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Multicenter Mitral Valve Study: A Lateral Approach Using
the da Vinci Surgical System
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Objective: The purpose of this study was to demonstrate the
feasibility of simple to complex endoscopic robotic mitral valve
repair, using a lateral approach.
Methods: Data were retrospectively collected on 201 patients un-
dergoing a lateral “ports only” endoscopic robotic mitral valve
repair at three institutions. Techniques of aortic occlusion included
the endoaortic balloon or a transthoracic clamp. The efficacy of the
repair was measured intraoperatively by transesophageal echocar-
diogram.
Results: Two hundred one patients with a mean age of 55.2 � 14.2
were intended to undergo elective robotic mitral valve surgery. One
hundred eighty-six (92.5%) were scheduled for a repair procedure
and 15 (7.5%) were scheduled for replacement. The repair was
accomplished in 179 of 186 (96.2%) of patients. Eight patients
(4.3%) required a conversion to sternotomy incision. Seven con-
verted patients received a mitral valve repair and one received a
replacement mitral valve. Mitral valve pathology included 10%
isolated anterior leaflet involvement, 43% isolated posterior leaflet
involvement, and 6% bileaflet pathology, and the remaining patients
had dilated annulus, chordal rupture, or elongation. One hundred
seventy-nine patients (96.2%) had regurgitation grade of 0 to 1 after
repair. Two patients (1%) died. Other adverse events included
reoperation for valve-related complications, 2 of 201 (1%); reopera-
tion for cardiac-related complications, 3 of 201 (1.5%); and new
onset of atrial fibrillation, 35 of 201 (17.4%).
Conclusions: A lateral endoscopic robotic approach to mitral valve
repair is safe, feasible, and can be performed consistently with
acceptable postoperative results. Further follow-up is required to
determine the long-term efficacy of this approach to robotic mitral
valve repair.
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Mitral valve repair techniques have been described more
than 20 years ago but have been adopted fairly slowly

both in the United States and in Europe.1 Currently in the
United States, the mitral valve repair rate still only ap-
proaches 50% and is somewhat higher in Europe.2 There may
be multiple limitations to surgeons repairing the mitral valve,
including their clinical experience, but limitations also may
be related to technical factors such as consistent exposure to
the valve without distorting it, to make accurate intraopera-
tive decisions to facilitate valve repair.

Minimally invasive mitral valve surgery started approx-
imately 10 years ago with the introduction of the Heart Port
Endo CBP system (Heartport, Inc., Redwood City, CA).
Although this system provided a good platform for cardio-
pulmonary bypass and support of the patient, there was a
significant learning curve involved.3,4 In the early days of
minimally invasive mitral valve surgery, operative times
were long, and it was difficult to repair the valves by using
two-dimensional vision and long-shafted instruments with
limited degrees of freedom. The work of Vanermen et al,5 in
1999, demonstrated the feasibility of port-access mitral valve
surgery in 75 patients with diverse pathology. Minimally
invasive videoscopic mitral valve surgery gained prominence
by Chitwood et al,6 who showed that many of the common
tasks such as knot tying, chord reconstruction, leaflet resec-
tion, and valve ring or prosthesis positioning were helped by
the use of videoscopy. At this time, Falk et al7 published their
early results of the first 10 patients operated by using the
Intuitive Surgical Telemanipulation System, known today as
the da Vinci Surgical System (Intuitive Surgical Sunnyvale,
CA). They showed feasibility of the repair with good func-
tional results. The evolution of this operation has continued
from a minimally invasive port-access-type operation to a
robotically assisted operation. The reproducibility of the
robotic operation with excellent functional outcome was
made evident by Chitwood and colleagues who have com-
pleted more than 400 such operations to date. Robotically
assisted mitral valve repair has allowed the surgeon to operate
with 3-dimensional vision, scale their movements, and enjoy
6 degrees of motion. In addition, the wristed portion of the
instruments is down at the level of the mitral valve and may,
in fact, facilitate the ability to repair valves.8 Landmark
publications have already shown the feasibility of this first by
Carpentier then by Chitwood and his group at East Carolina
University, as well as others.9–11
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The purpose of our study was to look in a multicenter
fashion at the combined outcome data of three institutions
performing completely endoscopic mitral valve surgery
through a ports-only technique and to describe both the
technique and the outcomes of these patients. In the past,
some reports on robotic mitral valve repairs have focused on
more simple procedures, and we have sought to apply these
techniques to complex valve repairs as well.9,12

METHODS
Institutional review board approval and patient consent

were obtained for the study. Data were collected either
concurrently or retrospectively on 201 patients who were
scheduled to undergo mitral valve surgery at three different
institutions. Preoperative variables collected were included,
as were intraoperative variables and postoperative outcomes.
Techniques of aortic inclusion included either an endo-aortic
balloon or transthoracic clamp, and the efficacy of the repair
was measured intraoperatively by transesophageal echocar-
diogram.

Description of Surgical Technique and
Exclusion Criteria

Patients were excluded for an endoscopic approach if
one or more of the following conditions existed: severe
aortoiliac disease, making retrograde femoral perfusion un-
safe; severe calcified mitral annulus; previous right chest
surgery; or previous cardiac surgery. Although the only
absolute contraindication was severe aortoiliac disease, the
other three were performed sparingly.

After obtaining consent, the patients were taken to the
operating room and placed in a supine position. For endoaor-
tic balloon cases, bilateral arterial lines were used to monitor
hemodynamics and to help detect balloon migration and

blocking of right arm pressure. Double-lumen tubes were
used routinely, as was transesophageal echocardiography.

Through a right internal jugular approach, a variety of
catheters were inserted, depending on the preference of the
team, and included a Swan-Ganz catheter, a Biomedicus
catheter (BioMedicus Co., Minneapolis, MN) for venous
drainage, a Cardiovations coronary sinus catheter, and/or a
Cardiovations PA vent line (Cardiovations, Somerville, NJ).
After the appropriate lines were inserted and the echocardio-
gram was evaluated, the patient was prepped and draped.
Specific issues on the transesophageal echocardiogram were
to measure the aortic diameter, as aortas smaller than 2 cm
and larger than 4 cm can represent a contraindication to the
endoballoon, and severe aorta atherosclerotic and athermous
disease of the arch and descending aorta, which would con-
traindicate retrograde perfusion as well as the presence of
significant aortic insufficiency, which might limit ante-
grade cardioplegia delivery. In addition, valve pathology
was studied.

The patient was then positioned on the right edge of the
table with the right side slightly elevated so that the arm was
below the level of the table and secured after being padded in a
sling (Fig. 1). The patients were prepped and draped, and the
right femoral vessels were prepared for femoral-femoral bypass.
Next, the ports were created in a lateral fashion, depicted in
Figure 2. The camera is inserted perpendicular to the chest
wall in the fourth interspace, just lateral to the nipple in a
male, and should be looking straight across the hilum of the
lung. If this port site seems appropriate, then the other port
sites are made, based on this as a reference port. The working
port is made 2 cm posterior to the camera port and also enters
the fourth interspace. Once the working port is made, which
is approximately 3 to 3½ cm in length, a finger is inserted
through this working port, and, by finger palpation, other

FIGURE 1. Patient position.
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ports and angiocatheters are inserted. Three to four angio-
catheters are inserted into the posterior axillary line to be used
to withdraw sutures later, either for stay sutures on the
diaphragm or pericardial stay sutures. These are 14-gauge
angiocatheters. A 20F DLP cardiac sump (Medtronic Inc.,
Minneapolis, MN) is brought into the posterior axillary line
to serve as a sump sucker inside the left atrium later. The right
robotic arm is placed typically two ribs below the working
port at sixth interspace, near the posterior axillary line, and
the left robotic arm is one space above in the third interspace
and is typically in the anterior axillary line. This creates a
triangle between the camera, right robotic arm, and left
robotic arm, with the apex of the triangle pointing toward the
left ventricular apex (Fig. 2). A specially designed port by
ATS medial is used in the working port. They come in
various depths, allow non–rib-spreading, prevent tissue from
being dragged into the chest, and accommodate the left atrial
retractor blades, valve sizers, anaplasty bands, and mechan-
ical valve (Fig. 3). The only bioprosthetic valve that will fit

through the port is the St. Jude Biocor valve (St. Jude
Medical, St. Paul, MN). To place the post, which holds the
left atrial retractor blade, through the chest wall in an atrau-
matic fashion, a 14m French pacemaker introducer set is
placed in the fourth interspace. The needle is first inserted
into the fourth interspace lateral to the internal mammary
artery and a guide wire inserted through the needle. The
needle is then removed and the pacemaker introducer sheath
is placed over the wire and the post is inserted (Fig. 4). This
post is attached and stabilized to the bed with a Mediflex
mechanical arm stabilizer (Mediflex Surgical Products, Is-
landia, WY). Once the ports are created, the patient is
heparinized and placed on bypass to femoral artery to femoral
vein. For venous drainage, an appropriately selected venous
catheter is inserted to the right common femoral vein. Some
patients (based on surgeon preference) receive an additional
venous catheter placed percutaneously in the right internal
jugular vein. These neck lines are connected to the femoral
venous catheters via Y adapter. The endoballoon is now
positioned by echo guidance into the ascending aorta or,
conversely, the Chitwood clamp is brought into the third or
fourth interspace in the posterior axillary line. Angiocaths are
placed through the second and fourth interspaces anteriorly
for cross-clamp cases to elevate the pericardium and expose
the aorta.

After the cannulas are in place, the da Vinci surgical
cart is brought to the bedside and docked. At this point, the
console surgeon places a diaphragm suture, which is 2-0
Gore-Tex, and brings this out to an angiocath if needed. The
pericardium is then opened, starting near the diaphragm
inferiorly and extending up over the right atrium and expos-
ing the entire ascending aorta. This can be done either before
or after the patient is on cardiopulmonary bypass, depending
on the preference of the surgical team. Stay sutures of 4-0
Gore-Tex (W.L. Gore and Associates Inc., Flagstaff, AZ) are
then placed laterally in the pericardium pulled laterally out
and retrieved through the previously placed angiocatheters. If
a Chitwood clamp is being used, one stay suture is also
placed on the superior medial edge of the pericardium to

FIGURE 3. Working port.

FIGURE 2. Port placement.

FIGURE 4. Right robotic arm placement.
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elevate it and expose the aorta, which can then be positioned
in place after going on bypass. If the Chitwood clamp is used,
a peristernal angiocath, 14F, is placed directly into the aorta
with the assistance of the console surgeon. After this has been
placed and cardioplegia is ready for delivery, the cross-clamp
is applied. At the completion of the repair, the angiocatheter
site is oversewn with pledgeted 4-0 Gore-Tex, using an extra-
corporeal knot-tying technique.

Before going on bypass, the camera is changed to a
high-magnification camera and bypass is commenced. After
the aortic occlusion is achieved with the cross-clamp or with
an endoballoon, the left atrium is opened. The endoballoon is
occluded with the following technique. After establishment
of bypass, with a mean pressure between 50 and 60, the
endoballoon is inflated with agitated saline until it becomes
quite visible on the transesophageal echocardiogram as it
moves toward the aortic valve. Slack is pulled back on the
catheter until the endo balloon moves distally in the aorta.
While applying continuous suction on the aortic root and
monitoring the right arm, left arm, and the root pressure, the
root pressure will drop to negative numbers when the balloon
becomes occlusive with the instillation of saline. Once this
happens and the right and left arm pressures are equal and
there is no occlusion on the right side, antegrade cardioplegia
is initiated, and 30 mg of adenosine is delivered through the
distal tip of the balloon with the onset of cardioplegia. This
causes an immediate arrest of the heart and helps prevent
balloon migration. Cardioplegia is then delivered to a dose of
between 1 and 2 L for an initial dose and can be given both
antegrade and/or retrograde if the coronary sinus catheter is
present.

At this point, the atrium is opened with either a blade
dissection or scissors, depending on the preference of the
surgeon. Minimal intra-atrial groove dissection is necessary.
The sump sucker is inserted to empty the atrium and the
atriotomy is extended to the left underneath the superior vena
cava and inferiorly down underneath the inferior vena cava.
The Cardiovation left atrial retractor blade is then brought in
and placed inside the atrium. This is held in place by the
console surgeon while the bedside surgeon screws the post
into the blade. This post was placed previously when the
ports were being created. A variety of different blade sizes
can be used between 2½ cm wide to 3½ cm wide and between
4 and 6 cm long, depending on the size of the atrium. This is
elevated just enough to expose the mitral valve into a lateral
approach and requires minimal distortion of the septum. Once
this is locked in place, valve analysis and repair follow
standard techniques. A valve hook is used to perform a
Carpentier analysis, and various repair techniques were used,
as evidenced in the table. The angioplasty bands were re-
placed by using V � 100 nitinol clips (Medtronic) as de-
scribed by Reade et al.13 These were sized with traditional
sizers introduced through the working port, which is a hard-
shell port (ATS Medical, Minneapolis, MN). At the comple-
tion of the repair, the atrium is closed with a running 4-0
Gore-Tex, the heart is de-aired, and the endoballoon or
cross-clamp is released. After the patient is weaned from
bypass, the echocardiogram is checked for efficacy of the

repair. A Blake drain or chest tube is left in the pleural space
and the ports are closed appropriately. On-Q pain pumps are
used in some patients, and the groin is closed.

RESULTS
Two hundred one patients with a mean age of 58.3

years and an average body mass index of 32.4 were scheduled
for elective robotic mitral valve surgery. Sixty percent were
male and 40% were female. One hundred eighty-six (92.5%)
were scheduled as a repair, and 15 (7.5%) were scheduled for
replacement. The repair was accomplished in 179 of 186
patients (96.2%). Eight patients (4.3%) required conversion
to a sternotomy. The reasons for conversion are outlined in
Table 1.

Seven converted patients received a mitral valve repair
and one received a replacement mitral valve. Mitral valve
pathology included 10% isolated anterior leaflet involvement,
43% isolated posterior leaflet involvement, and 6% bileaflet
pathology, and the remaining patients had dilated annulus,
chordal, rupture, or elongation (Table 2). The complexity of
the mitral valve repair technique is described in Table 3 and

TABLE 1. Reasons for Conversion

Reasons for Conversion N � 8 (4.3%)

Breast implants 1

Calcified femoral artery 1

Inadequate working space 1

Inability to obtain adequate venous drainage 1

Unable to pass endoclamp 1

da Vinci system camera difficulties 1

Repair converted to replacement/PFO closure 1

Unable to repair endoscopically 1

PFO, Patent foramen ovale.

TABLE 2. Mitral Valve Morphology

Mitral Valve Morphology N (%)

Isolated anterior leaflet 20 (10)

Isolated posterior leaflet 87 (43)

Anterior and posterior leaflet involvement 12 (6)

Annular dilatation or chordal rupture/chordal elongation 82 (41)

TABLE 3. Mitral Valve Repair Techniques

Mitral Valve Repair Techniques* N (%)

Isolated annuloplasty 28 (13.9)

Leaflet resection 131 (65.1)

Quadrangular resection 32 (15.9)

Sliding plasty 9 (4.5)

Chordal repair, replacement, transfer or shortening 31 (15.4)

Mitral valve repair and concomitant procedures (ie, PFO/atrial
appendage closure, cryo-MAZE, ASD)

14 (6.9)

*Techniques are not mutually exclusive.
PFO, Patent foramen ovale; ASD, atrial septal defect.
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ranged from simple isolated annuloplasty to chordal repair,
replacement, transfer, or shortening. There was a total of 14
patients in whom concomitant procedures were done in con-
junction with the mitral valve repair. These included patent
foramen ovale, atrial septal defect, and atrial appendage
closure, as well as MAZE by cryothermic ablation. In 137
patients (68%), the endoballoon was used for aortic occlu-
sion, whereas in 64 patients, (32%) the Chitwood clamp was
used. This practice was based on the experience level of the
surgeon. Furthermore, patients with peripheral vascular dis-
ease were not candidates for the endoballoon. The average
cardiopulmonary bypass time was 165.9 minutes, and the
average length of hospital stay was 4.4 days, both of which
are comparable to the published literature.14 One hundred
seventy-nine patients (96.2%) had regurgitation grade of 0 or
1 after repair, and 15 patients had grade 0 or 1 regurgitation
after robotic mitral valve replacement, demonstrating 100%
success among patients undergoing replacement procedures
(Tables 4 and 5). Two patients (1%) died. One patient died
48 days after surgery as a result of severe left ventricular
outflow tract obstruction from systolic anterior motion.
The second patient was treated with an annuloplasty ring for
dilated cardiomyopathy and subsequently died 2 months after
surgery.

Other adverse advents included reoperation for valve-
related complications in 2 of 201 (1%); one of these patients
had a postoperative murmur and needed to be reoperated 8
weeks after surgery. This patient received a valve replace-
ment. Other cardiac-related reoperations occurred in 3 of 201
patients (1.5%), one because of tamponade, one because of
implantation of a pacemaker, and the third because of im-

plantation of temporary pacing wires. The incidence of new
onset of atrial fibrillation occurred in 35 of 201 patients
(17.4%), comparable to the results of a single-center evalu-
ation by the author.16

DISCUSSION
The renaissance in minimally invasive cardiac surgery

began in the early 1990s. The hope and promise at that time
was to develop cardiac surgery in a direction that general
surgery had taken; the most notable success story being that
of open cholecystectomy, which evolved to minimally inva-
sive laparoscopic surgery reducing hospital stay to an outpa-
tient procedure and providing expeditious recovery for the
patient. This was achieved while maintaining the safety and
efficacy of the operation. This could not, however, be trans-
lated directly into success in the cardiac arena at that time for
a variety of reasons that became more apparent in hindsight.
The development of port access perfusion techniques was
clearly important. Initially, the HeartPort system (Cardiova-
tions) was the only available solution. It became clear that
this required a dedicated team approach with resultant com-
plications related specifically to perfusion, such as retrograde
aortic dissection, balloon migration, and risk of neurologic
injury. Despite these challenges in port access perfusion,
surgeons were given an opportunity for cardiopulmonary
bypass and support in a remote fashion but could not solve
the issues of direct surgical repair on the heart or coronary
artery bypass surgery. The instruments available at that time
are the ones still being used today, namely, long-shafted
instruments making minimally invasive cardiac surgery chal-
lenging at best.

TABLE 4. Preoperative and Postoperative Mitral Valve Repair TEE Comparison

Postoperative Mitral Valve Assessment Based on Intraoperative TEE

Preoperative Mitral Valve Assessment
Based on Intraoperative TEE

Postop MVR
Grade 0 or 1

Postop MVR
Grade 2

Postop MVR
Grade 3 or 4 Total

Preop MVR grade 2 1 — — 1

Preop MVR grade 3 14 — — 14

Preop MVR grade 4 164 4 3 171

Total 179 4 3 186

TEE, Transesophageal echocardiography; MVR, mitral valve repair.
Of patients undergoing mitral valve repair, 96.2% had a postoperative regurgitation grade of 0 to 1, as measured during surgery by TEE

after repair.

TABLE 5. Preoperative and Postoperative Mitral Valve Replacement TEE Comparison

Postoperative Mitral Valve Assessment Based on Intraoperative TEE

Preoperative Mitral Valve Assessment
Based on Intraoperative TEE

Postop MVR
Grade 0 or 1

Postop MVR
Grade 2

Postop MVR
Grade 3 or 4 Total

Preop MVR grade 2 — — — —
Preop MVR grade 3 2 — — 2

Preop MVR grade 4 13 — — 13

Total 15 — — 15

Of patients undergoing mitral valve replacement, 100% had a postoperative regurgitation grade of 0 to 1, as measured during surgery
by transesophageal echocardiography after replacement.
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The success of minimally invasive cardiac surgery in
certain centers, most notably Vanermen’s group (Casselman
et al15) OLV Clinic in Aalst, Belgium, is a testimony to the
fact that this could be applied with great success to a high
volume of patients in a variety of clinical scenarios. Unfor-
tunately, many centers have been unable to reproduce such
results, and adoption of minimally invasive cardiac surgery
has been slow in its uptake.

Robotics, which developed in Europe in the late 1990s
and in the United States in early 2000, brought with it the
promise to overcome some of the limitations of working with
long-shafted nonarticulating instruments and a flat 2-dimen-
sional video screen. The most notable enhancements were
3-dimensional vision, enhanced magnification of the pathol-
ogy, and improved dexterity for actually repairing the valve
or reconstructing the valvular structures with the use of
articulating wristed instruments with 6 degrees of freedom
that can be operated remotely by the surgeon at the console.
Tremor elimination and motion scaling were further advan-
tages of this system. This has still met with numerous chal-
lenges related to the learning curve associated with combin-
ing new technologies, the change in how a bedside surgeon
must assist the console surgeon in a robotic environment, and
the required and necessary commitment from the surgical
team. The greatest advantage of the lateral endoscopic ap-
proach is the active participation of the patient-side surgeon
in the instrumentation of the valve.14 The mundane task of
passing sutures and instruments and the initial long surgical
procedure times had to be overcome. In the United States,
robotic-assisted mitral valve repair was pioneered by Chit-
wood et al, resulting in FDA clearance based on their results
of a pivotal multicenter trial.12 The results of the current
multicenter study further demonstrate that the operation is
feasible on a wide range of valve pathology involving both
anterior and/or posterior leaflets. The approach has evolved
from an anterior minithoracotomy to one that is more lateral
and has allowed us to better expose and visualize valvular
structures.

The current advantage that we perceive to a lateral
approach is that we were able to move toward an endoscopic
approach, reducing the size of the incision and avoiding
rib-spreading. The introduction of the da Vinci S System has
added several features to the procedure such as the ability to
monitor hemodynamics and echocardiography within the
console display (Tile Pro), increased range of motion and
longer instrument shafts, faster tool change, and easier ma-
neuverability of the surgical cart and overall setup for the OR
team. A specialized dynamic left atrial retractor has been
devised for the fourth arm (Endownst Atrial Retractor). The
retractor is controlled by the console surgeon and greatly
facilitates and optimizes mitral valve exposure in multiple
planes. It shows promise to shorten the operative and cross-
clamp times. The device especially has been helpful during
mitral valve repairs for bileaflet prolapse (Barlow’s). Addi-
tionally, the port setup described in this report for mitral
valve repair or replacement can be used for any procedure

inside the atrium. Examples of such concomitant procedures
are atrial septal defect repair, cardiac tissue ablation for
concomitant or stand-alone atrial fibrillation procedures, and
access to the tricuspid valve for repair or replacement. Fi-
nally, the patient may become the ultimate driver of less
invasive cardiac procedures in the United States as they
perceive the added value of robotic-assisted surgery in elim-
inating the need for sternotomy.

CONCLUSION
In conclusion, we have demonstrated that the lateral

approach to endoscopic robotic-assisted surgery for mitral
valve disease is feasible, consistent, and has been adopted
across three different community-based cardiac surgery cen-
ters with acceptable perioperative outcomes, regardless of the
method of aortic occlusion. Further follow-up is ongoing to
track the economic benefits and to assess the durability of
repairs longer term.
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