 
over a variable time course.

�Etiology and Classification of Mitral 
Regurgitation

The etiology of MR is multifaceted, with surgical therapy 
offering different results for MR of different causes. Mitral 
regurgitation can be classified as either primary (organic) or 
secondary (functional), depending on the abnormality that 
leads to the regurgitation, although its pathophysiology var-
ies widely within each category. Differentiating between 
these two entities is crucial to choosing a therapeutic strategy 
and predicting its outcome. In addition, it is important to rec-
ognize that a single patient’s MR can have multiple causes.

Primary or organic MR is an intrinsic valvular abnor-
mality affecting components of the mitral apparatus (i.e., 
leaflets, annulus, chordae, or papillary muscles). 
Dysfunction of any of the structures of the MV leads to 
regurgitation of blood into the atrium during systole. The 
most common causes of primary MR are degenerative dis-
eases: a variety of conditions that cause abnormalities of 
the connective tissue, leading to structural changes of the 
mitral apparatus. Myxomatous degeneration of the MV in 
its most extensive form is called Barlow disease. The mitral 
leaflets become thickened and redundant and commonly 
develop multisegmental prolapse due to a myxoid infiltra-
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tion. The valves are typically large, with diffuse chordal 
elongation and rupture. Carpentier described a “forme 
fruste” of Barlow disease, understanding that many valves 
have some but not all of the disease’s pathologic features, 
thus recognizing the spectrum of lesions [41, 42].

Another cause of degenerative MR is fibroelastic disease, 
in which there is a deficiency of connective tissue. This leads 
to a deficiency of collagen, elastins, and proteoglycans, caus-
ing a thinning of the leaflets. The majority of patients present 
with a normal-appearing annulus and valve segments with 
thin and elongated or ruptured chordae. Some patients pres-
ent with isolated prolapsing segments of the leaflets, which 
can become thickened from myxoid deposition, but the mech-
anism of MR is usually rupture of thin chordae tendineae.

Additional causes of primary MR include other connec-
tive tissue disorders (Marfan syndrome, Ehlers-Danlos syn-
drome), osteogenesis imperfecta, pseudoxanthoma 
elasticum, endocarditis, rheumatic disease, and radiation- or 
drug-induced valvulopathy. Rheumatic disease is the most 
prevalent cause of primary MR in developing countries.

Secondary or functional MR is caused by ventricular dys-
function due to dilation, diffuse hypokinesis, or segmental 
damage secondary to ischemic disease or dilated cardiomyopa-
thy. These changes in the sphericity of the ventricle displace the 
papillary muscles in an outward and/or apical direction and 
cause tethering of the leaflets, thus restricting closure during 
systole. Another, less common cause of functional MR occurs 
only with left atrial remodeling from atrial fibrillation. In these 
cases, annular enlargement leads to MR with preserved LV 
function. In both types of secondary MR, the mitral leaflets are 
usually structurally normal or nearly normal.

Furthermore, as disease progresses, causes can become 
mixed; for instance, severe untreated primary MR may lead to 
ventricular remodeling and associated secondary 
MR. Multiple causes can also arise concurrently (e.g., isch-
emic MR with combined degenerative MR), further compli-
cating matters. Although surgical therapy has had good results 
in primary MR, results in secondary MR have been varied.

�Mitral Valve Apparatus Structure 
and Function

A thorough understanding of MV apparatus structure and 
function is necessary to understand surgical and percutaneous 
approaches to MV repair and replacement and their potential 
advantages and disadvantages. One can conceive of the MV 
apparatus as being formed by four components: the annulus, 
leaflets, chordae tendineae, and papillary muscles [43, 44].

The annulus is an ellipsoid, asymmetrical structure that 
forms the outer perimeter of the MV apparatus. The anterior 
portion makes up approximately one-third of the annular cir-
cumference and consists of a fibrous portion that is in conti-

nuity with the aortic annulus [44]. The posterior portion 
makes up the remaining two-thirds of the annular circumfer-
ence and is a dynamic structure. The apparatus contains an 
asymmetric bileaflet valve consisting of an anterior leaflet 
and a posterior leaflet. The anterior leaflet has greater leaflet 
length but has a narrower base than the posterior leaflet. The 
leaflets are demarcated by an anterolateral and posteromedial 
commissure [44]. The MV leaflets are attached to the papil-
lary muscles via chordae tendineae or chords. Primary chords 
attach to the free edge of the leaflets, whereas secondary 
chords attach to the body of the leaflets. Chords to the anterior 
leaflet attach to the anterolateral papillary muscles, whereas 
posterior chords attach to the posterolateral papillary mus-
cles. All of the papillary muscles are affixed to the LV wall.

Functionally, pre-closure of the MV leaflets begins after 
atrial contraction to approximate the anterior and posterior 
leaflets. Closure of the MV components relies on the posi-
tion of the anterior leaflet and coaptation of the leaflets. 
During systole, when in proper position, the anterior leaflet 
forms a veil parallel to systolic flow in the LV outflow tract. 
Then, during coaptation of the leaflets, coaptation over the 
rough zones on the atrial surfaces of either leaflet creates 
high friction and resistance, producing strong shear forces. 
Posterior annular contraction increases this coaptation to 
facilitate competent closure. Improper valve coaptation or 
loss thereof due to disruption of any of these anatomic ele-
ments of the MV apparatus can result in MR.

�Assessing the Mitral Valve

�Classification of Mitral Valve Dysfunction

Carpentier’s classification of leaflet dysfunction has allowed 
surgeons and cardiologists to describe valve disease in uni-
versal terms [45]. The classification is based on leaflet motion.

•	 Type I: normal leaflet motion (annular dilatation, leaflet 
perforation, cleft valve)

•	 Type II: excessive leaflet motion (prolapse, chordal elon-
gation or rupture, papillary muscle elongation or rupture)

•	 Type III: restricted leaflet motion
•	 Type IIIa: leaflet thickening and/or retraction, chordal 

thickening and/or retraction, commissural fusion (during 
systole and diastole)

•	 Type IIIb: papillary muscle displacement and/or leaflet 
tethering (during systole only)

Table 8.1 further details this complex interplay of etiol-
ogy, lesions, and function. In any given patient, multiple 
causes, lesions, and mechanisms of dysfunction may be 
present, which in turn may necessitate the use of multiple 
techniques and technologies for valve repair.
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Grading the degree of MR has its limitations, so a com-
prehensive process to obtain multiple measurements by 
transthoracic echocardiography (TTE), TEE, and Doppler 
color flow imaging is essential. A more comprehensive 
assessment should be made—with cardiac magnetic reso-
nance imaging, if necessary—to further quantify the degree 
of MR and resolve any discrepancies in the echocardio-
graphic findings.

In most cases, TTE can identify the mitral valve pathol-
ogy. When additional information is required, TEE provides 
a more precise and detailed assessment of the MV. It has bet-
ter spatial resolution, allowing more accurate MR quantifica-
tion, especially with regard to jet color characteristics. In 
addition, 3-D visualization of the valve provides further con-
firmatory evidence of the mitral leaflet abnormality and 
delineates its exact location [46].

Identifying the cause of the MR is essential for the 
patient’s preoperative and postoperative management, as 
well as for planning the operative strategy. Obtaining an 
echocardiogram while the patient is not under anesthesia is 
important because the loading conditions of the heart are not 
altered; the degree of regurgitation can be significantly 
reduced and therefore underestimated when the patient is 
under anesthesia. Assessing not only leaflet pathology but 
also the direction of the single or multiple regurgitant jets is 
also important in planning the operative strategy.

The quantitative assessment of the MV by echocardiogra-
phy classifies the degree of regurgitation into four grades 

(I–IV). The degree of severity can be graded further by cal-
culating the effective regurgitant orifice area (EROA), regur-
gitant volume, and regurgitant fraction. It is important to 
understand that the quantitative parameters used to assess of 
the severity of MR are different with degenerative and func-
tional MV disease.

With MR, anatomic malcoaptation of the mitral leaflets 
occurs during systole, and this results in an effective regurgi-
tant orifice (ERO) that allows abnormal flow from the LV into 
the left atrium (LA) during systole. The ERO is influenced by 
the pressure gradient between the LV and the LA and may be 
dynamic, depending on the cause of the MR [47]. Increased 
afterload or ventricular volume can increase ERO, whereas 
decreased afterload and improved contractility can reduce 
ERO [48]. The sum of the regurgitant flow through the ERO 
during systole is the regurgitant volume (RVol) accumulated 
in the LA. This RVol reenters the LV during the subsequent 
diastole, resulting in volume overload of the LA and LV and 
ensuing manifestations and consequences of disease. In acute 
MR, the LA is small and has low compliance; as a result, any 
amount of RVol increases LA pressure. For this reason, acute 
MR is often not well tolerated and results in significant symp-
toms and hemodynamic changes.

The hemodynamic responses of the heart to chronic, 
slowly progressive MR are different from those associated 
with acute MR.  These responses to the excessive chronic 
volume overload caused by MR initially result in a chronic 
compensated stage of volume overload, which, if uncor-
rected, can progress to a decompensated stage with irrevers-
ible LV dysfunction. In chronic MR, the LA remodels to 
accommodate the RVol so that the LA pressure is maintained; 
for this reason, even severe MR may be tolerated hemody-
namically and symptomatically for a long period, even years 
[49]. Thus, in the chronic compensated state, the LV is 
initially unloaded by the low-resistance runoff into the LA, 
which is then countered by an increase in LV size to maintain 
wall stress at normal levels [50, 51]. In the chronic compen-
sated stage, LV enlargement is the chief compensatory 
mechanism, allowing a greater LV volume as a result of the 
MR while maintaining normal diastolic pressures. The 
chronic overload from this RVol eventually leads to LV 
hypertrophy and dilatation [52]. The LV end-diastolic vol-
ume, end-systolic volume, and wall stress all increase, caus-
ing the LV to become more spherical [53, 54].

In the chronic compensated state, adequate forward cardiac 
output and normal filling pressures are maintained. Sequelae 
of this pathophysiology, such as atrial fibrillation due to con-
tinued left atrial enlargement, and pulmonary hypertension 
due to continued pressure overload, are the presenting clinical 
phenomena for some patients. Diastolic dysfunction may also 
be present but is often difficult to diagnose and quantify; it 
may account for symptomaticity and reduced functional 
capacity in patients with normal systolic function [55, 56]. 

Table 8.1  Mitral regurgitation: causes, example lesions, and type of 
dysfunction

Mechanism of 
MR and type of 
dysfunction

Cause of mitral regurgitation (e.g., of lesion)

Ischemic Nonischemic
Organic/primary
Type I • � Infectious/endocarditis 

(perforation)
• � Degenerative (annular 

calcification)
•  Congenital (cleft leaflet)

Type II Ruptured 
papillary 
muscle

• � Infectious/endocarditis 
(ruptured chord)

•  Traumatic (ruptured chord)
• � Rheumatic (elongated chords)
• � Degenerative (billowing/flail 

leaflets)
Type IIIa • � Rheumatic (e.g., fibrotic 

chords)
•  Iatrogenic (radiation/drug)
• � Inflammatory (lupus, 

anticardiolipin, eosinophilic, 
fibrosis, endocardial diseases)

Functional/secondary
Type I and Type 
IIIb

Functional 
ischemic MR

• � Cardiomyopathy, myocarditis
•  LV dysfunction (any cause)

LV left ventricular, MR mitral valve regurgitation

J. Lamelas et al.
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Many patients remain asymptomatic in this state, and normal-
ized preload and wall stress sometimes help the LV maintain 
normal contractility. Patients can remain in a chronic compen-
sated stage for years to decades after the onset of MR.

However, eventually, the consequence of these changes is 
progressive LV enlargement beyond the compensated stage; 
the ensuing ventricular dysfunction can be severe [56]. 
Progressive LV enlargement may be due to increased severity 
of MR, continued compensatory chamber enlargement, or 
both. The LV enlargement can exacerbate MR because of 
ventricular-valvular interdependence, resulting in a vicious 
cycle of worsening MR and LV dysfunction. Preload and 
afterload changes can make the degree of this LV dysfunction 
difficult to characterize [57]. Nevertheless, these cumulative 
effects can result in irreversible LV dysfunction, leading to 
decompensated MR, with an ensuing poor prognosis.

In primary MR, mild MR is defined as a mitral RVol 
<30  mL, a regurgitant fraction (RF) <30%, and an EROA 
<0.2 cm2, whereas severe MR is defined as a RVol ≥60 mL 
with an RF ≥50% and an EROA ≥0.4 cm2. Other indicators 
of severe MR include a vena contracta width ≥0.7 cm with a 
large central regurgitant jet occupying >40% of the LA area 
or with a wall-impinging jet of any size, as well as blunting 
of the systolic component with systolic flow reversal in the 
pulmonary veins. Additional supportive signs include a very 
dense, early-peaking triangular jet on a continuous-wave 
Doppler echocardiogram and a peak mitral inflow veloc-
ity >120 cm/s [58].

The 2014 AHA/American College of Cardiology (ACC) 
guidelines now classify primary MR into four grades: grade 
A, at risk of MR; grade B, progressive MR; grade C, asymp-
tomatic severe MR; and grade D, symptomatic severe MR 
(Table 8.2). Patients at risk of MR are identified on echocar-
diography with mild valvular prolapse but normal coapta-
tion, or mild valvular thickening and leaflet restriction. They 
have either no MR jet or a jet area <20% of the LA, with a 
vena contracta <0.3 cm. Mitral valve surgery is not indicated 
for patients at risk of MR [26].

Progressive, or grade B, MR is characterized by severe 
mitral prolapse with normal coaptation, rheumatic changes 
with leaflet restriction, and loss of coaptation, or by prior 
infective endocarditis. The central jet measures 20–40% of 
the LA or may be a late systolic eccentric jet. The vena con-
tracta measures <0.7  cm and has a regurgitant volume of 
<60 mL, an RF <50%, and an EROA <0.4 cm2. Concomitant 
MV repair is now a class IIa recommendation for patients 
with grade B MR undergoing cardiac surgery for other 
indications [26].

Asymptomatic severe MR, or grade C, can be character-
ized similarly to grade B, in that echocardiographic findings 
are consistent with rheumatic changes or prior infective 
endocarditis. Grade C severity is often distinguished from 
Grade B by prolapse with the loss of leaflet coaptation or a 

flail leaflet, or by thickening of the leaflets associated with 
radiation heart disease. Defining echocardiographic mea-
surements are a central jet >40% of the LA, a holosystolic 
eccentric jet, vena contracta >0.7  cm, regurgitant vol-
ume >60 mL, RF >50%, and an EROA >0.4 cm2. Class Ia 
indications for surgery for asymptomatic severe MR include 
LV dysfunction (defined by an LVEF of 30–60% or a LV 
end-systolic diameter >40 mm) and cardiac surgery for other 
indications, during which the MV can be repaired concomi-
tantly. Current guidelines make a class IIa recommendation 
for repair for asymptomatic severe MR in patients with pre-
served LV function, for whom the likelihood of a successful 
and durable repair is >95%, with an expected mortality <1% 
when performed at a Heart Valve Center of Excellence [26].

Symptomatic severe MR, or grade D, is identified by the 
same anatomic findings and echocardiographic measure-
ments used to identify asymptomatic MR.  Symptoms of 
severe MR include decreased exercise tolerance and exer-
tional dyspnea. Mitral valve surgery is a class I recommenda-
tion for patients with an LVEF >30% and symptomatic severe 
MR. In addition, considering MV surgery in patients with an 
LVEF <30% now carries a class IIb recommendation [26].

In secondary MR, the thresholds of 0.4 cm2 or 60 mL/beat 
may still be considered severe on the basis of several argu-
ments. A lower RVol might still represent significant over-
load for a compromised LV. Because the total cardiac output 
of the ventricle is generally lower than in primary MR with 
preserved LV function, the 60-mL threshold may not be 
reached despite a >50% RF. In addition, with secondary MR, 
the orifice is usually crescentic along the commissural line 
and may underestimate the orifice area when one uses the 2D 
PISA method (in contrast to 3D), which inherently assumes 
a hemispheric flow convergence [59].

The most recent (2017) guideline the ERO delineating 
“severe” MR was changed from 0.2 cm2 to 0.4 cm2 recogniz-
ing that LV volume interacted with orifice area in delineating 
severity. In the typically dilated LV in patients with MR, an 
ERO of 0.4 cm2 is usually associated with a regurgitant frac-
tion of 50% while in smaller LVs the ERO may be less than 
0.4 and still be consistant with severe MR. Most importantly, 
no single parameter should ever be used to assess MR sever-
ity in either primary or secondary MR. Rather all parameters 
including physical examination should be integrated to arrive 
at an estimation.

Cardiac magnetic resonance (CMR) can be used not only 
to assess the cause but also, more importantly, to quantify the 
severity of MR. Use of CMR is indicated when echocardio-
graphic and clinical findings do not agree. It is extremely 
useful for quantifying multiple or eccentric MR jets that are 
difficult to evaluate by echocardiography. In addition, CMR 
can assess cardiac size and function and LV scar burden, 
along with their interaction, in patients with secondary MR 
[60]. Most comparisons of CMR and TTE show concordance 
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in evaluating the degree of primary MR, although not sec-
ondary MR [61, 62].

The 2017 AHA/ACC guidelines classify secondary MR 
into the same 4 classes as primary MR: grade A, at risk of 
MR; grade B, progressive MR; grade C, asymptomatic severe 
MR; and grade D, symptomatic severe MR. Patients at risk of 
secondary MR have normal valve leaflets, chords, and annu-
lar structure, with associated coronary disease or cardiomy-
opathy. Echocardiography reveals no MR jet or a jet <20% of 
the LA, and a vena contracta <0.3 cm. No intervention is rec-
ommended for patients at risk of secondary MR [26].

The most recent 2017 ACC/AHA guidelines used to 
describe secondary/functional MR are shown in Table 8.3.

Secondary progressive MR is identified by wall motion 
abnormalities on echocardiography, with mild tethering of 

the mitral leaflet or with annular dilation and loss of central 
coaptation of the leaflets. The EROA is <0.4 cm2, regurgitant 
volume is <60 mL, and the RF is <50%. Mitral valve repair 
(not replacement) may be considered for secondary progres-
sive MR in patients undergoing cardiac surgery for other 
indications (class IIb recommendation) [26].

Asymptomatic and symptomatic severe secondary MR are 
associated with regional wall motion abnormalities, LV dila-
tation with severe tethering of a mitral leaflet, or annular dila-
tion with severe loss of mitral leaflet coaptation. The EROA is 
>0.4 cm2, with a regurgitant volume >60 mL or an RF >50%. 
Asymptomatic patients may have symptoms due to coronary 
ischemia or heart failure, but these symptoms respond to 
revascularization and medical therapy. In contrast, patients 
considered symptomatic have heart failure symptoms that 

Table 8.2  Stages of primary MR

Grade Definition Valve anatomy Valve hemodynamicsa

Hemodynamic 
consequences Symptoms

A At risk of MR • � Mild mitral valve prolapse 
with normal coaptation

• � Mild valve thickening and 
leaflet restriction

• � No MR jet or small central jet 
area <20% LA on Doppler

• � Small vena contracta
<0.3 cm

•  None •  None

B Progressive MR • � Severe mitral valve prolapse 
with normal coaptation

• � Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

•  Prior IE

•  Central jet MR 20–40%
• � LA or late systolic eccentric 

jet MR
•  Vena contracta <0.7 cm
• � Regurgitant volume <60 mL
• � Regurgitant fraction <50%
•  ERO <0.40 cm2

• � Angiographic grade 1–2+

•  Mild LA enlargement
•  No LV enlargement
• � Normal pulmonary 

pressure

•  None

C Asymptomatic 
severe MR

• � Severe mitral valve prolapse 
with loss of coaptation or flail 
leaflet

• � Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

•  Prior IE
• � Thickening of leaflets with 

radiation heart disease

• � Central jet MR >40% LA or 
holosystolic eccentric jet MR

•  Vena contracta ≥0.7 cm
• � Regurgitant volume ≥ 60 mL
• � Regurgitant fraction ≥50%
•  ERO ≥0.40 cm2

• � Angiographic grade 3–4+

• � Moderate or severe LA 
enlargement

•  LV enlargement
• � Pulmonary hypertension 

may be present at rest or 
with exercise

• � C1: LVEF >60% and 
LVESD <40 mm

• � C2: LVEF ≤60% and 
LVESD ≥40 mm

•  None

D Symptomatic 
severe MR

• � Severe mitral valve prolapse 
with loss of coaptation or flail 
leaflet

• � Rheumatic valve changes 
with leaflet restriction and 
loss of central coaptation

•  Prior IE
• � Thickening of leaflets with 

radiation heart disease

• � Central jet MR >40% LA or 
holosystolic eccentric jet MR

•  Vena contracta ≥0.7 cm
• � Regurgitant volume ≥ 60 mL
• � Regurgitant fraction ≥50%
•  ERO ≥0.40 cm2

• � Angiographic grade 3–4+

• � Moderate or severe LA 
enlargement

•  LV enlargement
• � Pulmonary hypertension 

present

• � Decreased 
exercise 
tolerance

• � Exertional 
dyspnea

ERO effective regurgitant orifice, IE infective endocarditis, LA left atrium/atrial, LV left ventricular, LVEF left ventricular ejection fraction, LVESD 
left ventricular end-systolic dimension, MR mitral regurgitation
From Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, 3rd, Guyton RA, et al. 2014 AHA/ACC guideline for the management of 
patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. 
J Thorac Cardiovasc Surg. 2014;148:e1–e132. Reprinted with permission
aSeveral valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be present in each 
patient. Categorization of MR severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with 
other clinical evidence
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persist after revascularization and do not respond to opti-
mized medical therapy. These symptoms may include 
decreased exercise tolerance and exertional dyspnea. Mitral 
valve surgery is recommended for both asymptomatic and 
symptomatic severe secondary MR in patients undergoing 
coronary artery bypass grafting or AVR (class IIa). Mitral 
valve repair or replacement may be considered for 
symptomatic patients undergoing other cardiac operations 
(class IIb) [26].

Nonischemic functional MR is most often due to severe 
chronic LV volume overload with unknown or idiopathic 
causes. Other advanced valvular heart disease is the second 
most common cause. Functional MR can be found in 40% of 
patients with heart failure due to dilated cardiomyopathy 

[63]. Functional, ischemic MR is increasingly prevalent as 
the population ages and as more patients survive myocardial 
infarction and live with severe ischemic heart disease. 
Ischemic MR can result in changes in mitral annular geom-
etry and regional and global LV geometry and function, 
abnormal leaflet motion, increased distance between papil-
lary muscles, misalignment of papillary muscles, and apical 
tethering of the leaflets with restricted systolic leaflet motion 
and a typical Carpentier type IIIb pattern of dysfunction [64, 
65]. Thus, ventricular dysfunction, whether the cause is isch-
emic or nonischemic, can cause or contribute substantially to 
the development of MR. Technologies aimed at ameliorating 
ventricular dysfunction may therefore be important in treat-
ing MR in such patients.

Table 8.3  Stages of secondary MR

Grade Definition Valve anatomy Valve hemodynamicsa Associated cardiac findings Symptoms
A At risk of MR • � Normal valve leaflets, 

chords, and annulus in a 
patient with coronary 
disease or 
cardiomyopathy

• � No MR jet or small 
central jet 
area <20% LA on 
Doppler

• � Small vena 
contracta <0.30 cm

• � Normal or mildly dilated 
LV size with fixed 
(infarction) or inducible 
(ischemia) regional wall 
motion abnormalities

• � Primary myocardial 
disease with LV dilation 
and systolic dysfunction

• � Symptoms due to coronary 
ischemia or HF may be 
present that respond to 
revascularization and 
appropriate medical therapy

B Progressive MR • � Regional wall motion 
abnormalities with mild 
tethering of mitral leaflet

• � Annular dilation with 
mild loss of central 
coaptation of the mitral 
leaflets

•  ERO <0.40 cm2,b

• � Regurgitant 
volume <60 mL

• � Regurgitant 
fraction <50%

• � Regional wall motion 
abnormalities with 
reduced LV systolic 
function

• � LV dilation and systolic 
dysfunction due to 
primary myocardial 
disease

• � Symptoms due to coronary 
ischemia or HF may be 
present that respond to 
revascularization and 
appropriate medical therapy

C Asymptomatic 
severe MR

• � Regional wall motion 
abnormalities and/or LV 
dilation with severe 
tethering of mitral leaflet

• � Annular dilation with 
severe loss of central 
coaptation of the mitral 
leaflets

•  ERO ≥0.40 cm2,b

• � Regurgitant 
volume ≥60 mL

• � Regurgitant 
fraction ≥50%

• � Regional wall motion 
abnormalities with 
reduced LV systolic 
function

• � LV dilation and systolic 
dysfunction due to 
primary myocardial 
disease

• � Symptoms due to coronary 
ischemia or HF may be 
present that respond to 
revascularization and 
appropriate medical therapy

D Symptomatic 
severe MR

• � Regional wall motion 
abnormalities and/or LV 
dilation with severe 
tethering of mitral leaflet

• � Annular dilation with 
severe loss of central 
coaptation of the mitral 
leaflets

•  ERO ≥0.40 cm2,b

• � Regurgitant 
volume ≥60 mL

• � Regurgitant 
fraction ≥50%

• � Regional wall motion 
abnormalities with 
reduced LV systolic 
function

• � LV dilation and systolic 
dysfunction due to 
primary myocardial 
disease

• � HF symptoms due to MR 
persist even after 
revascularization and 
optimization of medical 
therapy

• � Decreased exercise tolerance
•  Exertional dyspnea

2D 2-dimensional, ERO effective regurgitant orifice, HF heart failure, LA left atrium, LV left ventricular, MR mitral regurgitation, TTE transtho-
racic echocardiogram
From Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, 3rd, Guyton RA, et al. 2017 Focused Update of the 2014 AHA/ACC guideline 
for the management of patients with valvular heart disease: a report of the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines. JACC 2017 70:252–289. Reprinted with permission
aSeveral valve hemodynamic criteria are provided for assessment of MR severity, but not all criteria for each category will be present in each 
patient. Categorization of MR severity as mild, moderate, or severe depends on data quality and integration of these parameters in conjunction with 
other clinical evidence
bThe measurement of the proximal isovelocity surface area by 2D TTE in patients with secondary MR underestimates the true ERO due to the 
crescentic shape of the proximal convergence
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�Mitral Valve Stenosis

Mitral valve stenosis is classified into stages similar to the 
grades used to classify MR: stage A, at risk of MS; stage B, 
progressive MS; stage C, asymptomatic severe MS; and 
stage D, symptomatic severe MS. Patients at risk of MS may 
have MV doming identified by echocardiography, but with 
normal transmitral velocities. No intervention is recom-
mended at this stage [26].

Patients with progressive MS may have rheumatic 
changes with associated commissural fusion and diastolic 
doming. The planimetered valve area is <1.5 cm2, transmitral 
flow velocities are increased, and the diastolic pressure half-
time is <150 ms. In contrast, both asymptomatic and symp-
tomatic severe MS are associated with similar anatomy on 
echocardiography but with a planimetered valve 
area <1.5 cm2, a diastolic pressure half-time >150 ms, and 
elevated (>30 mmHg) pulmonary artery systolic pressures. 
Very severe MS is further characterized by MV areas <1 cm2 
and diastolic pressure half-times >220 ms. Symptoms asso-
ciated with MS can include decreased exercise tolerance and 
exertional dyspnea [26].

For patients with mitral stenosis, percutaneous balloon 
commissurotomy is often the first-line therapy when ana-
tomically feasible. Candidates for balloon commissurotomy 
must be free of moderate or severe MR and must have no left 
atrial thrombus. The AHA/ACC guidelines currently make a 
class I recommendation for percutaneous balloon commis-
surotomy in symptomatic patients with severe MS and favor-
able valve morphology. Furthermore, patients with 
asymptomatic severe or very severe MS may be considered 
for balloon commissurotomy. However, for patients with 
severe symptomatic MS who are not candidates for balloon 
commissurotomy or for whom it has failed, MV surgery is 
recommended. Additionally, concomitant MV surgery is rec-
ommended for patients with moderate or severe MS under-
going cardiac surgery for other indications. Lastly, MV 
surgery with ligation of the left atrial appendage can be con-
sidered for patients with severe MS who have recurrent 
embolic events while on anticoagulation [26].

�The Current Treatment Paradigm—Natural 
History of MR and Timing of Surgical Therapy

Medical therapy offers little for the treatment of severe MR, 
so the current treatment paradigm relies primarily on surgi-
cal repair or replacement of the MV. To understand the role 
and timing of surgical intervention in this current treatment 
paradigm, one must first consider the risks and benefits of 
surgical intervention and understand the natural history of 
MR, and how the interplay of these factors determines the 
current surgical paradigm for MR.

�Surgery for Mitral Regurgitation

Surgical therapy for MR can be broadly grouped into two 
categories: MV repair and MV replacement. These proce-
dures pose a risk of morbidity and mortality that increases 
with worsening MR and LV dysfunction [66]. As a result, at 
later stages of MR, the risks associated with surgery may be 
prohibitively high, precluding safe surgical intervention. 
Therefore, one of the major goals in the current treatment 
paradigm is to identify cases of MR and intervene surgically 
before the patients become too sick to tolerate surgery and 
have a low likelihood of surviving the operation.

At the other end of the spectrum, with regard to patients 
with MR and healthy ventricles, surgery is offered only to 
patients for whom the potential benefits of surgical correc-
tion of MR outweigh the risks. In this regard, some patients 
with MR can be considered “too healthy” for surgery and are 
monitored for progression of the disease until they fall within 
the appropriate therapeutic window.

Further complexity arises when the choice is made 
between MV replacement and repair. Mitral valve replace-
ment involves placing a prosthetic valve in the heart, incur-
ring a lifelong risk of infection. One must also consider the 
durability of the prosthetic valve. Replacement valves can be 
broadly categorized into mechanical valves and biopros-
thetic tissue valves. Mechanical valves are extremely durable 
and may last for the patient’s lifetime, but they pose certain 
risks. These include valve thrombosis and resultant 
embolization, which can result in stroke or other embolic 
phenomena, as well as the risk of bleeding incurred by life-
long anticoagulation with warfarin to prevent such thrombo-
sis. Mechanical valves can also fail by developing 
infra-annular pannus, which impairs leaflet function and 
reduces the effective orifice area.

Bioprosthetic valves do not necessitate systemic antico-
agulation with warfarin and therefore do not pose the atten-
dant risks. However, bioprosthetic valves have limited 
durability; their life span averages 10–20 years and is lower 
in younger patients. Significant bioprosthetic valve deterio-
ration then results in the need for reintervention and redo 
valve replacement, which usually carries a higher risk of 
morbidity and morbidity than primary valve replacement.

In contrast, MV repair does not incur the device-related 
risks of anticoagulation and bioprosthetic valve deteriora-
tion, because the native valve remains in place [67, 68]. 
Furthermore, with contemporary valve repair, the chordal 
apparatus is maintained; studies show preservation of LV 
geometry and systolic function and also lower rates of late 
complications than with prosthetic MV replacement [69]. 
However, not all valves can be repaired, even at the best 
referral centers. In addition, the risks, benefits, durability, 
and complications of surgery must be balanced against the 
natural history of MR, to further elucidate the best timing for 

J. Lamelas et al.



143

surgery and to better identify patients for whom surgical 
intervention is appropriate.

�Natural History of MR

The natural history of MR varies substantially with severity, 
cause, and symptomatology. When treatment options are 
considered for patients with MR, it is important to distin-
guish between patients with symptomatic versus asymptom-
atic disease, and among patients with mild-to-moderate, 
moderate-to-severe, and severe MR.

As much as 20% of the population has trivial or mild-to-
moderate MR; however, most of these individuals are asymp-
tomatic, and for many, their MR never becomes significant 
enough to warrant surgical intervention [70, 71]. Furthermore, 
MR can remain mild or mild-to-moderate for many years 
without any significant worsening, either hemodynamically 
or in terms of symptoms. Affected patients are monitored for 
the development of significant hemodynamic changes or 
symptoms.

Although the development of symptoms is an indication 
for surgical intervention, it is an unpredictable and unreliable 
indicator of progression to moderate-to-severe or severe MR, 
of a chronic compensated state of MR, or of transition to a 
decompensated state. For example, by the time significant 
dyspnea arises, there may already be significant irreversible 
ventricular dysfunction. Thus, most patients with MR will be 
monitored for the development of significant anatomic, 
echocardiographic, or hemodynamic changes that indicate 
worsening MR.  However; even patients with significantly 
worsening MR can remain asymptomatic.

The natural history of asymptomatic, moderately severe 
MR is controversial. Initial studies suggested a benign prog-
nosis, without death or deterioration of LV function for up to 
5 years of follow-up, but a 10% average annual risk of symp-
tom development leading to surgical correction was noted 
[72]. Subsequent studies have shown a 5-year combined 
incidence of 42% for the onset of atrial fibrillation, heart fail-
ure, or cardiovascular death [73].

As MR progresses to the severe stage, if left untreated, its 
natural history involves worsening clinical deterioration, 
morbidity, and substantial mortality risk. This holds true in 
both symptomatic and asymptomatic patients. Thus, it is clear 
that such patients should be considered for surgery; however, 
as described previously, these patients are at risk for signifi-
cant LV dysfunction, which can be difficult to detect and 
which substantially increases the likelihood of morbidity and 
mortality with operative intervention. Thus, patients who 
have developed severe LV dysfunction may be too sick for 
surgery and may thus fall out of the therapeutic window.

The end result of these considerations is summarized in 
Fig.  8.1, adapted from the 2017 ACC/AHA guidelines, 

describing recommendations for the timing of surgical inter-
vention for MR.

�Comorbidities

In addition to the risks and benefits of surgery and the natural 
history of MR itself, one must also consider comorbid condi-
tions and the increased risks of morbidity, mortality, and 
complications they may pose. Two of the strongest risk fac-
tors for early mortality are age and NYHA functional class 
[66]. Continued heart failure is the main cause of death after 
surgical correction of MR [66]. Important predictors of late 
mortality after operation include advanced age, elevated 
serum creatinine level, elevated systolic blood pressure, cor-
onary artery disease, advanced functional class heart failure, 
and echocardiographic evidence of reduced LVEF and wors-
ening end-systolic dimension [66, 68, 74]. Renal failure or 
dysfunction, liver failure or dysfunction, a hostile chest due 
to prior sternotomy or radiation, COPD, prior stroke, endo-
carditis, and poor nutritional status are other factors and 
comorbidities that increase the risks associated with surgery 
and that may portend poorer outcomes. Thus, appropriate 
candidates for surgery are those patients who fall within the 
therapeutic window, and for whom the risks posed by comor-
bid conditions are low enough so as to not preclude surgical 
intervention.

Understanding this paradigm is important, as it lays the 
framework for understanding how emerging technologies for 
endovascular treatments—MV repair, MV replacement, and 
interventions to alleviate ventricular dysfunction—can alter 
the therapeutic window. This paradigm also informs what 
threshold levels of risk can be tolerated, and what threshold 
levels of benefit need to be exceeded, to ensure successful 
adoption of any given technique or technology.

�Mitral Valve Repair

Despite the lack of randomized trials comparing MV repair 
and replacement in degenerative valve disease, comparative 
studies have demonstrated a survival advantage with MV 
repair [75–77]. In addition, repair preserves ventricular func-
tion and provides greater freedom from thromboembolic and 
anticoagulation-related events, as well as endocarditis.

The basic principles of any mitral repair include (1) rees-
tablishing normal leaflet motion, (2) obtaining an adequate 
surface of leaflet coaptation, and (3) annular stabilization 
with a ring or band while maintaining an adequate mitral 
orifice size. To perform the most durable repair, the surgeon 
needs to be familiar with both the normal functional anatomy 
and the pathological anatomy as it relates to the lesions of the 
leaflets, leaflet motion, and annulus.
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Repair techniques have evolved into three basic concepts. 
The first involves resectional techniques, which were popu-
larized by Carpentier. This entails resecting abnormal leaflet 
tissue and later reconstruction. The second involves a 
“respect all, rather than resect” technique. With this approach, 
the free edges of the prolapsing leaflet segments are resus-
pended with artificial Gore-Tex neochords. Multiple varia-
tions of this approach have been described. The third concept 
combines the first 2: resecting all abnormal leaflet tissue, 
then using Gore-Tex neochords to address any remaining 
redundant leaflet tissue.

The edge-to-edge technique, which was popularized by 
Alfieri, has been used as both a primary repair strategy and a 
“bailout” technique. This technique provides a functional, as 
opposed to an anatomical, repair of the valve.

Carefully evaluating the valvular deformity by both pre-
operative and intraoperative echocardiography is essential. 
Thereafter, the surgeon must correlate these findings with the 

intraoperative valve analysis. Each of the leaflet segments, 
including commissures, chordae, and the subvalvular appa-
ratus, as well as the annulus, must be carefully inspected. 
Many surgeons use P1 as a reference point to assess the 
degree of prolapse of the adjacent scallops because, in the 
majority of cases, P1 is free of disease. Others reject this 
concept and instead take a targeted approach to the valve by 
addressing the most significant lesion first and repairing 
additional defects thereafter. The surgeon must take into con-
sideration the amount of leaflet tissue involved (volume) in 
relation to adjacent normal leaflet, the height of the affected 
leaflet, and the amount of support (chordae) that is lacking or 
in excess. Leaving the posterior leaflet too long (i.e., >1.5 cm) 
can lead to systolic anterior motion of the MV.

Today, more than 90% of cases of degenerative MV dis-
ease can be repaired at referral or expert centers. Furthermore, 
after surgeons obtain sufficient experience in minimally 
invasive surgery, essentially every repair technique can be 

Fig. 8.1  Indications for surgery for mitral regurgitation. AF atrial 
fibrillation, CAD coronary artery disease, CRT cardiac resynchroniza-
tion therapy, ERO effective regurgitant orifice, HF heart failure, LV left 
ventricular, LVEF left ventricular ejection fraction, LVESD left ven-
tricular end-systolic dimension, MR mitral regurgitation, MV mitral 

valve, MVR mitral valve replacement, NYHA New  York Heart 
Association, PASP pulmonary artery systolic pressure, RF regurgitant 
fraction, RVol regurgitant volume, Rx therapy. ∗Mitral valve repair is 
preferred over MVR when possible. From Nishimura et al. [26]
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applied. Minimally invasive approaches to mitral surgery 
provide unimpeded, direct, and truly anatomic visualization 
of the MV. One must keep in mind that these approaches do 
not help surgeons to improve their competency with mitral 
repair techniques. Proficiency with a wide variety of mitral 
repair techniques is acquired with experience and repetition. 
A significant learning curve is associated with both mitral 
repair and minimally invasive access. Considering that 
among surgeons performing MV surgery, the median num-
ber of MV repairs per surgeon is 5 per year, proficiency in 
repair may be difficult to obtain. In addition, among all sur-
geons performing mitral surgery, the median MV repair rate 
is 41% [78]. Therefore, the concept of centers of excellence 
has been proposed in order to obtain the highest possible rate 
of durable repairs [79].

Furthermore, in 2008, 26% of Society of Thoracic 
Surgeons Adult Cardiac Surgery Database centers were per-
forming a median of 3 less-invasive procedures per year 
[80]. Therefore, the necessary skillsets to perform complex 
MV repairs via a minimally invasive approach may be 
obtainable only at minimally invasive MV repair referral 
centers.

�Mitral Valve Repair Techniques

�Posterior Leaflet Prolapse or Flail

A P2 prolapse is the most common dysfunction seen in 
degenerative MV disease. A small segment of flailed or pro-
lapsed leaflet can be managed with a limited triangular resec-
tion. In contrast, a broad scallop with a large area of prolapse 
or flailed segment can be addressed with a quadrangular 
resection. This can be performed along with a sliding or fold-
ing plasty. With larger resections, annular compression 
sutures can be considered, as well. An alternative approach is 
a butterfly resection of a broad P2 segment. In certain cases 
in which a limited triangular resection is performed and there 
is excess height in P2, a Gore-Tex chord can be added to 
avoid potential systolic anterior motion (SAM) of the 
MV.  With excessive leaflet tissue, a larger quadrangular 
resection of P2 will help avoid SAM, as well.

Prolapse of P1 and P3 can be addressed with limited 
resection, depending on the thickness and amount of tissue 
on the affected scallop. Alternatively, a complete “respect 
rather than resect” approach can be taken by placing polytet-
rafluoroethylene (PTFE) artificial neochords. Several meth-
ods can be used. These include placing individual chords in 
the papillary muscles supported with or without pledgets, 
running one Gore-Tex suture through the papillary muscle 
and then into the leaflet and back multiple times, placing one 
small Gore-Tex loop in the papillary muscle and then pass-
ing multiple individual Gore-Tex sutures through the loop 

and into the leaflets as necessary, and using the multi-loop 
technique. This approach displaces the leaflets into the ven-
tricle and establishes a new line of coaptation to simulate a 
Roman arch.

�Anterior Leaflet Prolapse or Flail

Mild anterior leaflet prolapse usually does not need to be 
addressed and resolves once the annuloplasty is placed. For 
moderate or greater anterior prolapse or flail, placing artifi-
cial neochords is the most commonly used technique. Various 
methods have been described. Single or multiple Gore-Tex 
neochords can be placed from the papillary muscle to the 
free edge of the leaflet. It is important that the neochords 
cross neither the midline nor each other. The length of the 
leaflet can be determined by measuring the height of an adja-
cent normal native chordae or with the saline test after annu-
loplasty implantation. Another method involves using 
premeasured Gore-Tex loops. The length of these loops can 
be determined by measuring adjacent normal chordae intra-
operatively or by measuring normal chordae with intraopera-
tive TEE. These chordal loops for the anterior leaflet usually 
measure between 22 and 26  mm. Aggressively shortening 
the anterior leaflet can lead to residual MR and even 
SAM.  Another reference point that can be considered for 
determining the chordal length is the annular plane; the free 
edge of the leaflet should reach the level of the annulus. Even 
with these methods, measuring an exact length can be 
challenging.

In addition, anterior leaflet secondary chords (which are 
usually the appropriate length) can be transferred to the free 
edge. These chords can serve as a guide to the proper length 
of an artificial neochord if one is needed for additional 
support.

Other, infrequently used alternative techniques include 
chordal transposition, which is effective but can potentially 
damage a normal posterior leaflet; this technique involves 
transposing a segment of normal posterior leaflet with native 
chordae of normal length to the affected segment of prolaps-
ing anterior leaflet. Papillary muscle repositioning involves 
anchoring the fibrous head of the anterior papillary muscle to 
the posterior papillary muscle. Resecting the anterior leaflet 
is reserved for significant localized abnormalities of the leaf-
let, and resection is limited to no more than 10% of the 
leaflet.

�Bileaflet Prolapse

Bileaflet prolapse can be treated with a combination of the 
previously described techniques. These are the most chal-
lenging of all repairs, as well as the least durable. Bileaflet 
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prolapse presenting with only a central jet identified by pre-
operative TEE can occasionally be addressed with only an 
annuloplasty ring that is sized to the annulus. Another 
approach to bileaflet prolapse is an Alfieri stitch (edge-to-
edge repair) with the addition of an annuloplasty ring.

�Commissural Prolapse

Limited commissural prolapse can be treated with a limited 
resection or folding plasty. With more extensive commis-
sural prolapse secondary to leaflet destruction and chordal 
rupture, a quadrangular resection with annular plication can 
be performed. This procedure can be completed with a 
“magic stitch” to restore coaptation. In cases with more 
extensive involvement of the commissure, both A3 and P3 
can be detached from the annulus after a quadrangular resec-
tion is performed. Annular plication and leaflet advancement 
are performed thereafter.

Patients with intact leaflets and elongated chordae can be 
treated with papillary muscle shortening or a papillary mus-
cle sliding plasty. Another option is using artificial neochor-
dae to reduce the height of the commissure.

�Mitral Annular Calcification

Annular decalcification may be required to establish an ade-
quate surface of leaflet coaptation in patients undergoing 
repair. The leaflet is detached from the annulus, and an 
attempt is made to resect the calcium bar en bloc. If this is 
not possible, fractional debridement with a rongeur can be 
performed, after which the leaflet is reattached. An ultrasonic 
debridement device can also facilitate the decalcification. 
Some cases may require patch repair of the atrioventricular 
groove to avoid a disruption. In cases of diffuse calcification, 
an alternative is to place annular sutures around the calcium 
and to modify the annuloplasty ring or band if necessary. 
Mitral annular calcification can pose a challenge, and the 
feasibility of repair may be limited.

�Rheumatic Valvular Disease

In developing countries, attempts to repair a rheumatic valve 
in the earlier stages of the disease are complicated by the 
need for reoperation due to progressive distortion and fibro-
sis of the leaflets secondary to progression or recurrence of 
the rheumatic process. Replacement attempts are also 
plagued by several complications, as well as the risks associ-
ated with multiple operations, especially in young patients.

In developed countries, the disease process is different, 
and the leaflets undergo more of an advanced, end-stage his-

tologic process that is unlikely to progress except for the 
development of calcium deposition. Annular dilatation is the 
cause of regurgitation in more than half of cases. Mitral 
repair is technically more feasible and yields better results in 
this group.

Repair for rheumatic mitral disease includes several 
techniques, ranging from commissurotomy, subvalvular 
chordal, and papillary muscle splitting to leaflet peeling and 
leaflet extension [81]. The initial step is to free the fused 
commissures and subvalvular apparatus by splitting the 
fused chords and papillary muscles. Shortened secondary 
chords are cut to free the leaflets even further. In some cases, 
even thickened restricted primary chords are transected and 
replaced with artificial Gore-Tex chords. The leaflets can be 
made more pliable by peeling off the inflammatory fibrotic 
layer and decalcification. When the leaflet and subvalvular 
mobilization are not enough to compensate for tissue 
retraction, performing leaflet augmentation techniques can 
increase the surface area of the leaflet, providing greater 
mobility and surface area for leaflet coaptation. Leaflet aug-
mentation can be performed with autologous pericardium, 
bovine pericardium, or a collagen matrix, and on the ante-
rior or posterior leaflet, or both leaflets. The leaflet exten-
sion technique also allows the insertion of a larger 
annuloplasty ring or band [81].

�Annular Stabilization

Annular stabilization with a full ring or band is essential to 
the long-term durability of the repair. The choice between a 
full ring and a band is a topic of ongoing debate. The size of 
the annuloplasty is usually determined by the height of the 
anterior leaflet, although in cases of extreme myxomatous 
degeneration with voluminous leaflets and a very dilated 
annulus, a “true sized” annuloplasty is recommended. The 
annuloplasty restores the normal 4:3 ratio of the MV, 
increases the line of coaptation of the leaflets, and prevents 
annular dilatation. Some reports state that after a band is 
placed, the annulus between the trigones may continue to 
dilate and contribute to recurrent MR.  On the other hand, 
others believe that a full ring can lead to mitral stenosis.

�Edge-to-Edge

This technique, originally described by Alfieri [82], has been 
applied to degenerative disease with bileaflet prolapse, flail 
leaflet, and calcified annulus. The middle portion of each 
leaflet is identified by assessing the subvalvular apparatus 
with nerve hooks. Wide clefts are usually closed. The repair 
is completed by taking large bites through the rough zone of 
the leaflet tissue and suturing the free edge of A2 and P2 with 
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a running 4 or 5-0 Prolene suture. The running length is vari-
able but commonly covers the whole length of the mid scal-
lop. With flail segments other than A2 or P2, the location of 
the suture will correspond to the center of the flailed seg-
ment. An annuloplasty is performed at the end of the proce-
dure [83].

The minimum ring or band size should be 32 mm. Failure 
to use annular stabilization will increase the failure rate. 
Mitral annular calcification also contributes to long-term 
failure.

�Mitral Valve Replacement

Mitral valve replacement is reserved for patients with end-
stage Barlow disease, previous failed attempts to repair the 
MV, a heavily calcified mitral annulus, or certain forms of 
rheumatic disease. The replacement procedure should spare 
the chords to maintain annular papillary continuity. The dif-
ferent options include preserving the posterior leaflet and 
chords and resecting the entire anterior leaflet; preserving the 
posterior leaflet and chords, then detaching the entire ante-
rior leaflet from the annulus and incorporating it into the pos-
terior suture line; preserving the posterior leaflet and chords 
and resecting only A1 and a portion of P2, leaving P3 intact; 
and resecting all leaflets and chords and resuspending the 
papillary muscles with Gore-Tex neochords, which are 
passed through the annulus and onto the sewing cuff of the 
valve (typically placed at 4 and 8 o’clock). In patients with 
mitral annular calcification, if sutures can be passed through 
the calcium, decalcification may be avoidable. If a large seg-
ment of calcium is present and precludes suture placement, 
the segment will need to be resected.

Some patients have valves that are not amenable to repair, 
so replacement is indicated. These include patients with 
irreparable complex valve disease, as well as elderly patients 
with multiple comorbidities, for whom the benefit of repair 
is outweighed by the risks. A good MV replacement is better 
than a bad MV repair.

�Surgical Treatment of Functional Mitral 
Regurgitation

�Annular Techniques

Secondary MR, also known as functional MR, is most often 
caused by ischemic or dilated cardiomyopathy. The MR is 
caused by changes in the LV that distort the valvular appara-
tus. Specifically, dilation of the LV results in inferior and 
lateral papillary muscle displacement, which ultimately 
leads to tethering of the valve leaflets and loss of central 
coaptation.

Left ventricular end-systolic volume index (LVESVI) can 
be used as a surrogate for LV dilation and remodeling associ-
ated with ischemic myocardial disease and is a predictor of 
poor prognosis in these patients. The principles of mitral 
valve surgery are to restore valve competence, reduce the 
LVESVI, and induce reverse remodeling of the LV, which 
may be associated with better outcomes [84]. For patients 
with secondary MR, the most commonly used technique is 
implanting a downsized annuloplasty ring [84–91].

However, the high recurrence rate of MR associated with 
repair, as compared to mitral valve replacement, has 
prompted further examination of the two approaches to sec-
ondary MR.  Recently, the Cardiothoracic Surgical Trials 
Network conducted a randomized controlled trial of MV 
repair versus replacement for patients with severe ischemic 
MR. Unlike many of the previous studies, this trial showed 
no difference in overall LV remodeling or survival for 
patients who underwent repair versus replacement [92]. 
Furthermore, the rate of recurrence of moderate or severe 
MR was much higher with repair than with replacement 
(32.6% vs. 2.3%). On the other hand, patients who under-
went repair but did not have recurrent MR had significant 
reverse LV remodeling. In addition, the absence of MR 
recurrence was associated with better quality of life. This 
finding prompted a search for predictors of recurrent MR in 
order to improve patient selection for MV repair.

A subgroup analysis by Kron and colleagues [93] identi-
fied only basal aneurysm as an independent risk factor for 
MR recurrence. This finding suggests that leaflet tethering 
plays a significant role in the recurrence of MR after repair. 
Other possible predictors include specific echocardiographic 
measurements, including leaflet tethering height, tenting 
area, coaptation distance, LVESVI, and ventricular spheric-
ity index [89, 94–100]. Recently, follow-up studies have sug-
gested that 3D echocardiography may be superior to 2D 
echocardiography at predicting MR recurrence [101]. In 
addition, a 3D echocardiography study identified a P3 tether-
ing angle of 29.9° or larger as an independent risk factor for 
MR recurrence [102].

�Subvalvular Techniques of Mitral Valve 
Repair for Ischemic Mitral Regurgitation

�Chordal Cutting

The technique of chordal cutting typically focuses on ante-
rior mitral leaflet tethering in functional MR (FMR). This 
attachment can cause an abnormal bend in the anterior mitral 
leaflet described as a “seagull wing” by Professor Alain 
Carpentier [103]. In theory, second-order chordal cutting 
should reduce the degree of leaflet tethering and increase 
leaflet mobility and coaptation height, thereby limiting the 
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degree of MR (Fig.  8.2). Chordal cutting can also be per-
formed by dividing secondary chords to the posterior leaflet 
and to the commissure that arises from the papillary muscle 
or muscles affected by the infarcted myocardium [104]. To 
optimize visibility of the chords, this procedure is performed 
before the annuloplasty band is placed.

Compared with conventional MV repair, chordal-cutting 
MV repair has been associated with a reduced risk of recur-
rent MR because this repair produces greater reductions in 
tenting area and greater mobility of the anterior leaflet (as 
measured by a reduction in the distance between the free 
edge of the anterior MV leaflet and the posterior LV wall) 
without compromising postoperative LVEF [104].

�Papillary Muscle Relocation

Papillary muscle relocation techniques for secondary MR 
are used to treat severe leaflet tethering and displacement of 
the coaptation point. One technique includes placing a 3-0 
polypropylene suture through the posterior papillary muscle 
fibrous tip and then passing it through the adjacent mitral 
annulus just posterior to the right fibrous trigone [105]. After 
the mitral annuloplasty is performed, if the saline test reveals 
inadequate leaflet coaptation (typically in the P3 segment), 
the relocation suture is tightened, drawing the posterior pap-
illary muscle tip closer to the annulus.

Another technique is the “ring plus string” repair [106, 
107]. This technique is performed by anchoring a Teflon-
pledgeted suture in the head of the posterior papillary mus-
cle, then passing it through the fibrosa (midseptal annular 
saddle horn) under direct vision and exteriorizing it through 
the aortic wall underneath the commissure between the non-

coronary and left coronary aortic cusps. The suture is then 
tied under echocardiographic guidance in the loaded, beating 
heart to reposition the displaced posterior papillary muscle 
toward the fibrosa. This technique has been refined to allow 
further reduction of the septal-lateral diameter after the 
loaded, beating heart is implanted with a DYANA nitinol-
based dynamic annuloplasty device that can be deformed by 
activation with radiofrequency [108].

Papillary muscle relocation with a suture plus nonrestric-
tive mitral annuloplasty promotes a significant reversal of LV 
remodeling, a decrease in tenting area and coaptation depth, 
and less recurrent MR [109]. What remains to be seen is 
whether restrictive mitral valve annuloplasty produces better 
results than nonrestrictive annuloplasty. This raises the ques-
tion of whether the annuloplasty technique or the subvalvular 
repair contributes more to the success of MV repair for FMR.

�Papillary Muscle Approximation

Papillary muscle approximation (PMA) with a papillary mus-
cle sling technique was first introduced to treat patients with 
ischemic LV dysfunction and FMR [110]. By restoring a more 
normal alignment between the mitral annulus and the laterally 
displaced papillary muscles, this technique could relieve the 
excess tethering on the mitral leaflets and significantly restore 
leaflet mobility. This method is performed by placing a 4-mm 
PTFE tube graft around the base of all the papillary muscles 
(Figs. 8.3 and 8.4). The graft is then progressively tightened 
until there is no gap between the bases of the two papillary 
muscles (Fig. 8.5). An annuloplasty ring that is “true sized” to 
the anterior leaflet is then placed (Fig. 8.6). This technique has 
been termed the “sling and ring” repair. It has been modified 
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Fig. 8.2  Encircling the base of the papillary muscles with a Gore-Tex graft
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and performed safely in a minimally invasive fashion via a 
mini-right thoracotomy [111, 112].

The “sling and ring” repair has shown promise with 
regard to promoting LV remodeling and leaflet mobility by 
limiting the tethering secondary to displacement of the papil-
lary muscles [110]. This anatomical correction can lead to 
improvements in ventricular diameter, LVEF, volume, and 
sphericity index.

A similar subvalvular approach to PMA consists of plac-
ing a single U-shaped stitch, reinforcing it with two patches 

of autologous pericardium, and passing it through the poste-
rior and anterior papillary muscles [113]. This method of 
PMA lowers the rate of recurrent MR [113] and is believed 
to promote significant ventricular remodeling, reducing 
mean LVEDD and increasing mean LVEF [113]. This is con-
sistent with the Cardiothoracic Surgery Network trial that 
showed that patients with more complex tethering may ben-
efit from additional subvalvular procedures [92].

�Surgical Ventricular Reconstruction

In certain populations, adding left ventriculoplasty to MV 
repair for FMR has been associated with more effective con-
trol of MR and further improvement of LVEF than restrictive 
mitral annuloplasty alone [114]. Surgical ventricular recon-
struction (SVR) was first popularized for the management of 
heart failure with LV remodeling caused by coronary artery 

Fig. 8.3  Diagram showing sling around base of papillary muscles

Fig. 8.4  Intraoperative photo of sling placed around the base of the 
papillary muscles

Fig. 8.5  Photo of PTFE graft tightly approximating the base of the 
papillary muscles

Fig. 8.6  Rigid annuloplasty ring, true sized to the anterior leaflet
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disease, and SVR was shown to reduce LV volume, increase 
LVEF, and improve ventricular function [115, 116]. In the 
STICH trial, despite a significantly greater reduction in LV 
volume with SVR than with coronary artery bypass grafting 
alone, this improvement did not translate into a measurable 
survival benefit for patients [117].

An additional study has shown that when compared with 
annuloplasty alone, the addition of left ventriculoplasty sig-
nificantly improved LVEF in patients with an enlarged LV 
(LVEDD >65  mm) and severe mitral tethering. There was 
also a nonsignificant trend toward greater improvement in 
MR grade when a left ventriculoplasty was performed [118].

�Endovascular Devices for the Treatment 
of Mitral Regurgitation

In patients with severe MR, observational studies have dem-
onstrated that surgery to repair or replace the MV was found 
to improve survival more effectively than medical therapy 
[119]. However, surgery can pose significant risks, including 
a 1–5% risk of mortality and a 10–20% risk of morbidities 
including stroke, reoperation, renal failure, and prolonged 
ventilation. Elderly patients and those with LV dysfunction 
are at even greater risk [120]. Even in patients with moderate-
to-severe MR, and in asymptomatic patients, the risks posed 
by surgery are not trivial, which inspired the current para-
digm of monitoring patients until symptom develop, MR or 
LV dysfunction worsens, or sequelae of MR arise such as 
atrial fibrillation or pulmonary hypertension—at which point 
the benefits of surgery justify the risks [119, 121]. In con-
trast, at experienced referral centers treating patients who 
have a >90% chance of successful repair, the benefits of sur-
gery justify the risks for a broader range of indications, such 
that guidelines recommend considering MV repair even for 
asymptomatic patients with normal LV function [26].

The risks posed by surgery, combined with other factors 
such as patient preference for less-invasive therapies, the 
recent successes and rapid adoption of devices for transcath-
eter aortic valve replacement (TAVR), and the large, unmet 
clinical need for therapies for patients who are outside of the 
therapeutic window of surgery, have stimulated an explosion 
in the development of endovascular technologies for treating 
MR.  Interest is especially great in therapies for high-risk 
patients deemed too sick for surgery.

Whereas TAVR for the treatment of aortic stenosis has 
enjoyed quick adoption and widespread success due to sev-
eral factors (e.g., a singular pathophysiology of valve dis-
ease; the anatomy of the aortic annulus, which allows for 
precise stent-valve delivery; the ability to leverage conven-
tional imaging techniques), the advancement of transcatheter 
MV interventions has been relatively slow. Endovascular 
therapy for MR poses far more complex challenges in terms 

of the anatomy, structure, and function of the MV apparatus, 
complex pathophysiological considerations, challenges in 
patient selection, imaging complexities, and comparison to 
gold-standard surgical approaches that include both repair 
and replacement. Nevertheless, a plethora of device technol-
ogies exist or are in development and the devices can be 
broadly categorized into repair and replacement devices.

�Emerging Mitral Valve Repair Devices

Just as a variety of different surgical techniques exist to 
address and repair various lesions and associated dysfunction 
of the MV, a variety of devices are in development, largely 
mimicking surgical repair techniques, with the aim of pro-
ducing results comparable to those of surgical repair but by a 
transvascular approach. Emerging devices can be catego-
rized by where they are placed and their mechanism of action 
within the MV apparatus, including annulus-based devices, 
leaflet-based devices, chordal-based devices, and papillary 
muscle-based devices.

�Annulus-Based Devices
Several device technologies are in development to replicate 
one of the mainstay techniques of surgical MV repair, namely 
mitral annuloplasty. These devices can be subdivided into 
direct and indirect annuloplasty devices. Direct annuloplasty 
devices seek to mimic surgical annuloplasty techniques; a 
variety of these devices are placed directly into the mitral 
annulus. Existing direct annuloplasty devices include the 
Edwards Cardioband device, the ValCare Amend device, the 
MitraSpan Transapical Segmented Reduction Annuloplasty 
(TASRA) device, and the Millipede Medical IRIS device.

Direct Annuloplasty Devices

Edwards Cardioband
The Edwards Cardioband system (Edwards Lifesciences) is 
an adjustable annuloplasty system that consists of a polyes-
ter sleeve implant with radiopaque markers spaced 8  mm 
apart. The sleeve is fastened to the mitral annulus with mul-
tiple repositionable and retrievable 6-mm anchors. The 
device uses a transfemoral implant delivery system and a 25 
Fr transseptal steerable sheath (Fig. 8.7) [122].

A transseptal puncture is performed under TEE guidance, 
and an anchor is released close to the hinge of the leaflet and 
the anterior commissure. The implant is advanced until a 
radiopaque portion reaches the adjacent marker; the implant 
catheter is then navigated to each subsequent anchoring 
point along the posterior annulus until the tip reaches the last 
anchoring site. Thereafter, the implant is tightened to size 
with the adjustment tool, and the reduction of MR is assessed 
by TEE until the desired effect is obtained [122].
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Among 31 high-risk patients with symptomatic functional 
MR, procedural success was reported in all patients. A signifi-
cant reduction in septolateral dimension was found in 29 
patients, with no MR in 6 (21%), mild MR in 21 (72%), and 
moderate MR in 2 (7%). No procedural mortality was encoun-
tered, and in-hospital mortality was 6.5% (2/31); of note, nei-
ther death was procedure or device related. At 30 days, MR 
remained at 2+ or less in 22 patients (88%). Ongoing trials of 
the Cardioband device are described in Table 8.4 [122].

Valcare Amend Device
The Valcare Amend device is a D-shaped annuloplasty ring 
that is attached to the annulus with 12 independently 
deployed anchors positioned in 4 zones (Fig. 8.8). The pos-
terior zones are anchored first and then pulled anteriorly to 
reduce the anterior-posterior dimension by 15–25%. The 
device is delivered by a transapical approach. The first human 
implantation was done in 2016 and reduced the patient’s MR 
from severe (4+) to trace (1). Details of ongoing trials are 
listed in Table 8.5.

MitraSpan TASRA Device
The TASRA device (MitrasSpan Inc., Belmont, MA, USA), 
which is based on the concept of septal lateral annular cinch-
ing, is another direct annuloplasty device. The cinching 
device is delivered transapically with a low-profile (≤12-Fr) 
system. A suture is placed on both the anterior trigone and 
posterior mitral annulus, and the cinch device then com-
presses the annulus (Fig. 8.9).

Millipede Medical IRIS Device
Another device, the Millipede IRIS (Millipede Medical, 
Santa Rosa, CA, USA) seeks to replicate a semirigid, com-
plete ring, using a zigzag-shaped nitinol frame that is placed 
in a supra-annular position. The delivery system uses a trans-
septal approach, and the device itself has anchors that attach 
the ring to the annulus. Collars on the peak of each zigzag 
contract or expand the ring when tightened or released to 
accomplish final sizing (Fig. 8.10) [123]. The first successful 
human implantation was completed in May 2017. Ongoing 
trial details are described in Table 8.6.

Contraction
Wires

Adjustment
Mechanism

Radiopaque
Markers
(8mm apart)

Implant
Guidewire

Transseptal
Steerable Sheath
(TSS)

a

c

b

Guide
Catheter
(GC)

Implant
Catheter
(IC)

Anchor

Stand

Cardioband
Implant

Fig. 8.7  Edwards Valtech 
Cardioband device, shown 
before (a) and after (b) 
implantation. (c) Cardioband 
delivery system. From 
Maisano et al. [122]. 
Reprinted with permission 
from Oxford University Press
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Fig. 8.8  Valcare Amend device. From https://www.medgadget.
com/2016/06/amend-new-minimally-invasive-device-treating-mitral-
regurgitation.html. Reprinted with permission from Valcare Medical

Indirect Annuloplasty Devices
Several device designs exist that seek to use the anatomical 
relationship of the coronary sinus to the mitral annulus to 
perform an indirect annuloplasty. The coronary sinus cir-
cumferentially tracks and surrounds the annulus along the 
posterior and posterolateral curvature of the heart. The 
devices are placed in the coronary sinus, and an attempt is 
made to reduce the annular size by tightening the sinus. Two 
such indirect annuloplasty devices, the Cardiac Dimensions 
Carillon system and the MVRx ARTO System, are described 
below.

Cardiac Dimensions Carillon System
The Carillon Mitral Contour system (Cardiac Dimensions 
Inc., Kirkland, WA, USA) is positioned in the coronary sinus 
to accomplish an indirect annuloplasty and treat functional 
MR. The device is a fixed-length, double-anchored nitinol 
structure whose distal anchor is deployed deep in the coro-
nary sinus via a 9 Fr delivery catheter (Fig.  8.11) [124]. 
Traction is used to cinch the posterior periannular tissue and 
reduce the mitral annular circumference. When tissue 
plication is optimized as evidenced by a diminished degree 
of mitral regurgitation by TEE, the proximal anchor is 
deployed at the coronary sinus ostium. Angiography is per-
formed before final release of the device, to ensure that the 
left circumflex coronary artery is unharmed.

The Carillon Mitral Annuloplasty Device European 
Union Study (AMADEUS) showed a modest (22%) reduc-
tion in MR at 6  months in 30 of the 48 patients enrolled. 
Similar results were shown in the Transcatheter Implantation 

of the Carillon Mitral Annuloplasty Device (TITAN) trial. 
The device was implanted successfully in 35 of 53 patients 
(68%), significantly reducing regurgitation and LV diastolic 
and systolic volumes. An additional study with the Carillon 
device is described in Table 8.7.

MVRx ARTO Device
Another device in development for treating FMR is the 
ARTO device (MVRx Inc., Belmont, CA, USA). This device 
employs magnet-tipped catheters positioned in the LA 
(through a transseptal puncture) and in the coronary sinus, 
which link on either side of the atrial wall behind the P2 seg-
ment of the posterior leaflet. The anchors are joined with a 
crossing wire to facilitate placement of a T-bar anchor in the 
coronary sinus. Another anchor is placed at the atrial septum 
at the site of transseptal puncture, and a linking suture is ten-
sioned under TEE guidance until the anterior-posterior 
diameter of the mitral annulus is reduced sufficiently to 
reduce MR (Fig. 8.12) [125].

The first phase of the Mitral Valve Repair Clinical Trial 
(MAVERIC) of the ARTO device involved 11 patients with 
NYHA II–III symptoms and ≥2+ MR, for all of whom the 
risks of surgery were deemed prohibitively high by the heart 
team. Device implantation was successful in all 11 patients, 
with no procedural safety events and only 2 events at 30-day 
follow-up (1 pericardial effusion requiring drainage, and 1 
asymptomatic device dislodgement). At 6 months, improve-
ments were seen in MR grade, LV volumes, MR severity, 
regurgitant volumes, annular diameter, and functional status. 
The Phase II trial has yet to begin recruiting.

�Leaflet-Based Devices
Several devices exist or are in development to correct leaflet 
disease or reapproximate leaflets in the manner of the Alfieri 
stitch. The most well known of these devices is the Abbott 
MitraClip, which is described elsewhere in this textbook. 
The success of the Abbott MitraClip has led to the develop-
ment of other devices that work by leaflet coaptation, the 
best known of which is the Edwards PASCAL device.

Edwards PASCAL Device
The PASCAL device (Edwards LifeSciences) is another 
device that accomplishes leaflet coaptation. The device has 
a pair of paddles, placed 180° apart, which capture the 
edge of the anterior and posterior leaflet. A spacer in the 
middle is used to reduce the regurgitant orifice area, and 
the device allows independent leaflet grasping, giving it 
the potential for use in patients with more complex anat-
omy (Fig. 8.13) [123].

A multicenter prospective observational first-in-human 
compassionate use study is underway (Table 8.8). Preliminary 
(6-month) data show technical success in 28 of the first 29 
patients, and less than one-quarter of patients required a 

8  Innovative Approaches to Mitral Valve Repair and Replacement
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second device implantation. Only 3 patients needed reinter-
vention, and MR reduction and functional improvement 
were sustained; reverse LV remodeling was seen at 6 months, 
particularly in FMR patients.

�Chordal Repair Devices
Numerous devices are being developed to repair chordal 
abnormalities. Prominent among these devices are the 
NEOCHORD DS1000 system, the Harpoon Medical 
Harpoon system, and the MISTRAL system.

NEOCHORD DS1000 System
The NEOCHORD DS1000 (NeoChord Inc., St. Louis Park, 
MN, USA) consists of expanded PTFE (ePTFE) sutures that 
are attached to the prolapsing mitral leaflet under echocar-

diographic guidance via an off-pump, transapical approach. 
Leaflets are grasped and pierced to allow fixation and retrac-
tion of the neochordae, and then are subsequently fixated at 
the LV apex (Fig. 8.14).

The initial Transapical Artificial Chordae Tendineae 
(TACT) trial involved 30 patients with severe MR due to iso-
lated posterior leaflet prolapse. The procedure was success-
ful in 26/30 patients, in whom at least one neochord was 
placed and MR was reduced from 3–4+ to ≤2+. This reduc-
tion in MR was maintained by 17/30 patients at 30 days. An 
ongoing trial with this device is described in Table 8.9.

Harpoon Medical Harpoon TSD-5 Device
Another device that also uses ePTFE chords, anchored to the 
prolapsed mitral leaflet via transapical access, is the Harpoon 
TSD-5 (Harpoon Medical, Baltimore, MD, USA). Under 
TEE guidance, the device is directed to the LV surface of the 
prolapsed leaflet, and the leaflet is perforated after it is stabi-
lized and the device is actuated, perforating the leaflet with a 
needle that in turn is wrapped by ePTFE coils in a preformed 
knot. The needle is withdrawn, producing a double helix 
coiled knot on the atrial surface of the leaflet that secures the 
pair of ePTFE chords to the leaflet. Multiple devices can be 
deployed as needed before length is finally selected and the 
chords are tethered to the LV apex (Fig. 8.15). Initial data 
from 11 patients with severe MR for posterior leaflet pro-
lapse show 100% procedural success, minimal postproce-
dural MR, and, at 1  month, mild MR and significant 
reductions in end-diastolic and left atrial volume. Trials have 
been planned for the Harpoon device.

Mitralix MISTRAL Device
Another device that reapproximates the chords is the trans-
septal 12-Fr MISTRAL device (Mitralix Ltd., Rehovot, 
Israel). This device consists of an atraumatic, spiral-shaped 
nitinol wire that pulls the chordae together.

�Emerging Mitral Valve Replacement Devices

Although no device has yet been approved for transvascular 
MV replacement (TMVR), several promising devices are in 
development. Such TMVR devices have the potential to 
extend the therapeutic window into higher-risk, “too sick” 
patient populations, offering them relief of their MR with the 
potential for results comparable to those of surgical 
replacement with a bioprosthetic valve, but with fewer of the 
comorbidities associated with traditional surgery. In addition 
to extending the therapeutic window, TMVR devices have 
the potential to supplant traditional surgical valve replace-
ment with a bioprosthetic valve for patients for whom this is 
the primary therapeutic option. Furthermore, TMVR devices 
hold an intriguing potential to treat secondary MR. Surgical 

Fig. 8.9  MitraSpan Tasra device. Reprinted with permission from 
MitraSpan, Inc.

Fig. 8.10  Millipede IRIS Transcatheter Angioplasty Ring. From 
Sharma and Gafoor [123]. Reprinted with permission from Millipede 
Medical

8  Innovative Approaches to Mitral Valve Repair and Replacement
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results for secondary/functional MR are not as good as those 
for primary MR, and surgical repair with annuloplasty has 
been associated with a high recurrence rate of MR [92]. In 
such patients, a less invasive, less morbid, yet durable 
replacement option would be an attractive alternative.

However, the development of TMVR devices has been 
slow relative to the development of TAVR devices because of 
the complexity of the ventricular-valvular mitral apparatus, 
as well as the location and size of the MV. The mitral annulus 
is an amorphous, complex, and dynamic structure with an 
ellipsoid shape and variable calcification. The lack of a pre-
dominantly cylindrical structure (like the aortic valve annu-
lus) with significant calcification has made deploying a 
stent-based valve prosthesis challenging in terms of anchor-
ing and fixation, as well as properly aligning a newly placed 
endovascular prosthetic valve within the annulus. The pres-

sure differential between the atrium and ventricle, which can 
be up to 3 times greater than that encountered in aortic valve 
delivery, further complicates matters. Furthermore, the large 
size of the mitral annulus, especially in patients with dilated 
ventricles, often necessitates the use of valves larger than 
30 mm in diameter, making delivery of these devices chal-
lenging. This is especially true if a transfemoral/transseptal 
approach is used, because the size limitations of the right 
atrium, atrial septum, and LA would limit the maneuverabil-
ity of such a device. For this reason, several valve devices are 
being developed to use a transapical approach. However, this 
approach carries an additional set of risks that have limited 
device development.

Broadly speaking, TMVR devices can be grouped accord-
ing to their fixation method and their delivery approach. 
Delivery approaches can, in turn, be broadly categorized as 
transapical, transfemoral-transseptal, and transatrial. 
Currently, the majority of devices use a transapical approach, 
although future devices are being developed for a transseptal 
delivery approach. Fixation strategies differentiate valves 
into several different groups.

�Wing- or Tab-Based Fixation Devices

Using wings or tabs that engage the native leaflets is the most 
common approach. These wings or tabs must capture healthy 
leaflets without becoming entangled in the chordae tendin-
eae. This requirement may preclude or limit the use of these 
devices in patients with degenerative MR.  These devices 
include the Edwards FORTIS, Neovasc Tiara, Edwards 
CardiAQ, and NaviGate devices.

Lock
bump

Crimp tupe

Crimp tupe

Distal anchor
(in great cardiac vein, GCV)

Proximal anchor
(at ostium of CS)

Fig. 8.11  Carillon device. The distal anchor is placed in the great car-
diac vein, crimp tube, and lock bump (left), and the proximal anchor is 
placed at the ostium of the coronary sinus and the crimp tube (right). 
From Goldberg et  al. [124]. Reprinted with permission from Europa 
Digital & Publishing

Table 8.7  Carillon Mitral contour trial

Device/trial 
name Trial design Arms Inclusion criteria

Exclusion 
criteria

Primary outcome 
measures

Secondary outcome 
measures Follow-up

Est. study 
completion 
date

CARILLON 
trial: 
Transcatheter 
treatment of 
FMR

Prospective, 
multicenter, 
multiple-arm, 
double-blind 
RCT, 400 pts

1. �Experimental: 
Device

2. �Comparator: 
GDMT for 
HF

1. �Cardiomyopathy, 
NYHA II, III, or 
IV

2. �FMR >2+ and 
ERO >0.2 cm2

3. �6MWD 
200–450 m

4. LVEF <50%
5. LVEDD >7 cm
6. �Optimized on HF 

medications
7. �Anatomy 

appropriate for 
implant

Many 
criteria; 
refer to 
trial

1. �Freedom 
from MAE 
(12 months)

2. �Hierarchical 
clinical 
composite 
(12 months)

3. �Change in 
RVol (12 
months)

1. �Freedom from 
periprocedural 
MAE (30 days 
vs. discharge)

2. �Freedom from 
MAE (12 
months)

3. �6MWD (12 
months)

4. �LVESV (12 
months)

5. �KCCQ (12 
months)

6. �NYHA Class 
(12 months)

12 
months

October 
2025

6MWD 6-minute walk distance, ERO effective regurgitant orifice, FMR functional mitral regurgitation, GDMT goal-directed medical therapy, HF 
heart failure, KCCQ Kansas City Cardiomyopathy Questionnaire, LVEDD left ventricular end-diastolic dimension, LVEF left ventricular ejection 
fraction, LVESV left ventricular end-systolic volume, MAE major adverse events, NYHA New York Heart Association, RVol regurgitant volume
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�Edwards FORTIS Device
The Edwards Fortis TMVR device (Edwards LifeSciences) 
has a central cylindrical valve body composed of three peri-
cardial leaflets sutured within a 29-mm diameter nitinol 
stent. It uses two paddles located in the outflow of the central 
valve body, allowing capture of the mitral leaflets to anchor 
the device. An additional atrial flange at the inflow point, 

made from nitinol struts covered with cloth, rests on the base 
of the LA and allows tissue endothelialization. The Fortis 
device is delivered through a 42 Fr transapical delivery sys-
tem (Fig. 8.16) [126].

Twenty patients who were either inoperable or at high risk 
from conventional MV surgery and unsuitable for other 
transcatheter alternatives have received the FORTIS implant; 

a b c

d e f

Fig. 8.12  ARTO device and implantation. (a) Great cardiac vein 
(GCV) and left atrial (LA) MagneCaths in position and magnetically 
linked behind the P2 segment of the posterior mitral leaflet. (b) Close-up 
of magnetically linked LA and GCV MagneCaths. Each magnetic cath-
eter has a specific shape and lumen to direct and receive the crossing 
wire. (c) The crossing wire (arrow) is pushed from the GCV into the LA 
MagneCath. The MagneCaths are aligned to direct the wire safely from 
the GCV to the LA through the atrial wall. (d) After using an exchange 
catheter, the loop guidewire is placed across the left atrium. This guide-

wire directs the placement of the GCV anchor (T-bar, single arrow) and 
septal anchor (double arrow). (e) The Arto MVRx System in place 
before tensioning. (f) Tensioning of the bridge results in precise short-
ening of the mitral annulus anteroposterior diameter (arrows) and elim-
ination of functional mitral regurgitation; once the final position is 
attained, the suture is cut and secured with a suture lock. From Erglis 
et  al. [125]. Reprinted with permission from Europa Digital & 
Publishing
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13 of these patients’ results have been made available [127]. 
The procedure was successful in 10 patients. Two patients 
were converted to surgery, one because of device malposi-
tion and one because the balloon system became entangled 
in the chords before implantation. Incomplete posterior leaf-
let capture resulted in partial device migration and death for 
1 patient on day 4. Four patients died in the hospital, and 
eight survived beyond 30 days. All FORTIS implants under 

all protocols have been voluntarily put on hold because of 
evidence of thrombosis.

�Neovasc Tiara Device
The Neovasc Tiara (Neovasc Inc., Richmond, BC, Canada) 
consists of a D-shaped, self-expanding nitinol frame with a 
trileaflet bovine pericardial valve. It has a full atrial skirt and 
three ventricular anchors, one anterior and two posterior, that 

Fig. 8.13  Pascal device. The 
renderings show the device 
grasping leaflets in a 
cross-sectional view (left) and 
an atrial view (right). From 
Sharma et al. [123]. Reprinted 
with permission from 
Edwards Lifesciences

Table 8.8  CLASP study of the PASCAL device

Device/trial 
name Trial design Arms Inclusion criteria

Exclusion 
criteria

Primary outcome 
measures

Secondary outcome 
measures Follow-up

Est. study 
completion 
date

CLASP 
Edwards 
PASCAL 
Transcatheter 
Mitral Valve 
Repair 
System 
Study

Prospective, 
multicenter, 
single-arm, 
open-label 
trial, 120 
pts

1. �Experimental: 
Device

1. �NYHA II–IVa 
despite 
optimal 
medical 
therapy

2. �Clinically 
significant 
MR

3. �Candidacy for 
SMVR 
determined by 
heart team

4. �Non-
commissural 
primary 
regurgitant jet

5. MVA >4 cm2

1. �TEE failed 
or not 
possible

2. �Unsuitable 
anatomy

3. �MVA 
<4 cm2

4. �RV 
dysfunction 
or failure

5. �Life 
expectancy 
<12 months

1. �Composite of 
MAE (CV 
mortality, 
stroke, MI, 
new need for 
RRT, severe 
bleeding, 
reintervention 
for device 
complications) 
(30 days)

1. �MR reduction 
(30 days–1 
year)

2. �All-cause 
mortality (30 
days–1 year)

3. �Recurrent HF 
hospitalization 
(30 days–1 
year)

4. �Change in 
6MWD (6 
months, 1 year)

1 year August 
2021

6MWD 6-minute walk distance, CV cardiovascular, HF heart failure, MAE major adverse events, MI myocardial infarction, MR mitral regurgita-
tion, MVA mitral valve area, NYHA New York Heart Association, RRT renal replacement therapy, RV right ventricle/ventricular, SMVR surgical 
mitral valve repair, TEE transesophageal echocardiography
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affix the valve to the fibrous trigone and the posterior annu-
lus [128]. The valve currently is manufactured in two sizes, 
35 and 40 mm, and the transapical delivery system is 32 Fr 
and 36 Fr, respectively (Fig. 8.17) [129]. The current status 
of ongoing trials involving the Tiara device is listed in 
Table 8.10.

�Edwards CardiAQ Device
Another device system that uses fixation to the native valve 
leaflets via wings or tabs is the Edwards CardiAQ system 
(Edwards Lifesciences). The device is a self-expanding, niti-
nol frame with a trileaflet bovine pericardial valve. The 
frame has opposing anchors that secure the device in the 
annulus, and it possesses foam-covered ventricular anchors 
that engage the subvalvular apparatus. A polyester fabric 
skirt helps minimize paravalvular regurgitation. The device 
uses supra-annular positioning to reduce the risk of LV out-
flow tract obstruction, and it does not require rotational 
alignment [129, 130] (Fig. 8.18).

It uses a 33 Fr delivery system and can be deployed via a 
transapical or a transfemoral-transseptal approach. Two tri-
als have been withdrawn and one trial was terminated to 
allow further design validation and testing of the valve; one 
trial remains ongoing and is described in Table 8.11.

�“Valve and Dock” Fixation Devices

In the valve and dock approach to device fixation, a docking 
device is fixated to the mitral position; subsequently, a valve 
is docked inside this device. The Caisson TMVR and MValve 
devices both use this system.

�Caisson TMVR Device
The Caisson TMVR device (Caisson Interventional LLC, 
Maple Grove, MN, USA) uses a valve and dock fixation 
method and is fully retrievable. The device has two compo-

nents: a D-shaped, self-expanding nitinol anchor, and a self-
expanding, nitinol-framed, trileaflet porcine pericardial valve. 
The device can be delivered through a transfemoral-transseptal 
approach with a 31 Fr delivery system (Fig. 8.19) [129]. The 
design of the Percutaneous Mitral Valve Replacement 
EvaLuation Utilizing IDE Early Feasibility Study 
(PRELUDE) of this device is summarized in Table 8.12.

�MValve Device
Another novel device that uses this valve and dock approach 
is the MValve transcatheter mitral replacement system 
(MValve Technologies Ltd., Herzliyya, Israel). The device is 
deployed in two steps: A proprietary valve support/dock is 
deployed in and around the native mitral annulus, and a com-
mercial transcatheter valve is deployed within the dock to 
replace the MV (Fig. 8.20) [129]. The device is designed to 
replicate existing valve-in-valve approaches by creating an 
annular dock inside the existing mitral annulus, within which 
any commercial valve can be placed.

�Left Ventricular Tethering

Tethering to the LV is an approach wherein fixation of the 
valve relies on an additional anchor on the LV wall, near the 
apex. One concern posed by this approach is that it places an 
abnormal compressive load on the LV in patients who already 
have a compromised LV. The Abbott Tendyne valve uses this 
approach.

�Abbott Tendyne Mitral Valve System
The Abbott Tendyne system (Abbott Vascular, Santa Clara, 
CA, USA) uses a transapical, fully repositionable and recap-
turable trileaflet porcine pericardial valve that is sewn inside 
two self-expanding nitinol stents. The outer stent is available 
in various sizes and is D-shaped to conform to the native mitral 
annulus. The inner circular frame has a large (>3.0 cm2) effec-

Fig. 8.14  NeoChord DS100 
device with suture cartridges, 
multi-use needles, delivery 
instrument, and leaflet capture 
verification monitor. 
Reprinted with permission 
from NeoChord, Inc.
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a b

c

d

e

Fig. 8.15  Use of the 
Harpoon TSD-5 device for 
chordal repair in the mitral 
valve. (a) The Harpoon 
TSD-5. (b) Harpoon device 
inserted into left ventricle and 
directed toward and into 
contact with mitral leaflet. (c) 
Close-up view of Harpoon 
device in contact with mitral 
leaflet with ruptured chord. 
(d) Close-up view showing 
perforation of mitral leaflet 
with device needle and 
preformed PTFE chords. (e) 
Close-up view of deployed 
PTFE chords in knot 
configuration, secured to 
leaflet. Chords are then 
measured to appropriate 
length and anchored to LV 
apex. Images courtesy of 
Edwards Lifesciences LLC

a b

Fig. 8.16  Fortis device. (a) Side profile highlighting atrial flange (red 
arrow), body of valve (black arrow), and one of two paddles (blue 
arrow). (b) Side profile highlighting bovine pericardial leaflets (orange 

arrow) and flexible struts (green arrow), which align with the A2 seg-
ment of the mitral valve. From Bapat et al. [126]. Reprinted with per-
mission from Europa Digital & Publishing

J. Lamelas et al.
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tive orifice area. The valve is tethered to the LV apex with an 
LV apical tethering system, which is designed to reduce para-
valvular regurgitation and facilitate apical closure.

The device uses a 34 Fr transapical delivery sheath. The 
valve is positioned above the annulus, and the D-shaped 
outer stent is oriented such that the straight side and atrial 
cuff are aligned with the aortomitral continuity and the aorta. 
The valve is then retracted backwards into the mitral annulus 
with tactile guidance, and positioning is confirmed with 
echocardiography and fluoroscopy. Then the apical pad is 

positioned over the LV apical tether, and a tension gauge is 
used to adjust tension to keep the valve in a stable position 
(Fig. 8.21) [131].

An initial global feasibility study of 30 patients with 
grade 3/4 MR showed successful implantation in 28/30 
patients, no residual MR in 26 patients, and only mild central 
MR (1+) in 1 patient at 30 days. At follow-up, 21 patients 
(75%) had NYHA Class I–II symptoms and improvement in 
LV end-diastolic volume index. Table  8.13 describes an 
ongoing trial of the Abbott Tendyne system.

a b

c

Atrial Skirt

Atrial Skirt

Anterior
Anchors

Posterior
Anchor

Bovine Pericardial
Leaflets

Fig. 8.17  Tiara device. (a) Valve prosthesis. (b) Valve prosthesis under fluoroscopy. (c) 2D TEE images of device. From Reguiero et al. [129]. 
Reprinted with permission from Elsevier

8  Innovative Approaches to Mitral Valve Repair and Replacement
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�Clamping or Rivet Mechanisms  
for Annular Fixation

Yet another approach uses a clamping or rivet mechanism to 
surround the annulus and enable fixation. This approach may 

work well for certain anatomical situations, such as regurgitant 
MVs with an hourglass shape (i.e., a large LA and LV), but not 
in situations such as degenerative mitral disease in which the 
downstream flange of the clamp does not have a “lip” of tissue 
to engage. The NaviGate and HighLife valves use this approach.

a b c

Fig. 8.18  CardiAQ device. (a) Valve prosthesis. (b) Valve prosthesis under fluoroscopy. (c) 2D TEE images of device. From Reguiero et al. [129]. 
Reprinted with permission from Elsevier

Table 8.11  Edwards CardiAQ trials

Device/trial 
name Trial design Arms Inclusion criteria

Exclusion 
criteria

Primary outcome 
measures

Secondary 
outcome 
measures Follow-up

Est. study 
completion 
date

CardiAQ-
Edwards 
TMVR 
Early 
Feasibility 
Study

Prospective, 
multicenter, 
single-arm, 
nonrandomized 
trial, 30 pts

1. �Experimental: 
TMVR

1. �Clinically 
significant, 
symptomatic 
MR

2. �High risk for 
open-heart 
surgery

3. �Meets 
anatomical 
criteria

1. �Unsuitable 
anatomy

2. �Inoperable 
patient

1. �Safety 
assessed by 
freedom from 
device or 
procedure-
related 
adverse 
events (30 
days)

1. �NYHA 
functional 
class (up to 
5 years)

2. �6MWD (up 
to 5 years)

3. �Reduction in 
MR grade 
(up to 5 
years)

5 years June 2022

6MWD 6-minute walk distance, MR mitral regurgitation, NYHA New York Heart Association, TMVR transcatheter mitral valve replacement

a b c

Fig. 8.19  Caisson TMVR device. (a). Valve prosthesis. (b) Valve prosthesis under fluoroscopy. (c) 2D TEE images of device. From Reguiero et al. 
[129]. Reprinted with permission from Elsevier

8  Innovative Approaches to Mitral Valve Repair and Replacement
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�NaviGate Cardiac Structures NaviGate Mitral 
Valved Stent

The NaviGate Mitral Valved Stent (NaviGate Cardiac 
Structures Inc., Lake Forest, CA, USA) consists of a self-
expanding nitinol frame with a truncated cone. Its low profile 
height (21 mm) allows delivery into the heart while reducing 
the risk of protrusion into the atrium or ventricle. The device 
employs two rows of annular winglets that anchor the device 
to the annulus. It is available in three sizes (30/36, 30/40, and 
33/44 mm) and can be delivered via transseptal, transatrial, 
or transapical routes with a 30 Fr system (Fig. 8.22) [132]. 

Early feasibility trials have been planned with this device for 
use in both tricuspid and mitral valve positions.

�HighLife Device

With the HighLife TMVR System (HighLife SAS, Paris, 
France), a loop is advanced via the aortic valve, and a suban-
nular implant is delivered via an 18 Fr femoral arterial sheath 
to form a loop implant in a subannular position. Transatrial 
or transapical delivery is then used to deliver a trileaflet 
bovine pericardial valve within a nitinol frame, which has a 
preformed annular groove to allow seating within the ini-
tially placed loop implant. The bioprosthesis expands inside 
the loop, and the shape of the bioprosthesis prevents migra-
tion within the ventricle (Fig. 8.23) [133]. The design of the 
HighLife system trial is described in Table 8.14.

�Dynamic Cork Effect

The last approach uses a dynamic cork effect. In this mecha-
nism, variable degrees of radial stiffness along the height of 
the structure enable the valve to compress to fit the annulus 
but stay larger in diameter downstream of the annulus, acting 
as a “cork” during systole without dilating the annulus. An 
advantage of this design is a high degree of adaptability to 
the ovoid or kidney-bean shape of the MV annulus without 
the need for rotational alignment. Such a design may work 
well in treating both degenerative and functional mitral 
regurgitation, but it does have some downsides. Two concen-

a b c

Fig. 8.20  MValve device. (a) Valve prosthesis. (b) Valve prosthesis under fluoroscopy. (c) 2D TEE images of device. From Reguiero et al. [129]. 
Reprinted with permission from Elsevier

Fig. 8.21  Tendyne System. Mitral valve prosthesis (right) and left 
ventricular apical tethering device (left). From Perpetua and Reisman 
[131]. Reprinted with permission from Europa Digital & Publishing

8  Innovative Approaches to Mitral Valve Repair and Replacement
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a b

c d

Fig. 8.22  NaviGate valved stent. (a) Nitinol stent frame. (b) Inflow (left atrial) view. (c) Outflow (left ventricular) view. (d) Side view. From 
Navia et al. [132]. Reprinted with permission from Europa Digital & Publishing

Fig. 8.23  HighLife device. Mitral bioprosthesis (left) and subannular implant (right). From Barbanti et al. [133]. Reprinted with permission from 
Elsevier

8  Innovative Approaches to Mitral Valve Repair and Replacement



170

Ta
bl

e 
8.

14
 

H
ig

hL
if

e 
T

M
V

R
 s

ys
te

m
 tr

ia
l

D
ev

ic
e/

tr
ia

l 
na

m
e

T
ri

al
 d

es
ig

n
A

rm
s

In
cl

us
io

n 
cr

ite
ri

a
E

xc
lu

si
on

 c
ri

te
ri

a
Pr

im
ar

y 
ou

tc
om

e 
m

ea
su

re
s

Se
co

nd
ar

y 
ou

tc
om

e 
m

ea
su

re
s

Fo
llo

w
-u

p
E

st
. s

tu
dy

 
co

m
pl

et
io

n 
da

te
H

ig
hL

if
e 

T
M

V
R

 
Sy

st
em

 
St

ud
y

Pr
os

pe
ct

iv
e,

 
m

ul
tic

en
te

r, 
si

ng
le

-a
rm

, 
no

nr
an

do
m

iz
ed

 tr
ia

l, 
20

 p
ts

1.
 �E

xp
er

im
en

ta
l: 

T
M

V
R

1.
 S

ev
er

e 
M

R
2.

 �H
ig

h 
ri

sk
/

un
su

ita
bl

e 
fo

r 
op

en
-h

ea
rt

 
su

rg
er

y 
or

 
ot

he
r 

pe
rc

ut
an

eo
us

 
th

er
ap

y
3.

 �N
Y

SH
A

 
II

–I
V

a
4.

 �M
ax

im
al

ly
 

to
le

ra
te

d 
G

D
M

T
 f

or
 a

t 
le

as
t 3

 m
on

th
s

5.
 �M

ee
ts

 
an

at
om

ic
al

 
cr

ite
ri

a 
fo

r 
de

vi
ce

1.
 �U

ns
ui

ta
bl

e 
an

at
om

y
2.

 �M
S 

or
 s

ev
er

e 
M

A
C

, o
r 

rh
eu

m
at

ic
 

dx
3.

 �P
ri

or
 M

V
 

in
te

rv
en

tio
n

4.
 L

V
E

F 
<

30
%

5.
 L

V
E

D
D

 >
7 

cm
6.

� H
O

C
M

7.
 �S

ig
ni

fic
an

t C
A

D
 

re
qu

ir
in

g 
re

va
sc

ul
ar

iz
at

io
n

8.
 �A

ny
 s

ur
ge

ry
 o

r 
in

te
rv

en
tio

n 
w

ith
in

 
30

 d
ay

s

1.
 �F

re
ed

om
 f

ro
m

 
m

aj
or

 a
dv

er
se

 
ev

en
ts

 (
30

 
da

ys
)

2.
 �C

on
tin

ue
d 

in
te

nd
ed

 
pe

rf
or

m
an

ce
 

of
 th

e 
va

lv
e 

(3
0 

da
ys

)
3.

 �T
ec

hn
ic

al
 

su
cc

es
s

1.
 �D

ev
ic

e 
su

cc
es

s 
(u

p 
to

 1
2 

m
on

th
s)

2.
 �P

ro
ce

du
re

 s
uc

ce
ss

 
(u

p 
to

 1
2 

m
on

th
s)

3.
 �P

at
ie

nt
 s

uc
ce

ss
 (

up
 

to
 1

2 
m

on
th

s)
4.

 �H
em

od
yn

am
ic

 
pe

rf
or

m
an

ce
 (

up
 to

 
5 

ye
ar

s)
5.

 �F
un

ct
io

na
l 

im
pr

ov
em

en
t (

12
 

m
on

th
s)

6.
 �Q

ua
lit

y 
of

 li
fe

 
im

pr
ov

em
en

t (
12

 
m

on
th

s)

5 
ye

ar
s

D
ec

em
be

r 
20

23

C
A

D
 c

or
on

ar
y 

ar
te

ry
 d

is
ea

se
, d

x 
di

ag
no

si
s,

 G
D

M
T

 g
oa

l-
di

re
ct

ed
 m

ed
ic

al
 t

he
ra

py
, H

O
C

M
 h

yp
er

tr
op

hi
c 

ob
st

ru
ct

iv
e 

ca
rd

io
m

yo
pa

th
y,

 L
V

E
D

D
 l

ef
t 

ve
nt

ri
cu

la
r 

en
d-

di
as

to
lic

 d
im

en
si

on
, L

V
E

F
 l

ef
t 

ve
nt

ri
cu

la
r 

ej
ec

tio
n 

fr
ac

tio
n,

 M
A

C
 m

itr
al

 a
nn

ul
ar

 c
al

ci
fic

at
io

n,
 M

R
 m

itr
al

 r
eg

ur
gi

ta
tio

n,
 M

S 
m

itr
al

 s
te

no
si

s,
 M

V
 m

itr
al

 v
al

ve
, N

Y
H

A
 N

ew
 Y

or
k 

H
ea

rt
 A

ss
oc

ia
tio

n,
 T

M
V

R
 tr

an
sc

at
he

te
r 

m
itr

al
 v

al
ve

 
re

pl
ac

em
en

t

J. Lamelas et al.



171

tric stent structures are required to make such a design work. 
The Medtronic/Twelve Intrepid valve is an example of such 
a device.

�Medtronic/Twelve Intrepid Valve

The Medtronic/Twelve Intrepid system (Medtronic, 
Minneapolis, MN, USA) has a unique dual structure that 
consists of an inner self-expanding, nitinol-framed, trileaflet 
bovine pericardial valve that is housed concentrically within 
a larger, self-expanding nitinol outer fixation ring. The outer 
ring engages with the dynamic mitral annulus; this separates 
the fixation of the dynamic annulus, and movement thereof 
throughout the cardiac cycle, from the functioning of the 
inner valve. The inner stent valve has a 27-mm diameter and 
an effective orifice area of 2.4  cm2, while the outer valve 
structure is currently available in 43-, 46-, and 50-mm outer 

diameter sizes. The outer ring is sized to be larger than the 
native MV annulus, has varying radial stiffness, and is cov-
ered by a polyester fabric skirt to prevent leaks and accom-
modate tissue ingrowth. The atrial portion is flexible and 
conforms to the native annulus, while the ventricular portion 
is stiffer and resists compression, thus producing a cork 
effect during systolic pressure to resist migration. The sys-
tem need not be rotationally aligned and does not require any 
tethering mechanism or capture of native leaflets (Fig. 8.24) 
[134]. The device is housed in a transapical hydraulic deliv-
ery system that facilitates controlled expansion and deploy-
ment [134].

The intrepid valve is currently under investigation in the 
APOLLO trial, a multicenter, global, prospective, random-
ized trial comparing TMVR by the Intrepid system to con-
ventional MV surgery. Currently active clinical trials of the 
Medtronic/Twelve Intrepid device are described in 
Table 8.15.

a b c

Fig. 8.24  Twelve/Intrepid valve. (a) The Intrepid TMVR prosthesis. 
Cut-outs show the device’s dual-stent design (b) and overall flexibility 
(c), allowing the device to conform to the shape of native mitral annu-

lus. From Meredith et al. [134]. Reprinted with permission from Europa 
Digital & Publishing

8  Innovative Approaches to Mitral Valve Repair and Replacement
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�Conclusions

One of greatest difficulties in comparing outcomes among 
different minimally invasive MV procedures lies in the vary-
ing techniques used. Little to no prospective data are avail-
able that compare minimally invasive MV surgery with 
sternotomy valve surgery, and no data are available about the 
relative effectiveness of the various minimally invasive 
methods except for retrospective reports from individual sur-
geons or institutions. Additionally, many of the published 
studies included data from institutions with a limited volume 
of these specialized and technically demanding procedures. 
Nonetheless, the data clearly demonstrate that minimally 
invasive valve surgery performed in the appropriate clinical 
setting by a high-volume institution, with a well-developed 
surgical method, leads to outcomes that are equivalent, if not 
superior, to those of valve surgery through a sternotomy.

A minimally invasive MV procedure performed via a 
mini-thoracotomy is a true sternal-sparing and less-invasive 
procedure. Benefits include shorter ventilator times and 
intensive care unit and hospital length of stay. In addition, 
patients return to their normal lifestyles sooner because of 
less surgical trauma and greater chest-wall stability, which 
allow them to regain function faster than standard sternot-
omy patients. Other benefits include lower transfusion and 
analgesic requirements and better cosmesis. A decrease has 
been documented in the composite complication rate in 
higher-risk patients (i.e., those more 75  years old, obese, 
COPD, and low LVEF), as has a trend toward lower surgical 
mortality.

Mitral valve procedures currently remain in the domain of 
the surgeon. Mitral valve repair techniques take time to learn 
and can be technically demanding. Nonetheless, surgical 
correction of essentially all MV abnormalities has produced 
excellent results and durability at experienced centers.

In addition, there exists a large, unmet clinical need for 
less-invasive therapies with a more favorable risk/benefit 
profile for the treatment of MR, and a correspondingly large 
potential patient population that would benefit from these 
therapies. The pioneering success of the MitraClip, espe-
cially in the treatment of high-risk patients, has proven the 
magnitude of this unmet need in clinical practice. 
Furthermore, the success of this device has led to a great deal 
of device development for transcatheter MV repair and 
replacement. Nonetheless, the results are still far from opti-
mal, and for the time being, these technologies will be lim-
ited to patients not eligible for surgery.
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