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Robotic degenerative mitral valve repair: an evolution
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Robotic mitral valve repair (RMVr) has advanced considerably since its introduction at the turn of the

millennium. Surgical techniques and technological innovations have addressed many of the limitations

of early RMVr procedures. Today, RMVr is recognized as a safe, effective, and adaptable approach to

degenerative mitral valve disease, with applications extending to commonly associated conditions such as

atrial fibrillation and tricuspid valve disease. Patient selection criteria are now more rigorously defined, and

robotic surgical teams are expanding the scope of practice to include increasingly complex cases. This review

summarizes the evolution of RMVr techniques, current patient selection strategies, modern outcomes,

and training considerations for surgeons and teams. We outline our institutional approach to RMVr and

highlight key components for surgeons secking to establish new programs or expand existing ones.
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Introduction

Since the first open surgical mitral valve repair performed
via median sternotomy, cardiac surgeons have been
innovating less invasive approaches, including superior
hemi-sternotomy and right mini-thoracotomy (1,2). These
minimally invasive techniques can be technically demanding
due to limited visualization and restricted working space—
challenges that robotic assistance is uniquely positioned
to overcome. Early pioneers such as Carpentier (3) and
Chitwood (4) recognized this potential, such that minimally
invasive mitral valve repair was the first cardiac surgery for
which robotic technology was successfully applied in 1997.
Early studies of robotic mitral valve repair (RMVr),
and more broadly minimally invasive mitral valve
surgery (MIMS), demonstrated encouraging results. An
international meta-analysis of 35 studies [1997-2010]
reported reduced rates of postoperative atrial fibrillation
(18% ws. 22%), red blood cell transfusions (1.5 vs. 3.5 units),
sternal infections (0.04% vs. 0.27%), and time to return to
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normal activity (6.3 vs. 12 weeks) for patients undergoing
thoracotomy (including robot-assisted) compared to
sternotomy (5). However, these early studies also found the
minimally invasive approach to have a higher rate of groin
infection (2% wvs. 0%), aortic dissection/injury (0.2% wvs. 0),
and phrenic nerve palsy (3% vs. 0%), a longer cross-clamp
(95 vs. 74 min) and total cardiopulmonary bypass (CPB)
time (144 vs. 111 min), and most notably, nearly double the
risk of stroke (2.1% vs. 1.2%) (5). Before RMVr could be
adopted widely as a safe and effective alternative to standard
approaches, challenges of patient selection, device access,
and complication rates had to be addressed.

Patient selection

Appropriate patient selection remains one of the most
critical factors for safe and successful RMVr. Early relative
contraindications were largely based on technical difficulty,
including morbid obesity (6) and excessive mitral annulus
calcification (7). The elevated stroke rate in early series was
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a serious concern (5), perhaps attributable to unrecognized
aortoiliac atherosclerotic disease heightening the embolic
risk during femoral cannulation and peripheral CPB (8).
At Cleveland Clinic in 2013, 29 (21%) of 140 patients
evaluated for RMVr were found on preoperative computed
tomography angiography (CTA) to have aortic or iliac
atherosclerotic disease significant enough to prompt
conversion to a conventional approach (8). None of the
111 patients who proceeded with RMVr experienced
a permanent stroke, leading to the standardization of
preoperative CTA for all RMVr candidates (8).

In 2022, Cleveland Clinic published a formal patient
selection algorithm based primarily on echo and computed
tomography (CT) exclusion criteria (9). It recommends a
robotic approach for patients with isolated degenerative
mitral valve disease unless any of the following are present:
greater than mild aortic regurgitation, moderate to severe
mitral annular calcification, left ventricular ejection fraction
<50%, pulmonary artery systolic pressure >60 mmHg,
greater than mild aortoiliac atherosclerosis, femoral
artery <7 mm in diameter, or severe pectus excavatum (9).
While some have criticized the algorithm for being overly
conservative or impractical for broad application (10,11),
it underscores the importance of a standardized process of
evaluation for key safety features.

Modern series have demonstrated that RMVr can be
performed safely on patients previously excluded, such as
those with obesity (12), mitral annular calcification (13), and
advanced age (14). Patient evaluation must also consider
the need for concomitant procedures such as tricuspid valve
repair or surgical ablation for atrial fibrillation, ensuring
that guideline-directed interventions are not compromised
for the sake of a robotic approach.

Evolution in technique

Technical refinements have transformed RMVr into the
contemporary operation performed today. While femoral
cutdown remains common for CPB initiation, percutaneous
cannulation offers similar outcomes with potentially
fewer groin complications (i.e., seroma, hematoma,
pseudoaneurysm or infection) (15,16).
Mini-thoracotomy incisions have progressively
decreased in size, with some centers transitioning to totally
endoscopic approaches (1,13,17-19). To facilitate cross-
clamping without central access, options include variations
of Chitwood’s original transthoracic clamp (4), including a
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device with detachable aortic cross-clamp head (DeTACH,
Corcym, London, UK), or endoaortic balloon occlusion
(EABO). Multiple comparative studies (18,20), including
a 2024 analysis of the Society of Thoracic Surgeons’ Adult
Cardiac Surgery Database (STS-ACSD) (21), have shown
similar outcomes between transthoracic clamping and
EABO, with some suggesting shorter CPB time (20,21) and
patient length of stay (17) with EABO. For selected patients,
approaches that avoid aortic cross clamping altogether can
be performed, including beating heart (22) and moderate
hypothermic ventricular fibrillatory arrest RMVr (23).

Modern outcomes

Long-term data from high-volume centers confirm the
durability and safety of RMVr in the modern era. Cedars-
Sinai’s first 300 cases showed fewer complications, fewer
reoperations, and decreased procedure times in the latter
half of the cohort (24). At Cleveland Clinic, the first
1,000 RMVr procedures achieved a 99% repair rate and
demonstrated a reduced stroke rate from 2% to 0.8% over
time (25). Mayo Clinic’s 10-year follow-up of 843 patients
reported 93% freedom from reoperation (26). The University
of Chicago’s 550 consecutive, totally endoscopic RMVr
cases, in a high-complexity cohort [Society of Thoracic
Surgeons (STS) mortality risk 2.1%], demonstrated 1.3%
30-day mortality and 95% freedom from reoperation at
5 years (17).

Meta-analyses comparing MIMS (including RMVr) to
conventional sternotomy report a shorter hospital length
of stay and a comparable to superior risk of short-term
morbidity and mortality (27-29). While RMVr typically
requires longer cross-clamp times, evidence from high-
volume centers demonstrates that outcomes are comparable
to conventional approaches (28).

Comparing non-robotic minimally invasive approaches,
RMVr, and conventional sternotomy, one meta-analysis
reported that MIMS—but not RMVr—was associated with
an increased risk of mitral valve reoperation compared
to conventional sternotomy, suggesting that the robotic
approach may provide technical advantages for a superior
repair (30). Results from the STS-ACSD did not find
a difference in repair success rates between these three
groups, but they did suggest that RMVr patients had
a shorter length of stay and fewer readmissions than
non-robotic thoracoscopic or sternotomy repair in the
U.S. population (31). In Europe, a recent single-center,
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propensity score-matched study not only agreed that
RMVr length of stay is shorter than that for non-robotic
MIMS, but also found these patients are more likely to be
discharged to home, as opposed to a facility (32).

Undoubtedly, RMVr remains more expensive than
conventional surgery on average (approximately $10,000
in risk adjusted cost), but with shorter lengths of stay and
lower rates of complications requiring readmissions, high-
volume centers can arguably achieve cost parity (33).
Further, returning to work sooner provides economic
benefits to patients and their employers (34,35).

RMVr is also effective for complex and concomitant
procedures without compromising outcomes. It has been
successfully applied in performing surgical ablation for
atrial fibrillation (36), tricuspid valve repair (37), and
combined interventions such as septal myectomy, coronary
artery bypass grafting, and aortic valve replacement (23). In
patients with endocarditis (38), prior open heart surgery (39),
or prior transcatheter edge-to-edge repair (40), RMVr has
proven safe and effective in experienced hands.

Current data overall supports MIMS as a safe and durable
approach in appropriate patients. Specific advantages of
RMVr include unparalleled anatomical visibility with
increasingly smaller surgical incisions resulting in shorter
lengths of stay with similar mortality risks to standard
approaches. Applicability of RMVr need not be limited by
case complexity or the need for concomitant procedures
when performed at high-volume centers.

Trends & training in RMVr

Between 2015 and 2021, RMVr was performed at
103 hospitals across the United States (31). Its application
to more complex pathologies, including anterior leaflet
disease, has increased from 5% in 2011 to 12% in 2022 (41).
As outcome data continue to demonstrate safety and
durability, interest in performing RMVr is growing, and
more centers are seeking to establish programs.

A key consideration for new RMVr programs is the
learning curve. Cross-clamp duration has been correlated
with mortality in RMVr, making early efficiency crucial (42).
Centers have reported proficiency after approximately
30 live cases (43). In a report of two different European
centers initiating RMVr—one having previously performed
non-robotic MIMS, and the other only conventional mitral
surgery—both centers were able to successfully achieve
proficiency as measured by surgical case duration (44).

© AME Publishing Company.

Page 3 of 11

Although prior MIMS experience was helpful, as noted by
a shorter time to mastery, it should be noted that it is not
required for safe adoption.

Program success depends on coordinated team
performance. The robotic setup places the surgeon at
the console, making the bedside assistant’s role essential
for instrument exchange, exposure, and troubleshooting.
Structured, team-based simulation training can prepare
surgical, perfusion, and anesthesia staff to anticipate and
manage potential intraoperative complications (45,46).
Maintaining those skills by routinely performing robotic
surgery, as few as two cases per month (45), is imperative to
success.

Training pathways vary (47-49), but effective training
should combine high-fidelity simulation, proctored live
cases, and gradual expansion of complexity. With increasing
exposure to robotics in general and thoracic surgery
training, incoming residents can apply non-cardiac robotic
skills to robotic cardiac cases. As experience grows from any
training pathway, opportunities exist for ongoing refinement
to improve efficiency, incorporate broader concomitant
cases, and adopt emerging technology, ensuring the
continued advancement of RMVr capabilities.

Tips from our RMVr technique

The contemporary RMVr operation at our center reflects
the technical refinements of early pioneers in both mitral
and robotic surgery. While multiple approaches have been
described in the literature (17,46,47,50), we will outline
our preferred method, focusing on practical details that
contribute to a reproducible setup and strategy.

Anesthesia setup and positioning

After induction, the patient is intubated with a double-
lumen endotracheal tube. A central venous line is
established in the distal right internal jugular vein (RIJ).
More proximally on the RIJ, micropuncture access is
obtained and a catheter left in place for percutaneous
cannulation if needed. The patient is positioned
supine with a scapular roll on the right side. If bilateral
thoracoscopic access is planned, a deflated pressure bag is
placed under each shoulder. Arms are tucked bilaterally.
A transesophageal echo (TEE) probe is inserted, and the
patient is sterilely prepped and draped, taking care to
include the proximal RIJ catheter in the sterile field.
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Figure 1 Steps prior to docking robot. (A) Pre-operative markings for thoracotomy and three robotic ports; (B) superior retraction

of pectoralis muscle during thoracotomy dissection; (C) thoracotomy with wound protector; (D) trocar placement involving manually

retracting internal wound protector; (E) pre-bypass set up after basket has been pulled through posterior incision; (F) femoral cannulation

via 2 cm cut down; (G) opening pericardium without rib spreading; (H) antegrade/root vent canula placed prior to docking robot.

Left atrial appendage ligation and ligament of Marshall
division (if indicated)

For patients with significant atrial fibrillation burden
(i.e., persistent atrial fibrillation or history of multiple
cardioversions) we begin with a left thoracoscopic approach
for guideline-directed left atrial appendage occlusion
(51). A pressure bag under the left scapula is inflated to
facilitate optimal positioning. We perform a standard three-
port approach and open the pericardium posterior to the
phrenic nerve using a Maryland tip tissue sealer-divider
(LigaSure, Medtronic, Minneapolis, MN, USA). We
identify and divide the ligament of Marshall and occlude
the left atrial appendage with an epicardial clip (AtriClip
Pro-2 or Pro-V, Atricure, Mason, OH, USA) under TEE
guidance. Intercostal nerve blocks are performed with
0.25% bupivacaine, a chest tube is placed through the most
inferior port, and the incisions are closed.

While the left atrial appendage can be accessed from the
right side via the transverse sinus in most patients, we find
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that a left sided approach has two key advantages: (I) ability
to access and divide the ligament of Marshall, which has
intrinsic arrhythmogenicity and (II) the ability to confirm
adequate occlusion of the left atrial appendage with real-
time TEE assessment. We prefer the transverse sinus
approach for patients with low-burden paroxysmal atrial
fibrillation to avoid the need for left-sided port access and
an additional chest tube.

We feel strongly that patients with atrial fibrillation
should undergo epicardial clip application (52) rather
than internal suture closure, as internal closure has been
associated with failure rates as high as 60% (53,54).

Right mini-thoracotomy and port sites

We begin the formal RMVr operation by making a 2-3 c¢cm
incision at the right 4" interspace just anterior to the
anterior axillary line (Figure 1A4). This incision is carried
down to the pleura in a muscle-sparing fashion, having
an assistant retract the lateral border of pectoralis major
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superiorly (Figure 1B). The right lung is deflated prior
to entering the pleura. For women, the skin incision is
made in the inferior breast crease and tunneled to the
fourth interspace for thoracic access as described above.
After ensuring hemostasis, a small rigid Alexis wound
protector (Applied Medical, Rancho Santa Margarita, CA,
USA) is inserted (Figure 1C). Compared to more flexible
alternatives, we have found that a rigid wound protector
enhances exposure and often obviates the need for
additional rib spreading. This is especially true in women,
where the breast tissue tends to collapse the soft tissue
around the access incision.

Three, 8-mm robotic trocars are inserted into the 3™,
4™ and 6" interspaces, respectively. We use blunt-tipped
obturators to avoid port site bleeding. When inserting the
trocars, the internal portion of the wound protector must be
retracted to avoid resistance (Figure 1D). A basket suction
device is inserted by pulling the proximal end through
a 3-mm incision posterior to the thoracotomy in the 4"
intercostal space using laparoscopic forceps (Figure 1E).

Femoral cannulation

Simultaneously to the previous step, the femoral artery
and vein are exposed in standard fashion through a 2-cm
cutdown approach. The venous canula is inserted first using
Seldinger technique with intraoperative TEE visualization
of the wire as it traverses the right atrium into the superior
vena cava (SVC). A multi-stage venous canula is inserted
with the tip of the canula well into the SVC, as it will pull
back with retraction of the heart intraoperatively. For
patients with body surface area greater than 2.0, or those
requiring bicaval cannulation for right atrial procedures, the
RIJ catheter from step 1 is exchanged for an SVC canula.
A femoral arterial cannula is inserted after visualization
of a guidewire in the descending aorta. CPB can then be
initiated (Figure 1F).

For patients with borderline femoral artery size (<7 mm)
it may be prudent to perform femoral artery exposure
before making any chest incisions, as femoral artery spasm
can occasionally compromise the safety of femoral artery
cannulation. For patients with small femoral arteries,
options include sewing a “chimney” graft to the femoral
artery or insertion of a distal antegrade perfusion catheter.

Pericardial incision and antegrade/root vent placement

The thoracic anatomy is assessed visually through the mini
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thoracotomy. If the diaphragm is likely to interfere with
insertion of instruments through the right-sided port, a
retraction suture is placed, and the diaphragm is retracted
inferiorly. Correct position of the mini thoracotomy is
confirmed by visualization of the right superior pulmonary
vein.

The pericardium is incised 3-cm anterior to the phrenic
nerve (Figure 1G). Whenever possible, we avoid excessive
resection of thymic fat, which can be a problematic source
of post-operative bleeding. One posterior retraction suture
is placed at the level of the SVC-right atrium junction
and a second at the level of the right atrium-inferior vena
cava (IVC) junction. These are anchored percutaneously
taking care to avoid excessive traction on the phrenic nerve.
An anterior pericardial retraction stitch is placed at the
level of the aortic fat stripe and brought out through the
thoracotomy. A purse-string suture is placed in the aorta
proximal to the fat stripe and the antegrade/root vent canula
is placed (Figure 1H). We make every effort throughout
this process to avoid use of a rib-spreading retractor to
minimize post-operative pain. If patient body habitus
prevents visualization without retraction, this section may
be completed robotically.

Robot docking & cross clamping
The robot (DaVinci Xi, Intuitive, Sunnyvale, CA, USA)

is then docked with the camera in arm 2 through a trocar
floating in the thoracotomy. We begin with Resano forceps
in arm 1, a dual blade retractor in arm 3, and monopolar
curved scissors in arm 4. The large DaVinci SutureCut
Needle Driver and DeBakey forceps are also open and
available for exchange when needed (Figure 2A4,2B).

The bedside assistant applies the aortic cross-clamp
(DeTACH, Corcym, London, UK) under surgeon
visualization at the console (Figure 2C) (55). We favor
this detachable aortic cross-clamp over EABO or the
standard Chitwood clamp, finding it more reliable and
technically straightforward without any chance of robot
arm interference. A dose of Del Nido cardioplegia is then
delivered and the heart is arrested. The patient is cooled to
32 degrees Celsius.

Left atrial Cox-maze procedure (if indicated)

If performing surgical ablation, the left-sided lesions (56)
are performed first with cryoablation (cryoICE, Atricure,
Mason, OH, USA). These include an epicardial coronary
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Figure 2 Robot setup. (A) Organized tray including robotic instruments used for robotic mitral valve repair and DeTACH clamp; (B) robot

docked with bedside assistant; (C) application of aortic cross clamp.

sinus lesion, intracardiac mitral anulus lesion, and a box
around all four pulmonary veins. The posterior box lesion
is extended somewhat laterally from the left pulmonary vein
orifices, across the Coumadin ridge, to overlap the base of
the previously clipped left atrial appendage.

Mitral valve exposure and repair

The left atrium is opened through Sondergaard’s groove,
and the dual blade retractor is inserted to expose the mitral
valve. Repair techniques are individualized according to
pathology. Posterior leaflet resection can be performed with
curved bipolar scissors. Resection and cleft closures (50)
are performed using interrupted sutures with 4-0 Prolene
(Ethicon, Raritan, NJ, USA) on an RB-1 needle, cut to
10 cm. If neo-chords are required, they can be created using
CV-4 GORE-TEX suture (Gore Medical, Flagstaff, AZ)
(Figure 34-3C).

Annuloplasty

We then perform a partial band annuloplasty using a
flexible annuloplasty device (Duran AnCore, Medtronic,
Minneapolis, MN, USA) that has been removed from
the template and holder. Three, 2-0 Ethibond (Ethicon,
Raritan, NJ, USA) sutures on an RB-1 needle cut to 11, 10,
and 8 cm, respectively, each pre-tied at one end, are used
consecutively to run the length of the band on the annulus
(Figure 3D). We have found that using three separate
sutures at these precise lengths, rather than one long suture,
prevents the need to have an assistant follow and promotes

© AME Publishing Company.

reproducible spacing. We find this approach to be more
expedient than interrupted sutures and extracorporeal
fasteners (i.e., COR-KINOT, LSI Solutions, Victor, NY,
USA). The perfusionist can begin warming the patient to a
goal of 37 °C while the annuloplasty is being performed if
no other procedures are planned.

Testing the repair and left atrial closure

Using a suction-irrigator device, the assistant fills the left
ventricle with saline to evaluate for valve competency and
additional repair stitches are placed as needed (Figure 3E).
A flexible suction catheter is placed across the mitral valve
for deairing, and the left atriotomy is closed in a running
fashion with CV-4 GORE-TEX suture with the bedside
assistant following.

Right atrial Cox-maze and/or tricuspid repair
(if indicated)

If bi-atrial surgical ablation is planned, the right-sided Cox-
maze cryo lesions are then created. These consist of: vertical
right atrial incision, lesion to the tricuspid anulus, lesion to
the right atrial appendage, and lesions to the SVC and IVC.
It is essential to avoid the sinus node complex, especially
near the SVC-right atrium junction, to minimize the risk
for postoperative pacemaker requirement.

If concomitant tricuspid valve repair is indicated (57,58),
we perform tricuspid valve annuloplasty with a flexible
annuloplasty band and running suture technique, similar to
that described for the mitral valve in step 9.
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Figure 3 Intraoperative robotic mitral repair. (A) Left atriotomy; (B) triangular resection; (C) suture repair of valve; (D) running-suture

partial band annuloplasty; (E) saline valve test; (F) post-repair transesophageal echo showing no mitral regurgitation.

Echocardiographic assessment

The cross-clamp is removed, the left lung is ventilated,
and CPB is weaned briefly to evaluate the valve on TEE
(Figure 3F). The suction catheter is briefly turned off and
removed from the heart. A complete echocardiographic
assessment is performed. Ideally there is trace-no residual
mitral regurgitation (MR); however, if significant MR is
present, the atriotomy should be reopened and additional
repair or replacement pursued (59). If there is only mild
residual MR, reapplication of the cross clamp and further
repair of the valve can be pursued if there is a clearly
identified, repairable etiology.

De-cannulation and closing

Once the valve is deemed competent and any concomitant
procedures are completed, we reinforce suture lines and
place an additional purse string suture around the aortic
root vent, before undocking the robot. The root vent is
removed, lungs are recruited, and CPB is formally weaned.
After cannulas and ports are removed and hemostasis is
achieved, all incisions are closed, including a peri-costal
stitch around the thoracotomy site. A single chest tube is

© AME Publishing Company.

inserted though the most inferior port site. If possible, the
patient is extubated in the operating room and taken to the
Intensive Care Unit ICU) (Figure 4).

Conclusions

RMVr has progressed from a novel technology to an
established, durable option for appropriately selected
patients with degenerative mitral valve disease and
associated conditions. Advances in patient selection,
operative technique, and team-based training have allowed
RMVr to match or exceed the safety and efficacy of
conventional approaches while offering the benefits of less
invasive surgery. The wider success of RMVr depends on
expert surgeons, cohesive team performance, and further
establishment of high-volume centers with standardized
protocols and robot-specific training. As experience grows
and technology advances, the scope of RMVr will continue
to expand. The cardiac surgery community should continue
to invest in training, data transparency, and referral
networks to ensure more patients can benefit from this
approach, thereby acknowledging that RMVr has evolved
from novel to standard of care.
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Figure 4 Steps after un-docking. (A) Closing antegrade cannula site with knot-pusher; (B) using camera to check for port-site bleeding; (C,D)

final closed incisions on thorax and groin with single chest tube in place.
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