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Introduction

Atrial fibrillation (AF) is a common tachyarrhythmia, 
affecting approximately 30 million people worldwide (1,2). 
Mitral valve disease, in particular, has a strong association 
with AF, with 30–40% of patients developing AF (3). The 
Cox-Maze IV procedure remains the gold standard for the 
surgical management of AF (4). This procedure initially 

involved making a series of incisions on the atria and 
subsequently suturing the lines, thereby interrupting the 
micro re-entrant circuits responsible for AF (5). With the 
advent of alternative energy sources such as cryothermia 
and/or radiofrequency, the same lesion set can be made with 
greater ease, providing the basis for modern iterations of 
the Cox-Maze IV procedure. The Cox-Maze IV procedure 
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has excellent efficacy, with a 5- and 10-year freedom from 
atrial tachyarrhythmia of 84% and 77% respectively (6). 
The advent of energy sources has also enabled the Cox-
Maze IV procedure to be performed through a minimally 
invasive approach, with encouraging mid-term outcomes (7). 

Over the past two decades, minimally invasive approaches 
for mitral valve surgery have also been utilised (8).  
Of these, robotic mitral valve surgery, although limited 
to specialised centres, offers benefits to conventional 
approaches. Although the benefits of robotic mitral valve 
surgery are well documented, the literature for combined 
mitral valve surgery with concomitant AF surgery remains 
sparse (9,10). A recent meta-analysis by Williams et al. 
demonstrates a potentially lower mortality and shorter 
hospital and intensive care unit (ICU) length of stay (10). 
As robotic mitral valve surgery becomes commonly utilised, 
there will be an increasing need to perform surgical ablation 
for AF concomitantly through the same access. This is of 
increasing importance as guidelines advocate for performing 
ablation in patients undergoing mitral valve surgery with a 
history of AF (11,12). 

The aim of this systematic review and meta-analysis is to 
evaluate the evidence assessing the efficacy of AF ablation 
during robotic mitral valve surgery. The primary outcome 
is freedom from AF and the secondary aim is to evaluate the 
safety profile of concomitant ablation. 

Methods

Literature search strategy 

Six electronic databases were used including Ovid, 
MEDLINE, EMBASE, Cochrane Central Register of 
Controlled Trials, Cochrane Database of Systematic 
Reviews (CDSR) and SCOPUS. These databases were 
searched from inception to the 14th of April 2023. The 
search strategy included a combination of keywords and 
Medical Subject Headings (MeSH), including “Ablation” 
OR “Maze” OR “Cryomaze” AND “AF” AND “Robotic 
Mitral Valve” OR “Robotic”. Predefined criteria for 
selection were used to assess all articles. The article was 
written in accordance with Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
recommendations (13). The PRISMA flowchart is outlined 
in Figure S1. Two reviewers (D.N. and B.M.) independently 
screened the abstracts of all identified records. Included 
titles were then reviewed with a full-text copy by the same 
two reviewers. Any conflicts were resolved with a third 

independent reviewer (A.E.). The reference lists of selected 
studies were manually searched to identify any additional 
articles. 

Selection criteria 

Studies were eligible for inclusion if they included a patient 
population that underwent AF ablation concomitantly with 
robotic mitral valve surgery. Robotic mitral valve surgery 
was deemed to be any operation involving a robotic console 
on the mitral valve, whereby the mitral disease was primary 
pathology. AF ablation was defined as any cut/sew lines, 
radiofrequency, or cryoablation performed on the heart 
(i.e., either epicardial or endocardial). The inclusion criteria 
were: (I) AF ablation concurrently with mitral valve surgery; 
(II) mitral valve surgery as the primary pathology and 
indication for surgery; (III) operation performed robotically; 
(IV) freedom from AF reported for the cohort of patients 
undergoing robotic mitral valve surgery; and (V) published 
after 2000. Studies which reported concomitant aortic valve 
surgery and coronary artery bypass grafting (CABG) were 
included as long as mitral valve surgery was the primary 
indication. Studies that had mixed populations that did 
not delineate between pathologies were excluded. Studies 
which performed mitral valve surgery through a sternotomy 
were excluded. When institutions published duplicate 
studies with extended length of follow-up or larger study 
populations, the most updated and complete study was 
included. Abstracts, case reports, conference presentations, 
editorials, and reviews were excluded.

Outcomes

The primary outcome was defined as freedom from AF, as 
defined by the study. Freedom from AF at both reported 
follow-up and at discharge was recorded. Secondary 
endpoints were short-term mortality (in-hospital or 30-day 
mortality), postoperative stroke, conversion to sternotomy 
and long-term pacemaker insertion. 

Data extraction and statistical analysis 

Two independent reviewers (A.E. and D.N.) extracted data 
directly from publication texts, tables, and figures. A third 
reviewer (B.M.) independently reviewed and confirmed 
the integrity of all extracted data. Attempts were made to 
clarify missing data with the authors. For baseline variables, 
nominal data was recorded as number of events (n) and 
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expressed as a percentage. Continuous variables were either 
expressed as a mean and standard deviation (SD) or median 
and interquartile range (IQR). For statistical analysis, 
medians and IQR were converted to mean and SD utilising 
the method outlined by Wan et al. (14). Statistical analysis 
was carried out using Stata® (Version 17.0, StataCorp, Texas, 
USA). Baseline continuous data was collated using the metan 
function and the pooled result was expressed as a weighted 
mean (n) and 95% confidence interval (CI). To summarize 
outcome data, a meta-analysis of proportions was performed 
using the metaprop function, with a Freeman-Tukey arcsine 
transformation. A random effects model was utilized 
to account for varied study design, year of publication, 
lesion sets, center protocol, and population. Results were 
expressed as forest plots where appropriate, with cumulative 
proportion expressed as a single percentage. Heterogeneity 
was assessed using the I2 test statistic. Low heterogeneity was 
denoted by I2<50%, moderate heterogeneity by I2=50–74%, 
and high heterogeneity by I2≥75%. Statistical significance 
was denoted by P<0.05. Study quality was assessed utilising 
the Risk of Bias in Non-randomized Studies of Interventions 
(ROBINS-I) tool, scoring studies as “Low”, “Moderate” or 
“Serious” risk of bias.

Results

Our search produced a total of 580 articles, of which 
165 duplicates were removed. Four hundred and fifteen 
abstracts were screened, and 14 were selected for full-text 
review. After excluding 9 studies, 5 studies were selected 

for inclusion (15-19). All studies were cohort studies, of 
which two were prospective and two were retrospective. 
One study did not delineate whether the study design was 
retrospective or prospective (19). The patient cohort was 
largely patients undergoing robotic mitral valve surgery and 
concomitant AF ablation. One study included all patients 
undergoing robotic mitral valve surgery and included a 
subset of patients undergoing concomitant AF ablation (18).  
The total number of patients was small, ranging from 11 to 
94. The aggregate mean reported follow-up was 6.9 months  
(95% CI: 4.8–9.0).  ECG was the main method of 
monitoring and three studies utilised continuous monitoring 
such as a Holter. Study level data is summarised in Table 1.

Demographic data 

Demographic data was variably reported. A total of 60.4% 
of patients were male. The aggregate mean age was 58.5 
years (95% CI: 52.6–64.4). Most patients had persistent AF 
(71.1%). The aggregate mean LVEF was 57.1% (95% CI: 
53.8–60.4%). left atrium size was variably reported, with 
two studies reporting diameter, one reporting left atrial 
volume index (LAVI) and two not reporting left atrium 
diameter entirely. This data is summarised in Table 2.

Operative data 

All five studies utilised the da Vinci® Surgical System 
(Intuitive Surgical Inc., Sunnyvale, CA, USA). All studies 
performed endocardial lesion sets, with one study producing 

Table 1 Study details

Primary 
author

Study 
period

Country Study design Patient cohort
Total 
patients

Mean follow-up 
time (months)

Reported follow-
up time (months)

Method of 
monitoring 

Aydin et al. 2013–2018 Turkey Retrospective Robotic MV surgery 
and AF ablation

11 16.3±5.42 16.3±5.42 ECG

Ju et al. 2007–2017 South 
Korea

Prospective Robotic MV surgery 
and AF ablation

94 32.1±9.19 3.0±0 ECG and 
Holter

Kadan et al. 2014–2020 Turkey Retrospective Robotic MV surgery 
and AF cryoablation

34 23.3±19.4 23.3±19.4 Holter, ECG 
and TTE 

Nifong et al. 2000–2010 USA Prospective Robotic MV surgery 86 1.0±0.8 1.0±0.8 ECG 

Reade et al. 2003 USA NR Robotic MV surgery 
and AF ablation

16 6.0±0 6.0±0 ECG

MV, mitral valve; AF, atrial fibrillation; ECG, electrocardiogram; TTE, transthoracic echocardiogram; USA, United States of America; NR, 
not reported.
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both epicardial and endocardial lines. The energy source 
varied, with two studies utilising radiofrequency ablation 
and three studies using cryoablation. Lesion sets also varied; 
with three studies performing a left atrial Maze (LAM) and 
one study performing exclusively a bi-atrial Maze (BAM). 
One study reported a mixed cohort of LAM and BAM (16). 
Specific lesion sets also varied and these are represented in 
Table 3. All studies performed left atrial appendage (LAA) 
exclusion, and five studies performed this in all patients. 
The aggregate mean cardiopulmonary bypass time (CPBT) 
was 186 minutes (95% CI: 162–210), and the corresponding 
cross clamp time (CCT) was 129 minutes (95% CI: 
120–139). The cause of mitral regurgitation (MR) varied 
significantly and was variably reported between the studies. 
The majority of patients underwent mitral valve repair with 
two studies reporting largely mitral valve replacement. The 
use of antiarrhythmic drugs (AAD) was variable. Three 
studies uniformly continued AADs postoperatively, while 

one study did not uniformly utilise AADs, with 9.6% of 
patient discharged on them overall (16). One study did not 
report the use of AADs (18). Four studies reported the use 
of anticoagulation, and continued it in the postoperative 
phase. Three studies stopped anticoagulation at 3 months if 
patients were in sinus rhythm, and one study did not specify. 
Operative data is summarised in Table 3.

Outcome data and study quality

The freedom from AF was 88.1% (95% CI: 74.1–97.6%), 
at a weighted mean follow-up of 6.9 months (95% 
CI: 4.8–9.0). This result is associated with significant 
heterogeneity (I2=83%). Freedom from AF at discharge 
was 88.0% (95% CI: 72.6–98.1%) as reported by four 
studies. This result was associated with moderate 
heterogeneity (I2=74%). These results are summarised 
in Figures 1,2. Four studies reported no mortality, and 

Table 2 Demographic details

Primary  
author

N
Males  
(n)

Age (years),  
mean ± SD 

Paroxysmal  
AF (%) 

Persistent  
AF (%) 

LVEF (%),  
mean ± SD 

LA diameter (mm),  
mean ± SD 

Aydin et al. 11 7 45.8±16.6 0 100 55.2±7.9 69.6±4.9 mL/m2 (LAVI)

Ju et al. 94 67 53.9±12.7 23.4 76.6 60.3±8.0 55.0±8.4

Kadan et al. 34 10 58.1±9.8 2.9 97.1 55.0±11.9 64.2±10.7

Nifong et al. 86 NR 65.6±10.8 48.8 51.2 NR NR

Reade et al. 16 NR 64.9±8.7 NR NR 56.4±10.2 NR

SD, standard deviation; AF, atrial fibrillation; LVEF, left ventricular ejection fraction; LA, left atrium; LAVI, left atrial volume index.

Table 3 Procedural details

Primary 
author

N
Robot 
used

MV 
repair

MV 
replacement

Rheumatic 
aetiology

TVR TVA
ASD 
closure

Energy 
source

Lesion  
set

LAA 
exclusion

CPBT  
(min)

CCT  
(min)

Aydin et al. 11 Da Vinci 3/11 8/11 5 2 0 0 RF LAM 11/11 147.9±19.1 105.8±20.0

Ju et al. 94 Da Vinci 92/94 2/94 6 NR 34 8 Cryo BAM 34/94; 
LAM 60/94

18/94 222.7±57.8 134.1±30.4

Kadan et al. 34 Da Vinci 2/34 32/34 NR 8 NR NR Cryo LAM 34/34 196.0±25.6 141.8±32.1

Nifong et al. 86 Da Vinci 86/86 0/86 NR NR NR NR Cryo BAM 86/86 188.5±53.8 130.6±28.4

Reade et al. 16 Da Vinci 16/16 0/16 NR NR NR NR RF LAM 16/16 174.0±40.8 133.0±30.0

MV, mitral valve; TVR, tricuspid valve replacement; TVA, tricuspid valve annuloplasty; ASD, atrial septal defect; LAA, left atrial appendage; CPBT, 
cardiopulmonary bypass time; CCT, cross-clamp time; RF, radiofrequency; LAM, left atrial Maze; BAM, bi-atrial Maze; Cryo, cryothermy; NR, not 
reported.
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one study had two deaths, out of a total of 241 patients  
(0.8%) (17). Three studies reported postoperative CVA 
with a total of two cases overall (1.4%). Three studies 
reported conversion to sternotomy, with a total of two 
patients requiring this (1.4%). Three studies also reported 
post-operative permanent pacemaker (PPM) insertion with 
a total of 8 cases (3.7%). These results are summarised in 
Table 4. Study quality was variable, with most studies scoring 
“moderate” in terms of risk of bias. One study was deemed 
of “low” risk of bias, mainly due to its prospective nature 
and larger patient cohort (16) (Figure S2). 

Discussion

AF is the most common cardiac arrhythmia and contributes 
significantly to cardiovascular mortality and morbidity (20).  
Traditionally, the cut and sew maze has been effective in 
managing AF, however, it has not been widely adopted 
due to the extended time, need for median sternotomy, 
and the recovery associated with this (7). With the advent 
of alternative energy sources and flexible tip catheters, 
AF ablation has evolved to be an endoscopic, off pump 
and robotically assisted procedure for the management 

Figure 1 Freedom from AF. ES, effect size; CI, confidence interval; AF, atrial fibrillation.

Figure 2 Freedom from AF on discharge. ES, effect size; CI, confidence interval; AF, atrial fibrillation.
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of AF (21). Evidence suggests that these procedures 
can be performed safely with a high degree of efficacy. 
Ad et al., performing a BAM as a standalone procedure 
through a mini-thoracotomy, reported a 5-year sinus 
rhythm maintenance of 73% (7). The majority of ablations 
performed in this study were via cryotherapy, utilising 
a malleable cryothermy device (7). As robotic mitral 
valve surgery becomes commonly utilised, there will be 
an increasing need to perform surgical ablation for AF 
concomitantly through minimally invasive access.

This study reports a pooled freedom from AF of 88.1%, 
at a weighted mean follow-up of 6.9 months. This result 
is comparable to, albeit slightly higher than previously 
published literature (22,23). The freedom from AF at 
patient discharge was equally high, at 87.9%. There 
were only two mortalities occurring in one study, out of 
a total of 241 patients (0.8%). Three studies reported 
postoperative CVA with a total of two cases (1.4%). Two 
patients required conversion to sternotomy (1.4%) and 
eight patients required PPM insertion (3.7%). Even with 
small patient numbers, these results are consistent with 
previously published data assessing robotic mitral valve 
surgery (24). One explanation for this is the exclusion of 
higher risk patients from robotic mitral valve cohorts, such 
as those with elevated body mass index (BMI), difficult 
access, reoperation and pulmonary disease. In addition, all 
papers within this review had less than 100 patients. The 
high freedom from AF and low mortality may in part be a 
sequalae of the selection bias of patients. Furthermore, all 
papers were non-randomised, adding to potential selection 
bias. Though the results are promising, further studies 

with larger cohorts of patients and a randomised design can 
further elucidate the effectiveness and safety of AF ablation 
during robotic mitral valve surgery, whilst minimising these 
biases.

There was significant variation in the freedom from 
AF between studies and there are a number of reasons for 
this. The cohort of patients in this systematic review was 
mainly those with persistent AF. This represents a cohort 
of patients resistant to ablation, and despite this, achieved a 
favourable freedom from AF. A degree of variation between 
the studies can be attributed to this; Kadan et al. (17)  
operated almost exclusively on a cohort of patients with 
persistent AF and demonstrated a freedom from AF of 
68.8% whereas Nifong et al. (18) had a mixed cohort of 
paroxysmal and persistent AF, demonstrating a higher 
freedom from AF of 96.5%. This is in part due to the 
progressive electro-anatomical changes that occur with AF 
persistence and the spread of arrhythmogenic triggers and 
substrates outside of the pulmonary veins (25). As a result, 
persistent AF is more resistant to ablation (25). Another 
explanation for the variance was the differing lesion sets 
between the studies. Nifong et al. was the only study to 
consistently perform a BAM which may account for the 
higher freedom from AF encountered in this study (18).  
Evidence suggests that a BAM has a higher efficacy when 
compared to LAM, however, this needs to be further 
elucidated with randomised data (26,27). Issues with right-
sided lesions however include increased CPB times, and 
increased incidence of pacemaker implantation (22). Finally, 
there was variable use of left atrial volume reduction, with 
one study performing it on all 11 patients and another 

Table 4 Postoperative outcomes

Parameters Events/total N
Weighted pooled estimate (%) 
(95% CI) or proportion (%)

Heterogeneity  
I2 (%)

Freedom from AF 216/238 5 88.1 (74.1–97.6) 82.8

Freedom from AF (at patient discharge) 139/153 5 88.0 (72.6–98.1) 74

Short-term mortality 2/241 5 0.8 NA

CVA (short-term) 2/139 3 1.4 NA

Reoperation 1/139 3 0.7 NA

Conversion to sternotomy 2/139 3 1.4 NA

PPM insertion 8/214 3 3.7 NA

N, number of studies; CI, confidence interval; AF, atrial fibrillation; CVA, cerebrovascular accident; NA, not available; PPM, permanent 
pacemaker.
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performing it on the majority of patients (15,16). Mitral 
valve disease is associated with increased left atrium size, 
which is a well-known risk factor for AF recurrence (28). 
Non-randomised data demonstrates that volume reduction 
confers a favourable freedom from AF during concomitant 
ablation and mitral valve surgery. In addition, the cut and 
sew effect of volume reduction may produce transmural 
scars, disrupting the re-entrant circuits associated with AF 
to a greater extent than radiofrequency or cryoablation (29). 
Though it is technically feasible during robotic mitral valve 
surgery, the benefits of volume reduction need to be further 
elucidated with large scale data. 

One of the challenges faced by robotic AF ablation in 
addition to mitral valve surgery is prolonged CCT and 
CPBT. Robotic surgery alone is associated with longer 
CCT and CPBT compared to conventional approaches, 
demonstrated in a recent systematic review by Williams  
et al. (10). A 2013 systematic review by Seco et al. reported 
CPBT ranging from 106±22 to 188.5±54 minutes and mean 
CCT ranging from 79±16 to 140±40 minutes (30). This 
study reported an aggregate mean CPBT of 186 minutes 
and CCT of 129 minutes, which was within the realms of 
data reported for robotic mitral valve surgery alone (30). 
One included study compared CPBT and CCT between 
patients undergoing robotic mitral surgery alone vs. robotic 
mitral valve surgery and AF ablation, demonstrating CPBT 
of 189 vs. 153 minutes and CCT of 131 and 117 minutes 
respectively (18). Further evidence is required to compare 
CPBT and CCT in patients undergoing AF ablation in 
addition to robotic mitral valve surgery. 

The development of flexible tip probes simplifies the 
creation of ablation lines during robotic surgery. Three 
studies utilised cryothermy and two utilised radiofrequency 
as the primary energy source. All studies utilised a long 
shafted, malleable tip instrument to deliver the energy. The 
benefits of these include a flexible tip that contours the left 
and right atrium producing lines and a handle designed 
for lateral port access (31). In a robot-assisted setting, 
AF ablation procedures have some technical differences 
compared with other types of cardiac operations. The 
ablation device is manipulated by the bedside surgeon, 
whereas tactile feedback is not received by the console 
surgeon (16). Proper coordination among surgical team 
members is needed to make effective contact of the ablation 
probe (16). Concomitant ablation of AF in a robotic setting 
is a little more difficult and time consuming compared to 
standard surgery, and this may serve as a limiting factor 

in choosing this surgical approach. These challenges can 
be ameliorated by close cooperation between the console 
and bedside surgeons. In addition to this, a robotic 
assisted setting can utilise the camera to provide a close-up 
endoscopic view of the atria, so that the surgeon can create 
accurate ablation lines (16). 

This systematic review is not without limitations. The 
most significant limitation is the inclusion of retrospective 
studies with small patient numbers, ranging from 11 to 
94 patients. As a result, it is difficult to draw generalised 
conclusions from this data. Secondly, this is largely a single 
arm review, with only one study comparing outcomes of 
robotic mitral valve surgery to robotic mitral valve surgery 
with AF ablation. Thirdly, only short-term data has been 
provided, with a mean follow-up of 6.9 months. As a result, 
it is difficult to elucidate long term conclusions from this 
data, especially with respect to sinus rhythm attrition. 
Fourthly this study represents a highly select group of 
patients with a number of exclusion criteria, precluding 
patients from undergoing robotic mitral valve surgery. 
Future research should be derived from large scale (registry) 
data reporting efficacy, mortality and morbidity. Following 
on from this, prospective data in the form of randomised 
controlled trials may alleviate the selection biases associated 
with retrospective analysis. Future studies would benefit 
from comparing the efficacy of various energy sources 
(cryothermy vs. radiofrequency) in a robotic setting, lesion 
sets (LAM vs. BAM) and the efficacy of left atrial volume 
reduction. 

Conclusions

AF ablation with robotic mitral valve surgery can be 
performed with adequate short-term efficacy and safety 
profile. Current evidence on AF ablation and robotic 
mitral valve surgery is limited to low-quality retrospective 
data with inherent selection bias. This meta-analysis 
demonstrates a freedom from AF of 88.1% at 6.9 months 
and only two deaths in 241 patients (0.8%). Further high-
quality studies in the form of prospectively collected data 
from randomised controlled trials are required to verify 
these results and also to compare the effects of lesion sets, 
energy sources and atrial reduction surgery.
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