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Background: Robotic telemanipulators have evolved to assist the challenges of minimally invasive mitral

valve surgery (MVS). A systematic review was performed to provide a synopsis of the literature, focusing on
clinical outcomes and cost-effectiveness.
Method: Structured searches of MEDLINE, Embase, and Cochrane databases were performed in August

2013. All original studies except case-reports were included in qualitative review. Studies with ≥50 patients
were presented quantitatively.
Results: After applying inclusion and exclusion criteria to the search results, 27 studies were included

in qualitative review, 16 of which had ≥50 patients. All studies were observational in nature, and thus the
quality of evidence was rated low to medium. Patients generally had good left ventricular performance,
were relatively asymptomatic, and mean patient age ranged from 52.6-58.4 years. Rates of intraoperative
outcomes ranged from: 0.0-9.1% for conversion to non-robotic surgery, 106±22 to 188.5±53.8 min for
cardiopulmonary bypass (CPB) time and 79±16 to 140±40 min for cross-clamp (XC) time. Rates of shortterm postoperative outcomes ranged from: 0.0-3.0% for mortality, 0.0-3.2% for myocardial infarction (MI),
0.0-3.0% for permanent stroke, 1.6-15% for pleural effusion, 0.0-5.0% for reoperations for bleeding, 0.00.3% for infection, and 1.1-6% for prolonged ventilation (>48 hours), 1.5-5.4% for early repair failure,
12.3±6.7 to 36.6±24.7 hours for intensive care length of stay, 3.1±0.3 to 6.3±3.9 days for hospital length of
stay (HLOS) and 81.7-97.6% had no or trivial mitral regurgitation (MR) before discharge.
Conclusions: All subtypes of mitral valve prolapse are repairable with robotic techniques. CPB and XC

times are long, and novel techniques such as the Cor-Knot, Nitinol clips or running sutures may reduce
the time required. The overall rates of early postoperative mortality and morbidity are low. Improvements
in postoperative quality of life (QoL) and expeditious return to work offset the increase in equipment and
intraoperative cost. Evidence for long-term outcomes is as yet limited.
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Introduction
Minimally invasive mitral valve surgery (MVS) has been
proven to be an effective alternative to a conventional
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sternotomy approach, with both low perioperative mortality
and morbidity, and a long term durability comparable to
conventional techniques (1). However minimally invasive
approaches presented unique challenges to surgeons,
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including reduced intrathoracic space, difficult visualization
of the valve and sub-valvular apparatus, and long-shafted
instrumentation with limited dexterity, which triggered the
development of robotic-assistance devices. The first was
the AESOP3000 (Computer Motion, Santa Barbara, CA), a
voice-controlled robotic arm with a videoscope, designed to
provide stable visualization and allow solo operations (2).
The next major evolution was the development of
robotic telemanipulators, which overcame the limitation of
long-shafted instruments by providing 3-dimensional vision
and articulating instruments with a range of motion similar
to the human hand. Carpentier and Mohr independently
performed the first successful robotic MVS cases in 1998
using prototypes of the da Vinci Surgical System (Intuitive
Surgical Inc., Sunnyvale, California, USA) telemanipulator
(3,4). Since then, telemanipulators have continued to
evolve and the latest systems provide high resolution 3D
visualization, up to 10x magnification of the operating field,
movement scaling, and dual console systems for surgeon cooperation and training (5). The purpose of this systematic
review was to assess the clinical outcomes and costeffectiveness of robotic telemanipulator-assisted MVS.
Methods
Literature search strategy
Electronic searches were performed on Ovid MEDLINE,
EMBASE, Cochrane Central Register of Controlled
Trials (CCTR), Cochrane Database of Systematic Reviews
(CDSR), ACP Journal Club and Database of Abstracts
of Review of Effectiveness (DARE) from their dates of
inception to August 2013. The search strategy included a
combination of ‘robotic’ or ‘telemanipulator’ or ‘computerassisted’ and ‘mitral’ as keywords and MeSH headings.
The reference lists of all retrieved articles were reviewed
for further identification of potentially relevant studies. All
relevant articles identified were assessed with application of
the predefined selection criteria.
Selection criteria
Studies that reported clinical outcomes, cost-analysis or
learning curve analysis of robotic MVS, including mitral
valve repair and replacement, were selected for qualitative
analysis. When institutions published duplicate trials, only
the most updated reports were included for qualitative
appraisal. Studies with overlapping patient populations but
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analysing different endpoints were included in qualitative
review. All publications were limited to human subjects
and English language. Abstracts, case reports, conference
presentations, editorials and expert opinions were excluded.
Critical appraisal
The quality of the evidence from each study was assessed
using the GRADE system (6). Data was extracted from
texts, tables and figures of selected studies. When
insufficient or ambiguous data were presented from
publications, corresponding authors were contacted to
provide additional information. Discrepancies between the
two investigators were resolved by discussion and consensus
with senior investigators (T.D.Y and F.M).
Results
Included trials and quality of evidence
Search methods identified 61 potentially relevant papers.
Reasons for exclusion are detailed in Figure 1. Nine studies
were excluded because results were included in later studies
with cumulative patients, cumulative follow-up, or more
detailed analyses (4,7-14). Studies that had overlapping
patient populations but analyzed different variables (for
example specific surgical techniques or cost analysis) were
included. Thus 27 studies were included in the qualitative
appraisal (15-18). Sixteen studies that had ≥50 patients
were included in quantitative appraisal to improve the
reliability of the data presented (10,19-33) and their study
characteristics are presented in Table 1.
All studies were observational in nature, and thus the
quality of evidence is limited. The quality of evidence
according to the GRADE system (on a scale of + to ++++
confidence) is reported for each study in Table 1 (6).
Studies rated +++ indicate that reviewers had a moderate
level of confidence in the effect estimate, but there may
be a possibility that it is substantially different. One study
was a 10-centre phase II clinical trial in the USA (24).
Most studies were single-institution and since studies
were restricted to those with ≥50 patients, the number of
institutions was limited.
Baseline characteristics
Table 1 demonstrates the range of MV pathologies,
primary repair techniques used, and preoperative patient
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Figure 1 Search strategy of systematic review on robotic mitral valve surgery.

characteristics. Most retrospective studies had excluded
patients with heavily calcified MV annuli, ischaemic
disease, rheumatic disease, bacterial endocarditis, and those
requiring MV replacement in some studies. Other reasons
for exclusion included severe pulmonary hypertension and
requirement for coronary artery bypass grafting. Robotic
patients were relatively young, with mean ages ranging from
52.6-58.4 years. Patients had high left ventricular ejection
fractions (LVEF), with all studies reporting mean ejection
fractions >56%. Patients were also relatively asymptomatic,
with most studies reporting <40% of patients in NYHA
class III or IV preoperatively.
Intraoperative and postoperative outcomes
The intraoperative outcomes reported by studies with ≥
50 patients are presented in Table 2, and the short term
postoperative outcomes in Table 3. Rate of conversion to
non-robotic MVS through mini-thoracotomy or sternotomy
ranged from 0.0-9.1%. Reasons for conversion included da
Vinci system malfunction and external instrument conflicts,
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atherosclerotic femoral vessels precluding safe peripheral
cannulation, poor surgical exposure, bleeding, inability
to arrest the heart, repair failure and the need for MV
replacement (22,30).
The most frequently performed concomitant robotic
procedures were ablation for atrial fibrillation (AF) (up
to 24.2%), left atrial appendage (LAA) occlusion (up to
12.5%), closure of atrial septal defects (ASD) and patent
foramen ovale (PFO) (up to 13%), and tricuspid valve repair
was also possible (Table 4).
Mean cardiopulmonary bypass (CPB) times ranged from
106±22 to 188.5±53.8 min and mean cross-clamp (XC) times
ranged from 79±16 to 140±40 min (Table 2). There was
only one study that reported CPB and XC times separately
for MVS with or without cryoablation for AF: CPB time
was 188.5±53.8 min with cryoablation, and 153.2±37.7 min
without cryoablation; and XC time was 130.6±28.4 min with
cryoablation, and 116.6±31.6 min without cryoablation (19).
There was one study that reported CPB and XC times for
anterior leaflet (AL) and bileaflet (BL) repairs specifically:
CPB was 136±30 min for AL repair, and 182±53 min for
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Table 1 Study characteristics of robotic MVS studies with ≥50 patients
Paper

Ref

Mihaljevic

(27)

2013

Study
period

Institution(s)

Robotic
patients [n]

(19)

2012
Stevens

(26)

2012
Suri

(28)

2012
Charland

(20)

Suri

(29)

2011
(30)

2011

endpoint

score*

Clinical

+++

Leaflet resection: 248;

Comparative,

2010

UAE; Cleveland Clinic, Ohio,

neochordae: 86

OB PS, propensity outcomes

2000-

East Carolina Heart Institute,

2010

North Carolina, USA

1992-

East Carolina Heart Institute,

2009

North Carolina, USA

2008-

Mayo Clinic, Minnesota, USA

matched
540
447
69

2000-

East Carolina Heart Institute,

2009

North Carolina, USA

2008-

Mayo Clinic, Minnesota,

2010

USA; Massachusetts General

2006-

Case-series,

Clinical

OB PS

outcomes

+++

Comparative,

Clinical

OB RS

outcomes

Comparative,

QoL analysis ++

++

OB PS
458
106

Cleveland Clinic, Ohio, USA

Case-series,

Learning

OB RS

curve

Comparative,

Clinical

+++
+++

OB RS, propensity outcomes

Hospital, Massachusetts, USA
Mihaljevic

GRADE

Cleveland Clinic, Abu Dhabi,

2009

2011

Primary

2007-

USA
Nifong

Study design

matched
261

2009

Comparative,

Clinical

+++

OB PS, propensity outcomes
matched

Cheng

(21)

2010
Kam

(31)

2010
Mihaljevic

(32)

2010
Chitwood

2005-

Cedars–Sinai Medical Center,

2009

California, USA

2005-

Epworth Hospital,

2008

Victoria, Australia

2008-

Cleveland Clinic, Ohio, USA

2008
(22)

2008

120
107

Case-series,

Clinical

+++

OB RS

outcomes

Comparative,

Cost analysis +++

OB RS
Interrupted sutures: 50; Comparative,

Annuloplasty ++

running suture: 50

OB RS

time

2000-

East Carolina Heart Institute,

300 *Patients included

Case-series,

Clinical

2006

North Carolina, USA

in (19), & includes 22

OB RS

outcomes

Case-series,

AL & BL

OB PS

clinical

+++

patients from (25)
Rodriguez

(23)

2008

2000-

East Carolina Heart Institute,

2006

North Carolina, USA

66

+++

outcomes
Cook

(33)

2007
Murphy

(10)

2006
Nifong

(24)

2005
Kypson

(25)

2004

2000-

East Carolina Heart Institute,

2004

North Carolina, USA

2002-

Saint Joseph’s Hospital of

2005

Atlanta, Georgia, USA

2001-

U-clips: 50; sutures: 72 Comparative,

Annuloplasty ++

OB PS

time

Case-series,

Clinical

OB RS

outcomes

10-centre phase II FDA clinical 112

Case-series,

Clinical

2002

trial, USA

OB PS

outcomes

2001-

East Carolina Heart Institute,

Case-series,

Robotic

2004

North Carolina, USA

OB RS

training

127

80

+++
+++
++

Clinical outcomes includes intraoperative and postoperative mortality and morbidity. AL, anterior leaflet; BL, bileaflet; OB,
observational; RS, retrospective; PS, prospective; *, Despite patient overlap, these studies were included because the analysed
different variables.
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Table 2 Intra-operative outcomes of robotic MVS studies with ≥50 patients
Paper
Mihaljevic 2013 (27)

CPB time (min)

XC time (min)

Resections: 119±34

Resections: 86±28

Neochordae: 106±22

Neochordae: 79±16

With cryoablation: 188.5±53.8

With cryoablation: 130.6±28.4

Without cryoablation 153.2±37.7

Without cryoablation: 116.6±31.6

Stevens 2012 (26)

164±40

125±31

Suri 2011 (29)

113.3±40.4

81.4±28.3

Nifong 2012 (19)

M

M

Conversion to
non-robotic (%)

Conversion
to robotic
replacement (%)

NA

NA

0.2

0.0

0.0

NA

Mihaljevic 2011 (30)

116

85

Cheng 2010 (21)

156.9±43.5

116.6±30.6

4.9

1.7

Kam 2010 (31)

126.39

94.93

NA

NA

Mihaljevic 2010 (32)

Interrupted sutures:

Interrupted sutures:

NA

NA

median 139 M (CL 109-180)

median 100 M (CL 75-133)

Running sutures:

Running sutures:

median 107 M (CL 91-151)

median 81M (CL 62-110)

Chitwood 2008 (22)

158.7±41.8

122.1±33.3

2.9

0.0

Rodriguez 2008 (23)

AL repair: 136±30

AL repair:104±20

0.0

0.0

BL repair: 182±53

BL repair: 140±40

U-clips: 144±50

U-clips: 105.2±29.6

NA

NA

Sutures (cohort B): 162±38

Sutures (cohort B): 124±27

Repairs: 131±34

Repairs: 102±28

4.7

0.0

Replacements: 182±27

Replacements: 146±20

168.8±47.3

124.1±34.0

0.0

NA

Cook 2007 (33)
Murphy 2006 (10)
Nifong 2005 (24)

9.1

Data presented as mean ± SD, unless otherwise specified. CPB, cardiopulmonary bypass; XC, cross-clamp; AL, anterior leaflet;
BL, bileaflet; M, median; NA, not available.

BL repair; and XC time was 104±20 min for AL repair,
and 140±40 min for BL repairs (23). There were no studies
with ≥50 patients reporting mean CPB and XC times for
robotic MV replacement; the range for studies with <50
patients was 137.1±21.9 to 182±27 min and 99.3±17.9 min,
respectively (10,34).
Early mortality was in the range of 0.0-3.0%, with the
majority of case-series reporting <1.0%. The ranges for
other complications reported by studies with ≥50 robotic
patients included: 0.0-3.2% for myocardial infarction
(MI), 0.0-3.0% for permanent stroke, 1.6-15% for pleural
effusion, 0.0-5.0% for reoperations for bleeding, 0.0-0.3%
for infection of thoracic or inguinal incisions and 1.1-6%
for prolonged ventilation (>48 hours) (Table 3). The rate of
early post-operative failure of repair requiring reoperation
ranged from 1.5-5.4%. Postoperative transthoracic
echocardiography prior to discharge demonstrated that

© AME Publishing Company. All rights reserved.

81.7-97.6% of patients had no or only trace amounts of
mitral regurgitation (MR).
The mean intensive care unit length of stay (ICU LOS)
ranged from 12.3±6.7 to 36.6±24.7 hours. The mean hospital
length of stay (HLOS) ranged from 3.1±0.3 to 6.3±3.9 days.
Intermediate and long-term outcomes
The quantity of evidence for intermediate and long-term
outcomes of robotic MVS was limited. The following
preoperative variables were identified as independent
predictors of late mortality: age (65-75 years: HR 2.63),
valvular disease of ischaemic (HR 1.92) and rheumatic
(HR 2.10) aetiology, renal failure (HR 4.77), NYHA class
III-IV (HR 1.68), LVEF (40-50%: HR 1.75), and prior valve
operation (HR 3.59) (26). Robotic surgical approach did not
predict late-mortality (HR of 0.72, P=0.229) compared to
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3.0

0.7

0.0

0.8

0.0

1.1

0.0

0.9

0.0

0.0

1.0

NA

0.8

3.2

0.7

0.0

1.6

3.0

0.7

NA

1.7

1.1

0.7

0.6

1.2

3.2

(%)

2.7

2.5

3.0

2.3

0.0

5.0

1.1

3

2.4

NA

bleeding (%)

Stroke Reop for

NA

NA

0.0

0.3

NA

0.0

0.0

NA

0.2

NA

(%)

Infection

Renal

NA

1.6

15.0

9.3

NA

1.7

NA

NA

7.0

NA

(%)

NA

0.8

3

2.0

NA

2.5

0.0

NA

1.1

¶

NA

18.2

14

27.7‡

NA

10.0‡

0.0

28

26.5

25

§

†

0

16§

(%)

AF

0†

(%)

effusion insufficiency

Pleural

NA

1.6

6

2.3

NA

1.7

1.1

NA

2.3

3.6

24 hrs (%)

ventilation >

Prolonged

5±3

5.2±4.2

GM: 6.47

9.1±7.5

57% in
36.6±24.7

Discharge

96

97.2

0/1 (%)

NA

1.5

NA

NA

2.5

0.0

NA

2.4%

replacements:

92.0

97.0

92.4

97.3

NA

81.7

98

82.1

Repairs: 0.4%; 97.6

1.2

1.6

reop (%)

failure requiring MR grade

Postop repair

4.7±3.0 (1-18) 5.4

replacements:

placements:
<24 hrs

4.5±2.7;

in <24 hrs;

Repairs: 94% Repairs:

NA

32.4±67.3

GM: 36.66

NA

6.3±3.9

half: 3.1±0.3

12.3±6.7

4.5±6.4; 2

2nd half:

nd

Total series:

6M

replacements:

Repairs: 4M;

5.6±4.0

HLOS (days)

31.3±107.6;

Total series:

NA

30.4±58.7

NA

(hrs)

ICU LOS

infarction; MR, mitral regurgitation; NA, not available.

preoperative AF; ¶, permanent AF only; MI, myocardial infarction; ICU LOS, intensive care unit length of stay; HLOS, hospital length of stay; M, median; MI, myocardial

Continuous variables presented as mean ± SD, unless otherwise specified. †, requiring dialysis only; ‡, includes atrial flutter as well as AF; §, excludes patients with

2005 (24)

Nifong

(10)

Murphy 2006 0.8

2008 (23)

Rodriguez

2008 (22)

Chitwood

2010 (31)

Kam

2010 (21)

Cheng

2011 (29)

Suri

2012 (26)

Stevens

2012 (19)

0.4

1.2

Nifong

Neochordae 0.0

MI (%)

0.8

(%)

Mortality

0.0

Resections

2013 (27)

Mihaljevic

Paper
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leaflet sliding plasty 23%

non-ischaemic MR only

Included: degenerative 80%,

pure annular dilation 8%,

rheumatic 4%, ischaemic 1%,

endocarditis 4%;

2012 (19)

Stevens

2012 (26)

www.annalscts.com

16.7%; edge-to-edge 5.8%

Table 4 (continued)

6.9%, BL pathology 18.8%

pathology 72.3%, AL pathology

13.3%; isolated chordal procedure

pathology

2010 (31)

PFO closure 6.7%

leaflet resection + chordal procedure

endocarditis, restrictive PL

Included: degenerative only; PL Repairs 100%

leaflet resection 23.3%;

annulus, rheumatic disease,

Kam

ASD closure 0.8%;

Isolated annuloplasty 4.2%;

Excluded: heavily calcified MV

2010 (21)

closure 12.5%;

24.2%; LAA

Cryoablation

ablation 8.4%

closure 13%;

ASD or PFO

Cheng

Leaflet resection 93%; chordal

NA

NA

NA

Ablation 19%

15.9%

Cryoablation

57.6±13.7

58.4±10.5

56±11

54.9±11.0

NA

54.2±11

57±13

58.2±13.1

71.0

64.2

NA

76.8

NA

73.9

60.4

IV 5.0

III 37.5;

IV 0.8

III 12;

III or IV 10.5

NA

III or IV 0.0

III or IV 24

IV 1.7

III 21.1;

61.2±7.7

60±4.4

NA

NA

65.9±6.0

of patients

>50%: 81%

57.4±8.7

59±4.7

III 8.1

neochordae:

75

57±10

60±4.1

Resection:

neochordae: neochordae: neochordae:

III 9.4;

Resection:

LVEF (%)

neochordae 15%

81;

NYHA class

56±9.6;

Resection:

% Male

resection 11%,

procedure 3.1%; edge-to-edge 10%

Included: degenerative PL only

ischemic; endocarditis

Excluded: congenital, rheumatic,

annuloplasty 100%

Leaflet correction +

Repairs 100%

Repairs 100%

Isolated annuloplasty 12%;

procedure 10.9%; edge-to-edge 1.8%

resection 74.2%; isolated chordal

Isolated annuloplasty 13.0%; leaflet

Age

ASD/PFO closure: Resection:

procedures

Concomitant

2011 (30)

Mihaljevic

PL prolapse 53.8%,

BL prolapse 43.0%;

Included: AL prolapse 3.2%,

2011 (29)

NA

NA

Suri

2011 (20)

Charland

2012 (28)

Suri

chordal procedure 50%;

Included:

Nifong

Excluded: MV stenosis

PL resection 55%;

Excluded: AL repair

2013 (27)

Repairs 100%

Included: degenerative;

Mihaljevic

Primary MV procedures

MV pathology

Paper

Table 4 Patient characteristics of robotic MVS studies with ≥50 patients

710
Seco et al. Systematic review of robotic mitral surgery

Ann Cardiothorac Surg 2013;2(6):704-716

Included: degeneration PL only

Excluded: pathology requiring

Mihaljevic

2010 (32)
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chordal procedure 13.4%

mitral annulus, AL disease,

requiring CABG, MV stenosis
Repairs 100%

Isolated annuloplasty 9.8%;

56.2±12.9

sutures:

NA

NA

56.4±10.2

NA

68.8

58

NA

NA

IV 12.6

III 35.4;

NA

III 30; IV 2

IV 1.3

III 24.7;

NA

NYHA class

NA

64.1±6.8

57.9±9.2

NA

56.7±3.5

57.8±8.5

NA

LVEF (%)

valve; LAA, left atrial appendage; CABG, coronary artery bypass grafting; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction.

CABG, coronary artery bypass grafting; NA, Not applicable; ASD, atrial septal defect; PFO, patent foramen ovale; AL, anterior leaflet; BL, bileaflet; MV, mitral

2004 (25)

NA

sliding plasty 4.5%;

Excluded: heavily calcified

Kypson

quadrangular resection 72.3%;

Included: degenerative 91.1%;

ASD closure 0.8%

replacements 5.8%

2005 (24)

PFO closure 7.0%;

Nifong

LAA closure 7.0%;

neochordae 22.8%;

U clips: 72;

53

64.3

NA

% Male

58.4±13.2; sutures: 56

U clips:

52.6±7.1

56.5±12.8

NA

Age

Cryoablation 7.0%; 54±13

PL resection 13.2%;

mitral annulus

2006 (10)

AL resection 67.5%;

Excluded: heavily calcified

NA

ASD closure 1.5%

closure 4.5%;

for complete annuloplasty band
Annuloplasty 100%

13.6%; PFO

Cryoablation

0.3%

11%; ASD closure

7.3%; PFO closure

annulus, requiring CABG, need

Murphy

2007 (33)

Cook

2008 (23)

AL repair 24.2%; BL repair: 75.8%

microwave ablation

edge-to-edge 2.0%

requiring CABG

Rodriguez Excluded: heavily calcified MV

radiofrequency or

procedure 13.3%;

annulus, MV replacements,

10.3%;

resection 44.0%; isolated chordal

Excluded: heavily calcified MV

Cryoablation

NA

procedures

Concomitant

2008 (22)

Isolated annuloplasty 13.3%; leaflet

annuloplasty 100%

PL triangular leaflet resection +

Primary MV procedures

Chitwood

chordal procedure

MV pathology

Paper

Table 4 (continued)
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sternotomy and videoscopic MVS.
Four studies reported intermediate to long-term
echocardiographic follow-up (10,21-23). Chitwood and
colleagues’ study reported at a mean follow-up time of
815±459 days (n=279) that 68.8% had no or trace MR,
23.6% had mild MR, 5.3% had moderate MR and 2.2%
had severe MR (22). Chitwood’s group also presented a
study of AL and BL repairs, reported at a mean follow-up
time of 609±436 days (n=60), that 58.3% had no or trace
MR, 32% had mild MR, 3% had moderate MR and 6.7%
had severe MR (23). Cheng and colleagues’ study reported
at a mean follow-up 373±332 days (n=107) that 62.6% had
no or trace MR, 26.2% had mild MR, 8.4% had moderate
MR, and 2.8% had severe MR (21). Murphy and colleagues’
study reported at a mean follow-up 8.4±8.1 months (n=98)
that 88.8% had grade 0 MR, 8.2% had 1+ MR and 3.1%
had 2+ MR (10). One study reported NYHA functional
class, and found at mean follow-up of 13.7±8.9 months that
91.6% were class I, 6.7% were class II, 1.7% were class III
and 0.0% were class IV (10).
One study reported 5-year Kaplan-Meier survival and
freedom from reoperation, which was 96.6%±1.5% and
93.8%±1.6%, respectively (22). The total reoperation rate was
5.3% and the mean time to reoperation was 319±327 days (15946 days). In a later study which included these patients, the
reoperation rate had decreased to 2.9% and the mean time to
reoperation was 303±281 days (15-946 days) (19).
Discussion
Specific robotic repair techniques
All types of MV repair and replacement were possible using
the telemanipulator (7,35). AL and BL prolapse are usually
more difficult to repair than posterior leaflet prolapse,
requiring more advanced techniques with less tolerance
for error, and thus have been associated with increased
reoperation rates (36). Rodriguez and colleagues’ study
examined robotic AL and BL repair specifically, which
reported a 9% rate of reoperation at a mean follow-up of
two years (23). Since other non-robotic AL and BL studies
have reported similar times to reoperation that then plateau,
the study concluded that a similar course would apply to
their cohort (37).
Neochordal repair techniques are an option in patients
with extensive posterior leaflet prolapse where resection
could compromise repair success (38). Mihaljevic and
colleagues’ propensity matched comparison of neochordal
vs. resectional techniques for robotic posterior mitral leaflet
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repair in degenerative disease found that the number of
intraoperative attempts required to achieve satisfactory
repair was similar in both groups (single attempt required
in 91% vs. 91%, two attempts in 9.3% vs. 9.3%), and the
degree of residual MR was also similar (27). There were
no differences in postoperative mortality or morbidities.
The robotic technology also allowed the surgeon superior
visualization of the subvalvular apparatus, helping to
decrease the technical difficulty of the neochordal
technique. Chu and colleagues have also described a “haircut” technique of isolated posterior leaflet repair, which
involves resecting the prolapsing margin of a tall P2 to
reduce it’s height and transferring secondary chords either
from P2 or the AL (34). This technique aims to preserve
the tissue and physiologic mobility of the posterior leaflet,
taking the plane of resection of excess tissue from the
leaflet-annular junction to the free edge thus reducing the
number of suture lines and simplifying the repair. In their
17 patient series there were no postoperative mortalities or
morbidities, and only mild postoperative MR in one case.
Increased time required to repair or replace the valve
resulting in longer CPB and XC times remains the major
drawback of a robotic approach. East Carolina University
developed a double-arm U-clip made of nitinol alloy
(allowing a deployed clip to return to its preformed shape)
to secure an annuloplasty band, and designed to be faster
than knot tying to reduce operating times. When compared
to sutures for securing a flexible posterior annuloplasty
band, the U-clips resulted in a shorter total time required to
secure the band (101±45 vs. 169±68 sec, P<0.0001) (due to
quicker U-clip deployment than knot tying) and shorter XC
time, but similar CPB time (33). There was one failed repair
(2%), due to separation of U-clips from the mitral annular
tissue but still attached to the annuloplasty band. Smith and
colleagues have also described using single-armed U-clips to
secure premeasured neochordae for leaflet prolapse, which
helped decrease their XC and CPB times (39). Recently,
Nifong and colleagues also presented preliminary results of
the novel Cor-Knot device (LSI Solutions, Inc., Victor, NY),
which uses a titanium clip to secure sutures and eliminate
knot tying (40). When compared to robotic knot tying
(n=288), the Cor-Knot (n=48) significantly reduced time
for securing sutures (48.6±24.6 vs. 72.6±36.0 sec, P<0.02),
annuloplasty band placement (26.9±7.4 vs. 36.6±10.2 min,
P<0.02), CPB time (144.9±30.1 vs. 160.3±40.1 min, P<0.02),
and XC time (94.7±31.1 vs. 123.0±33.3 min, P<0.02). A
randomized study is necessary to confirm these results. In
a similar attempt to reduce operating times, Mihaljevic and
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colleagues compared running sutures vs. interrupted sutures
for securing an annuloplasty band, which also resulted in a
significantly shorter operating time (38 min less, P=0.01),
CPB time (32 min less, P=0.0003) and XC time (19 minutes
less, P=0.0008), without compromising rates of in-hospital
mortality, repair failure or post-operative MR grades (32).
They reported that using two running sutures and one
anchoring suture provided the optimal balance of fixation
and steps required.
Concomitant ablation for AF
Up to 50% of patients undergoing MVS have AF, and thus
combining ablative treatment at the time of robotic MVS
is ideal (38,41). Reade and colleagues initially reported
using a flexible microwave catheter to ablate the peripulmonary vein region concomitantly with robotic MVS,
and found prolonged operating times but a positive riskbenefit ratio (42). Nifong and colleagues described their
experience in 86 AF patients (48.8% paroxysmal, 51.2%
persistent) undergoing the Cox-Maze III cryoablative
procedure, currently considered the gold standard for
AF surgery, concomitantly with robotic MVS (15.4% of
their total robotic MVS cohort) (19). In their follow-up
period of 351±281 days there was 96.5% freedom from
AF, demonstrating the procedure’s efficacy. Compared to
robotic MVS alone, the combined cryoablative patients
were significantly older (65.6±10.8 vs. 56.1±12.9, P<0.001),
had longer CPB times (188.5±53.8 vs. 153.2±37.7 min,
P<0.001), longer XC times (130.6±28.4 vs. 116.6±31.6 min,
P<0.001), and slightly higher mortality (1.7% vs. 0.2%).
The study concluded that combining the two procedures
provides results similar to conventional techniques.
Cost analysis
Two studies performed cost analysis of their robotic
MIMVS programs (31,43). Morgan and colleagues
retrospectively reviewed 20 robotic MIMVS (and 20 robotic
ASD closures) compared to sternotomy MVS at Columbia
University, New York, USA in 2005 (43). The most
significant intraoperative drivers of robotic MVS cost (total
US$9,507±1,598) were supplies and operating room time,
the latter of which decreases as surgeons overcome their
learning curve. Supplies included the robotic instruments,
which can only be used a maximum of ten times before
being disposed. The main postoperative drivers of cost (total
US$4,387±1,690) were length of stay in ICU and room
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costs, both of which were lower in robotic MVS compared
to sternotomy MVS, but not statistically significant. Thus
they found that robotic technology did not significantly
increase total hospital cost compared to sternotomy
MVS (US$13,894±2,774 vs. US$14,538±1,697, P=0.539).
There was however an initial capital investment in the
robotic technology by their institution of approximately
US$1,000,000 and annual operating fees of US$100,000
after the 1st year, that when amortised into the cost (at a rate
of US$2,800 per case, calculated by assuming 100 cases/yr
for 5 yrs) resulted in robotic procedures becoming more
expensive than sternotomy procedures. Kam and colleagues
performed an analysis of robotic MVS compared to
conventional MVS at Epworth Hospital, Melbourne,
Australia in 2010 (31). They similarly found that higher
mean intraoperative costs (AU$12,328 vs. AU$9,755, no
P value) were offset by lower postoperative costs (AU$6,174
vs. AU$8,124, P<0.001), such that total hospital cost was
not significantly different (AU$18,503.49 vs. AU$17,879.80,
average difference AU$623, 95% CI: −$282 to $1,529,
P=0.176)
Quality of life
Improvement in postoperative QoL and expeditious return
to work are primary objectives of minimally-invasive
surgery. Suri and colleagues performed a comprehensive
survey-based QoL analysis into this topic, comparing
robotic (n=69) to sternotomy MVS (n=202) (28). In the
0-12 months postoperative period, robotic MVS resulted
in better Duke Activity Status Index scores (55.1±2.1 vs.
45.1±2.5, P=0.003, i.e., a “moderate” difference), better
Short Form 12-Item Health Survey scores in the physical
domain (55.4±1.2 vs. 48.0±1.4, P<0.001, i.e., a “moderate”
difference), and better LASA scores in chest pain frequency
(0.6±0.3 vs. 1.7±0.3, P=0.014), severity (0.4±0.3 vs. 1.7±0.3,
P=0.006), and fatigue (2.3±0.4 vs. 4.3±0.5, P=0.003). In
the 12-24 month postoperative period the only significant
difference was a better Linear Analogue Self-Assessment
overall QoL score for robotic MVS (9.3±0.2 vs. 8.6±0.2,
P=0.034). The median time to return to work was also lower
for robotic MVS (33 vs. 54 days, P=0.001). The individual
baseline characteristics between the robotic and sternotomy
groups were similar, but the overall age-weighted Charlson
score was higher in the sternotomy group, so the authors
performed an adjusted analysis that found similar results.
The authors recognized a number of limitations, including
the observational retrospective nature of the study, no
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preoperative QoL assessment and the limitations associated
with survey-based research. More studies with larger patient
populations and more time intervals are justified. Mihaljevic
and colleagues also analyzed the immediate postoperative
pain scores of their propensity matched comparison of robot
to sternotomy MVS (n=106). They found that pain scores
were similar, with 70% of both groups reporting no or
little pain by the fourth postoperative day (30). The authors
postulated that the relatively small patient population
and stringent pain management might have masked any
difference.
Training and learning curve
Robotic telemanipulator-based surgery represents a
significant change from current techniques, and thus an
examination of learning curves and training programs is
important in achieving optimal performance. Charland and
colleagues identified seven variables in 500 operations that
significantly affected total robot time (dock-in to dockout) (coefficient represented in brackets; positive values
increase time taken): the presence of a fellow (0.0660),
annuloplasty band size (0.0119), the log of the number
of patients (–0.0709), the use of nitinol U-clips for band
insertion (–0.1148), the inclusion of a chordal procedure in
the repair (0.0437), performing a concomitant AF ablation
(0.0476), and leaflet resections (0.0562) (all P<0.01) (20).
Another factor contributing to the learning curve described
by Rodriguez and colleagues was the lack of tactile
feedback during suturing (23). This necessitates the use of
tissue displacement and deformation as visual cues to the
suture depth and tension, for which there is evidence that
this hinders novice surgeons, but not more experienced
surgeons (44).
In the multicentre phase II clinical trial of robotic mitral
repair CPB times decreased by 4.3 minutes per progressive
case, XC times by 3.7 minutes per case, and operative times
by 4.4 minutes per case (24). They found that times began
to decrease after the surgeon had performed approximately
15 cases. The trainee surgeon training program involved
sequentially: a didactic overview of surgical robotics,
inanimate laboratory training, animal laboratory training,
cadaver laboratory training, live case observation (11,24).
Cheng and colleagues divided their cohort of 120
patients into those operated on with the first generation
da Vinci robot (n=74) or the second generation da Vinci
Si HD (n=46) (21). The da Vinci Si HD added improved
3D vision and a 4th robotic arm allowing attachment of an
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adjustable atrial retractor to enhance exposure and thus
suturing accuracy. All of their failed repairs (5/74) occurred
with the older da Vinci robot, and there were no major
complications and reoperation for postoperative bleeding
of 1.7% with the newer da Vinci Si HD. Since the two
groups were in chronological order, it is difficult to separate
any improvements in clinical outcomes due to improved
robotics or increased experience. Similarly, Suri and
colleagues found that CPB (131.2±45.0 vs. 95.9±25.6 min,
P<0.001), XC (94.4±30.4 vs. 68.7±19.1 min, P<0.001),
postoperative ventilation time (26.8±125.8 vs. 1.6±3.4 hrs,
P<0.001), ICU LOS (50.7±151.2 vs. 12.3±6.7 hrs, P<0.001),
and HLOS (5.9±8.9 vs. 3.1±0.3 days, P<0.001) all decreased
significantly in the latter half of their study (29).
Limitations
All studies were observational and either prospective or
retrospective in nature, and thus any conclusions that
can be drawn are limited. There have also been multiple
generations of robotic telemanipulators (da Vinci, da Vinci
Si HD) with potential improvements in latter designs that
may have reduced procedural times and improved clinical
outcomes. Studies have shown that results are reproducible,
but published results still originated from a limited number
of highly specialised institutions with significant experience
in the development and training of robotic MVS.
Conclusions
Patients undergoing robotic MVS most commonly have
degenerative MV disease, are generally low risk, and have
good left ventricular function. All subtypes of mitral valve
prolapse are repairable with robotic techniques. Bearing
in mind the limitations of our review, and of the included
studies, the overall rates of early postoperative mortality and
morbidity are low. CPB and XC times are longer in robotic
MVS compared to sternotomy, and novel techniques such as
the Cor-Knot, Nitinol clips or running sutures may reduce
the time required. Improvements in postoperative QoL and
expeditious return to work offset the increase in equipment
and intraoperative cost. Evidence for long-term outcomes is
as yet limited.
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