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ABSTRACT 
The median sternotomy has been the gold standard approach for cardiac 
surgical procedures since 1957, when the superiority of the median sternotomy 
over different thoracotomy approaches for cardiac surgery was first described. 
In the sternotomy approach, surgical access to the heart is achieved after 
longitudinal division of the sternum. Less invasive methods for cardiac 
operations were introduced in the late 1990s to avoid the large incisions and 
sternal trauma caused by the median sternotomy. These minimally invasive 
techniques have evolved, and totally endoscopic robotically assisted cardiac 
operations have been performed recently through small ports in the 
intercostal spaces. Initially, the hypothesized benefits of the minimally 
invasive operations were reduced bleeding, less pain, and smaller risk for 
infections compared with the sternotomy approach. Excellent short- and long-
term outcomes of robotically assisted cardiac surgery have been reported by 
high-volume centers with shorter ventilation and hospitalization times 
compared with the sternotomy approach. Different centers have reported 
varying rates of unilateral pulmonary edema (UPE) of the right lung after 
minimally invasive cardiac surgery. Severe postoperative pulmonary 
dysfunction and high mortality rates have been reported with UPE. This 
study’s objective was to evaluate the safety and effectiveness of minimally 
invasive cardiac surgery in a university teaching hospital with respect to 
learning curve, quality of life, and mid-term outcomes. It also describes a 
radiological classification for UPE and evaluates the risk factors for UPE, as 
well as evaluating in detail a minimal volume ventilation method that aims to 
reduce pulmonary dysfunction after minimally invasive cardiac surgery. 
 
A total of 244 patients who underwent minimally invasive cardiac surgery 
between 2009 and 2017 at the Helsinki University Hospital were 
retrospectively reviewed for this study. The short-term outcomes and quality 
of life after robotic myxoma operations compared with myxoma operations 
performed from the median sternotomy were evaluated. Also, the learning 
curve associated with the initiation of the robotic cardiac surgery program was 
assessed, and the short- and mid-term outcomes of robotic mitral valve 



operations were compared with the outcomes of propensity matched 
sternotomy operations. The effect of intra-operative minimal volume 
ventilation on pulmonary function after robotic cardiac surgery was evaluated 
and compared with the outcomes of propensity-matched robotic operations 
without ventilation during cardiopulmonary bypass (CPB). This study also 
described a radiological grading system for UPE and evaluated the clinical 
significance and reproducibility of the classification; the interobserver 
agreement of two independent radiologists was determined and the 
postoperative ventilation parameters were compared between the different 
UPE grades.   
 
The safety and efficacy of the robotic myxoma and mitral valve operations 
were comparable to the outcomes of the sternotomy operations: high repair 
rates and low complication rates were observed with the robotic and 
sternotomy approaches. Although intra-operative times and total ventilation 
times were longer with the robotic approach, intensive care unit stay was 
shorter after robotic mitral valve operations when compared with the 
sternotomy approach. Notably, a significant decrease of intra-operative times 
and ventilation times was observed during the learning curve of the robotic 
mitral valve operations. The 5-year survival and freedom from reoperation 
were similar after robotic and sternotomy mitral valve operations. Minimal 
volume ventilation during CPB was associated with shorter ventilation times 
and lower postoperative arterial lactate levels compared with operations with 
no ventilation during CPB. The grading system for UPE correlated with the 
postoperative ventilation parameters: patients who had grade I UPE had lower 
PaO2/FiO2 values than patients who did not develop UPE, and total ventilation 
times among patients with grade II UPE were longer than with grade I UPE or 
no UPE. Also, substantial radiological interobserver agreement of the UPE 
grading was observed. 
 
This study showed that the robotic approach is a safe and effective method for 
mitral valve and myxoma surgery in a university teaching hospital setting. 
However, a significant early learning curve was observed with the robotic 



approach. Minimal volume ventilation during CPB was beneficial in terms of 
total ventilation times and postoperative arterial lactate levels, but larger 
prospective and randomized studies are needed to verify any possible benefits 
of minimal volume ventilation during minimally invasive cardiac operations. 
The UPE grading associated with total ventilation times and postoperative 
PaO2/FiO2 levels. These findings suggest that the grading system is 
reproducible and associates with clinical outcomes: grade I UPE has a 
measurable effect and grade II UPE a significant impact on postoperative 
pulmonary function. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. INTRODUCTION 
The median sternotomy has been the gold standard approach for cardiac 
surgical procedures since 1957, when the superiority of the median sternotomy 
over different thoracotomy approaches for cardiac surgery was described by 
Julian and colleagues (Julian et al. 1957). Surgical access to the heart is 
achieved after longitudinal division of the sternum with the median 
sternotomy approach. Minimally invasive methods for cardiac operations 
were introduced in the late 1990s to avoid the large incisions and sternal 
trauma caused by the median sternotomy. Initially, the hypothesized benefits 
of the minimally invasive operations were reduced bleeding, less pain, and 
smaller risk for infections compared with the sternotomy approach. The first 
minimally invasive aortic and mitral valve operations were performed using 
the right parasternal or mini-sternotomy approaches. The right 
minithoracotomy approach for mitral valve surgery was soon introduced, first 
performed using cold fibrillatory cardiac arrest and later with antegrade 
cardioplegia delivery and transthoracic clamping. Minimally invasive surgical 
methods and perfusion techniques have constantly evolved reducing the size 
of the skin incisions, and recently totally endoscopic robotically assisted 
cardiac operations have been performed through small ports in the intercostal 
spaces. Currently, minimally invasive methods have been successfully used in 
coronary artery bypass grafting operations, mitral valve and tricuspid valve 
operations, cardiac tumor excisions, septal defect closures, and atrial 
fibrillation ablation procedures. 
 
A minimally invasive cardiac surgery program started at Helsinki University 
Hospital in 2007. The minimally invasive operations were performed initially 
through right intercostal spaces with direct vision to the surgical field. 
Videoscopic assistance was later introduced. The first robotically assisted 
cardiac operations were performed at Helsinki University Hospital in 2011, the 
first in the Nordic countries (Vento, Sahlman, and Werkkala 2012). 
 
 
 



2. REVIEW OF THE LITERATURE 

2.1. Mitral valve and cardiac myxoma surgery 

2.1.1. Mitral valve disease 

The mitral valve lies between the heart’s left atrium and left ventricle and 
consists of anterior and posterior leaflets that are further divided into three 
segments, as Figure 1 depicts.  
 

 
Figure 1. The mitral valve (Carpentier et al. 1976) 
 
The mitral valve’s main function is to prevent blood flowing from the left 
ventricle to the left atrium, which mainly relies on the coaptation of the two 
mitral valve leaflets during ventricular contraction. However, several different 
pathologies affecting the mitral valve or defects in the other surrounding 
cardiac structures, such as chorda tendineae or the left ventricle, can result in 
mitral valve regurgitation, a condition where blood from the left ventricle 
enters the left atrium through the mitral valve. These pathologies can be 
classified by the cause or the mechanism producing the mitral valve 
regurgitation, as Table 1 describes (Enriquez-Sarano et al. 2009). The causes 
of mitral valve regurgitation are generally divided into ischemic and non-
ischemic categories. The mechanisms, on the contrary, can be classified as 



organic (or primary) or functional (or secondary) whether the regurgitation is 
caused by intrinsic valve lesions or by other cardiac diseases that lead to mitral 
valve insufficiency despite structurally normal mitral valve, respectively. The 
mechanisms of mitral valve regurgitation can also be classified by leaflet 
movement, as described by a French cardiac surgeon, Dr. Alain Carpentier, 
who classified mitral valve regurgitation into three types (Carpentier 1983). 
Carpentier’s type I mitral valve regurgitation occurs when the mitral valve 
leaflets move normally, and the mitral valve regurgitation is caused by other 
mechanisms, such as annular dilatation or leaflet perforation. Type II occurs 
when the mitral valve leaflets have excessive movement, and the tip of one or 
both leaflets enter the left atrium above the annular plane. Consequently, in 
type III, a restrictive movement of one or both mitral valve leaflets results in 
mitral valve regurgitation. Type III is further subclassified into IIIa and IIIb 
categories, depending on whether the mitral valve regurgitation is caused by 
diastolic or systolic restriction, respectively. 
 
 
Table 1. Causes and mechanisms of mitral valve regurgitation (adapted 
from Enriquez-Sarano et al. 2009) 

 Organic   Functional  

 
Type I 
(normal 
leaflet 
movement) 

Type II 
(excessive 
leaflet 
movement) 

Type IIIa 
(restricted 
leaflet 
movement) 

Type I (normal 
leaflet movement)  
 
 

Type IIIb 
(restricted leaflet 
movement) 
 

Non-
ischemic 

Leaflet 
perforation 

Degenerative 
(prolapse, flail 
leaflet) 

Chronic 
rheumatic 
fever 

Annular dilatation 
due to 
cardiomyopathy 

LV dilatation due 
to cardiomyopathy 
 

Ischemic  Papillary 
muscle rupture  

Annular dilatation 
due to coronary 
artery disease 

LV dilatation due 
to coronary artery 
disease 

LV = Left Ventricle. 

 
The etiologies of mitral valve regurgitation are classified into degenerative, 
ischemic, and rheumatic mitral valve diseases in addition to other, more 
infrequent causes. The Euro Heart Survey on Valvular Heart Disease in 2003 
prospectively screened 5,001 adult patients who were hospitalized or seen in 
outpatient clinics of 92 centers in 25 European countries (Iung et al. 2003). 



Overall, 24.8% of the study patients had mitral valve regurgitation; 
degenerative, rheumatic and ischemic diseases were the most common causes, 
with 61.3%, 14.2%, and 7.3% of the patients showing mitral valve 
regurgitation, respectively. 
 
Degenerative mitral valve disease comprises several different conditions that 
include degenerative changes of the mitral valve, such as leaflet tissue 
expansion or dilatation of the mitral valve annulus, and lead to type I or II 
mitral valve regurgitation. Myxomatous degeneration and fibroelastic 
deficiency are the most common degenerative diseases of the mitral valve 
(Anyanwu and Adams 2007). Myxomatous degeneration (Barlow’s disease) 
occurs when the mitral valve leaflets are thickened with redundant tissue, the 
chorda tendineae are elongated, thickened or thinned, and calcification of the 
chordae, mitral valve annulus, or mitral valve leaflets may occur, whereas the 
pathologic changes seen in fibroelastic deficiency are usually limited to single 
leaflet segments that leave the other parts of the valve untouched (Anyanwu 
and Adams 2007). The changes in myxomatous degeneration and fibroelastic 
deficiency lead to atrialization of the leaflet edges, which causes mitral valve 
regurgitation due to lack of coaptation between the leaflets. If the tip of the 
mitral valve enters the left atrium, the terms prolapse or flail leaflet are used 
to describe the morphology of the leaflet movement, with the leaflet tip 
pointing towards the left ventricle and left atrium, respectively (Pellerin, 
Brecker, and Veyrat 2002). The term billowing mitral valve is used if excess 
mitral valve tissue leads to bulging of the leaflets towards the left atrium with 
the leaflet tips staying inside the left ventricle. The repair of a mitral valve with 
myxomatous degeneration is usually more complex than the repair of isolated 
diseased segments seen with the fibroelastic deficiency, which emphasizes the 
importance of discriminating between these two degenerative changes of the 
mitral valve. 
 
Ischemic mitral valve disease is caused by changes in the left ventricle or the 
papillary muscles due to coronary artery disease. Left ventricle dilatation and 
remodeling lead to displacement of the papillary muscles, which causes a lack 



of coaptation between the leaflets due to restrictive leaflet movement (type 
IIIb) or annular dilatation (type I) (Yiu et al., 2000). Papillary muscle rupture 
may also occur after ischemic insult of the myocardium, leading to leaflet 
prolapse or flail leaflet of the affected segment of the mitral valve (type II). 
 
Chronic rheumatic fever causes retraction and thickening of the mitral valve 
leaflets, leading to restricted (type IIIa) leaflet movement (Enriquez-Sarano, 
Akins, and Vahanian 2009). 

2.1.2. Indications for mitral valve surgery 

The American College of Cardiology (ACC) and the American Heart 
Association (AHA) give clinical practice guidelines for the management of 
patients with valvular heart disease (Nishimura et al. 2017). The European 
Society of Cardiology (ESC) and the European Association for Cardio-Thoracic 
Surgery (EACTS) in Europe give similar guidelines (Baumgartner et al. 2017). 
Generally, the guidelines recommend mitral valve repair over mitral valve 
replacement when a durable repair is expected. Mitral valve surgery is also 
strongly recommended for patients with symptomatic severe primary mitral 
valve regurgitation with ejection fraction of >30% and for asymptomatic 
patients with severe primary mitral valve regurgitation with left ventricular 
dysfunction (left ventricular ejection fraction <60% or left ventricular end 
systolic diameter >40-45mm). Patients with severe mitral valve regurgitation 
with atrial fibrillation or pulmonary hypertension, or patients with severe 
mitral valve regurgitation who are scheduled for other cardiac surgery, such 
as coronary artery bypass grafting, should also be considered for mitral valve 
surgery. Evidence supporting earlier surgical intervention for severe primary 
mitral valve regurgitation has been published in recent years by high-volume 
centers (Enriquez-Sarano et al. 2015; Yazdchi et al. 2015). Therefore, early 
mitral valve repair in centers that have excellent repair results with low 
mortality has also been considered reasonable for patients who have severe 
mitral valve regurgitation with preserved left ventricular function or who have 
documented increase of left ventricular size or decreasing ejection fraction 
during follow-up (Nishimura et al. 2017).  



2.1.3. Mitral valve repair techniques 

Exposure of the mitral valve is obtained through a paraseptal incision via 
Sondergaard’s groove or through the right atrium using the transseptal 
approach. The mitral valve is assessed and repaired using either leaflet 
resection or artificial chordae implantation, or both, similar to the 
conventional sternotomy approach (Koprivanac et al. 2017; Coutinho and 
Antunes 2017). Ring or band annuloplasty is usually essential to achieve 
durable repair results among patients with degenerative mitral valve disease 
and an undersized rigid annuloplasty ring is used to treat ischemic mitral valve 
regurgitation (Van Praet et al. 2018). 

The leaflet prolapse is usually limited to P2 segment in fibroelastic deficiency 
of the mitral valve, which makes the repair of these valves simpler than the 
repair of valves with myxomatous degeneration or Barlow’s disease (Coutinho 
and Antunes 2017). The decision about which repair methods are used to 
correct the mitral valve regurgitation is surgeon dependent, but several typical 
repair methods exist (Koprivanac et al. 2017). The valve anatomy and 
pathology are assessed preoperatively with transesophageal echocardiography 
and in more detail during surgery. With degenerative mitral valve disease, an 
annuloplasty band or semi-rigid annuloplasty ring are usually placed to 
perform an annuloplasty. In fibroelastic deficiency, 30-32mm rings are 
usually placed, but  larger rings (>34mm) are usually required with 
myxomatous valves (Coutinho and Antunes 2017). With a narrow isolated 
posterior leaflet prolapse of the P2 segment, a triangular resection can be 
performed to resect the prolapsing segment, but quadrangular resection or 
artificial chordae may be required if the P2 prolapse is broader (Koprivanac et 
al. 2017). Isolated commissural prolapse or commissural prolapse with 
concomitant P1, P3, A1, or A3 prolapses can be repaired using artificial 
chordae or with commissuroplasty, and artificial chordae are usually required 
to correct anterior leaflet or bileaflet prolapses (Koprivanac et al. 2017; 
Coutinho and Antunes 2017). However, isolated annuloplasty with an 
annuloplasty ring can be adequate if the bileaflet prolapse is large and 
symmetrical (Koprivanac et al. 2017). The length of the chordae are adjusted 



when artificial chordae are implanted by lowering the prolapsing segment to 
the level of the healthy leaflet segment.  

2.1.4. Cardiac myxomas 

Cardiac myxomas are rare, benign primary tumors of the heart that originate 
from the endocardium (Reynen 1995). The reported incidence of primary 
heart tumors has varied between 0.0017% to 0.19% at autopsy, and benign 
tumors account for three of four primary heart tumors. Of these, nearly half 
are myxomas (Reynen 1995). Systemic embolism is a major risk among 
patients with cardiac myxomas, because 30 to 40 percent of patients with 
myxomas sustain an embolism, and the majority of myxomas reside in the left 
atrium, allowing systemic embolization. General manifestations such as 
fatigue, myalgia, arthralgia, weight loss, or fever, or symptoms due to 
intracardiac obstruction may also arise (Reynen 1995). 
 
Surgical excision of the myxoma using the median sternotomy approach is the 
current gold standard treatment for cardiac myxomas. However, previous 
studies have reported successful robotic atrial myxoma excisions with 
complication rates, intensive care unit stay, and hospitalization lengths similar 
to the conventional sternotomy approach (Gao et al. 2008; Gao et al. 2010; 
Schilling et al. 2012; Murphy, Miller, and Langford 2005). 

2.2. Minimally invasive approach 

2.2.1. Minimally invasive mitral valve surgery 

The term minimally invasive mitral valve surgery refers to mitral valve 
operations performed using a reduced chest wall incision in contrast to the full 
sternotomy approach (Cuartas et al. 2017). The minimally invasive techniques 
can be classified into four levels based on technical complexity and incision 
length, presented in Table 2 (Cuartas et al. 2017). The operations can be 
performed under direct vision of the mitral valve, using video assistance, or 
with robotic assistance. Direct visualization of the mitral valve requires longer 



incisions (4-15cm); a totally endoscopic approach (<1.5cm incision length) can 
be achieved with robotic methods. 
 

Table 2. Levels of minimally invasive surgery. Adapted from (Cuartas et al. 
2017) 

 
Level 1 

 
Direct vision: (10-15 cm incisions) 
 

Level 2 Direct vision/video assisted with mini incisions (4-6 cm) 
 

Level 3 Video directed and robot assisted with micro incisions (1.5-4 cm) 
 

Level 4 Robotic and totally endoscopic port incisions (<1.5 cm) 
 

 
Initially, the hypothesized benefits of the minimally invasive operations were 
reduced bleeding, less pain, and smaller risk for infections compared with the 
sternotomy approach (Loulmet et al. 1998).  
 
Several different minimally invasive approaches for cardiac surgery have been 
introduced, including right lateral minithoracotomy, mini-sternotomy, and 
partial sternotomy approaches. In this thesis, the term minimally invasive 
refers to the right lateral minithoracotomy approach with or without robotic 
instrumentation, because the right minithoracotomy approach is the most 
widely adopted minimally invasive approach for mitral valve surgery and was 
used in the operations in studies I-IV.  
 
Minimally invasive methods have been successfully used in a variety of cardiac 
operations, including coronary artery bypass grafting operations, mitral valve 
and tricuspid valve operations, cardiac tumor excisions, septal defect closures, 
and atrial fibrillation ablation procedures. The technical complexity and 
increased challenges in CPB management and cardioplegia delivery have 
delayed the widespread adoption of minimally invasive cardiac surgery, but 
advancements in surgical instrumentation and cardiopulmonary bypass 
methods, and accumulating evidence of the safety and efficacy of minimally 
invasive mitral valve surgery, have increased the number of cardiac surgical 
centers that have adopted minimally invasive methods into their standard 



practice. In 2010, Gammie et al. reported an analysis of minimally invasive 
mitral valve operations extracted from The Society of Thoracic Surgeons (STS) 
Adult Cardiac Surgical Database (Gammie et al. 2010). They reported that one 
of four cardiac surgical centers that were included in the database had 
performed at least one minimally invasive operation, and the fraction of 
minimally invasive operations of all mitral valve operations had increased 
from 11.9% to 20.1% between years 2004 and 2008, presenting an ascending 
trend of minimally invasive mitral valve operations.  

2.2.2. Development of minimally invasive methods 

Navia and Cosgrove, and Cohn et al. published their series of successful, less 
invasive mitral and aortic valve operations using either right parasternal or 
mini-sternotomy incisions in the mid 1990s (Navia and Cosgrove 1996; Cohn 
et al. 1997). Cohn et al. reported higher patient satisfaction and lower 
operative costs with the less invasive techniques compared with the median 
sternotomy approach, leading to further development of less invasive 
techniques for valvular cardiac surgery (Cohn et al. 1997). The first mitral valve 
operation using the right minithoracotomy approach was performed in 1996 
by Carpentier et al. This operation was performed using cold fibrillatory 
cardiac arrest, but minithoracotomy operations using peripheral perfusion 
with transthoracic aortic clamping and antegrade cardioplegia delivery were 
soon introduced (Carpentier et al. 1996; Chitwood et al. 1997; Mohr et al. 
1998). Two or three-dimensional videoscopic assistance was used in these 
operations to improve visualization of the surgical field. Supporting the 
feasibility of the minithoracotomy approach for mitral valve surgery, the first 
reports of successful minimally invasive mitral valve operations in the late 
1990s showed that mitral valve surgery can be performed safely and effectively 
with the minimally invasive approach (Chitwood, Elbeery, and Moran 1997; 
Mohr et al. 1998; Loulmet et al. 1998). Chitwood et al. also reported in 1997 
shorter hospitalization times and lower operation-related costs after mitral 
valve operations from minithoracotomy compared with the conventional 
sternotomy approach (Chitwood et al. 1997).  
 



Perfusion techniques have developed in parallel with the surgical methods and 
instrumentation, enhancing the execution of minimally invasive operations. 
The introduction of vacuum-assisted venous drainage and transjugular 
coronary sinus catheters for retrograde cardioplegia delivery have improved 
the performance of these operations (Schmitto, Mokashi, and Cohn 2010). 
Delivery of CO2 into the surgical field to reduce the risk of air embolism, and 
the use of transesophageal echocardiography in monitoring of endoaortic 
balloon or cannula placement and during de-airing procedures have also 
improved the safety of minimally invasive operations. 
 
The first robot-assisted cardiac operations were performed with the aid of The 
Automated Endoscopic System for Optimal Positioning (AESOP, Computer 
Motion, Goleta, California, USA) system that was developed to function as a 
remotely controlled camera holder (Falk et al. 1998; Felger et al. 2001). This 
system allowed direct or voice-controlled manipulation of the endoscope, thus 
eliminating the need for a camera assistant. Later, the da Vinci (Intuitive 
Surgical, Inc, Mountain View, CA, USA) and Zeus (Computer Motion, Goleta, 
California, USA) surgical systems were introduced that allow remote 
manipulation of the robotic surgical instrumentation from a separate console 
containing input handles for the robotic instrumentation and a three-
dimensional visualization system (Nifong et al. 2003). Of these robotic 
systems, the da Vinci system has been most widely adopted in cardiac surgical 
centers. The first mitral valve repairs with the da Vinci system were performed 
by Carpentier et al. and Mohr et al. in 1998 (Carpentier et al. 1998; Mohr et al. 
2001). A small right minithoracotomy was required in these operations, but a 
totally endoscopic mitral valve repair was performed in 2000 (Mehmanesh, 
Henze, and Lange 2002). Afterwards, an increasing number of cardiac surgical 
centers have adopted robotic instrumentation into their standard practice. 

2.2.3. Patient selection 

Reduced incision size and more demanding perfusion and ventilation methods 
with minimally invasive mitral valve surgery lead to additional challenges, in 
contrast to the conventional sternotomy operations. Therefore, careful patient 



selection for minimally invasive operations should be implemented. Factors 
that may complicate peripheral perfusion or limit visibility to the surgical field 
should especially be screened preoperatively. Currently, fully agreed patient 
selection criteria or contraindications for minimally invasive mitral valve 
surgery do not exist, and recent reviews and guidelines slightly vary with 
respect to contraindications for robotic and minimally invasive mitral valve 
surgery (Ailawadi et al. 2016; Cuartas et al. 2017). A patient selection 
consensus guidance for minimally invasive mitral valve surgery was published 
in 2016 by 26 experienced minimally invasive cardiac surgeons (Ailawadi et 
al. 2016). The authors suggested that all patients with isolated mitral valve 
disease should be considered for minimally invasive operations when surgery 
for mitral valve disease is required. However, only relative contraindications 
to isolated minimally invasive mitral valve operations are specified: 
Significant aortic, iliac, or femoral arterial disease, left ventricular ejection 
fraction <25%, severe right ventricular dysfunction, pulmonary artery 
pressure >70mmHg, significant mitral annular calcification, more than mild 
aortic regurgitation, kyphoscoliosis or pectus excavatum, and morbid obesity 
or extreme muscularity are considered as relative contraindications to 
minimally invasive mitral valve surgery (Ailawadi et al. 2016). On the contrary, 
a recent review of robotic and minimally invasive mitral valve surgery by 
experienced cardiac surgeons from high-volume centers list contraindications 
for robotic and minimally invasive mitral valve surgery: Prior right chest 
surgery or radiation, severe peripheral atherosclerosis or chronic peripheral 
arterial occlusive disease, descending aorta aneurysm, aortic dissection, aortic 
thrombus, prominent ascending aorta calcifications or ascending aorta 
dilatation >4.5cm, moderate to severe aortic regurgitation, significant chest 
wall deformity, and severe mitral annular calcification are considered 
contraindications for surgery in the review (Cuartas et al. 2017). A 
preoperative computed tomography (CT) scan of the chest to identify patients 
who are not suitable for minimally invasive operations is recommended, with 
an additional CT scan of the aortoiliofemoral vasculature if peripheral 
perfusion is planned. A routine preoperative transthoracic or a 
transesophageal echocardiography is also warranted to identify the anatomy 



of the mitral valve and to assess the other cardiac valves and cardiac function. 
Preoperative cardiac catheterization is also recommended for male patients 
older than 40 years and for postmenopausal women in order to find patients 
with concomitant coronary artery disease (Ailawadi et al. 2016). 

2.2.4. Setup and cardiopulmonary bypass 

For right lateral minithoracotomy and robotic approaches, the patient is 
usually intubated either with a double lumen endotracheal tube or with a 
single lumen endotracheal tube using a bronchial blocker to allow selective 
ventilation of the left lung (Van Praet et al. 2018). However, the selective 
ventilation of the left lung is not essential during minimally invasive surgery, 
and intubation can be performed with a single lumen endotracheal tube 
without a bronchial blocker (Cuartas et al. 2017). In a supine position, the 
patient’s right side is slightly elevated to obtain space for skin incisions and 
surgical instrumentation. Perfusion is achieved using femoral arterial and 
venous cannulation or using direct cannulation of the ascending aorta with 
femoral venous cannulation. When utilized, the endoaortic balloon is 
introduced into the ascending aorta via the femoral artery. Vacuum-assisted 
venous drainage is used, and an additional venous drainage cannula can be 
inserted via the right internal jugular vein when needed (Cuartas et al. 2017). 

Body temperature is usually maintained at 34°C during surgery (Van Praet et 

al. 2018; Cuartas et al. 2017). Transesophageal echocardiography is used to 
confirm correct placement of the venous cannula tip in the right atrium or in 
the superior vena cava when a multiport venous cannula is used (Cuartas et al. 
2017). The correct placement of the endoaortic balloon in the ascending aorta 
is also confirmed with transesophageal echocardiography. With the 
endoaortic balloon occlusion, arterial catheters are placed into both radial 
arteries to monitor safe placement and position of the endoaortic balloon. 
Myocardial protection is achieved with antegrade cardioplegia, which is 
delivered to the aortic root via the endoaortic balloon or with a long needle, in 
both minithoracotomy and robotic operations. A transjugular coronary sinus 
catheter can be used to deliver retrograde cardioplegia during surgery. 



2.2.5. Skin incision and intrathoracic exposure 

With the right lateral minithoracotomy approach, a small 4-8 cm skin incision 
is performed to enter the thorax via the fourth intercostal space (Van Praet et 
al. 2018; Koprivanac et al. 2017). The incision is usually placed in the 
inframammary crease in men and in the submammary crease in women, 
although an alternative periareolar approach has also been described (Van 
Praet et al. 2018). A soft tissue retractor can be used to improve visualization 
of the surgical field to avoid unnecessary rib spreading. The robotic approach 
requires five incisions to the right chest: a working port in the fourth 
intercostal space, incisions for the two robotic arms and the camera, and one 
port for the left atrial retractor (Koprivanac et al. 2017). CO2 is delivered into 
the thorax throughout the procedure to reduce the risk of air embolization in 
both robotic and minithoracotomy approaches. With the video-assisted 
minithoracotomy operations, a high-definition two- or three-dimensional 
endoscope is introduced into the thorax through a 10mm port in the second or 
third intercostal space (Van Praet et al. 2018). The right hemidiaphragm is 
lateralized and retracted caudally with a suture to improve intrathoracic 
exposure, and a pericardiotomy is performed anterior and parallel to the 
phrenic nerve (Van Praet et al. 2018).  

2.2.6. Ventilation 

During minimally invasive mitral valve surgery, the left lung is usually 
ventilated selectively to allow the collapse of the right lung to gain surgical 
access to the heart from a right lateral minithoracotomy approach. However, 
some centers avoid selective ventilation and collapse both lungs after initiation 
of CPB (Cuartas et al. 2017). Different ventilation methods during selective 
one-lung ventilation have been evaluated in thoracic surgery. Application of 
continuous positive airway pressure (CPAP) or high-frequency jet ventilation 
(HFJV) to the collapsed lung have been beneficial in terms of improved 
oxygenation, reduced pulmonary shunting, and lower inflammatory response 
of the collapsed lung (Verhage et al. 2014; Hogue 1994; Dikmen, Aykac, and 
Erolcay 1997; Abe et al. 2006; Godet et al. 1994). Two meta-analyses have also 



evaluated the effect of different lung-protective ventilation strategies during 
cardiac surgery from sternotomy with improved postoperative oxygenation 
associated with CPAP during CPB (Schreiber et al. 2012; Wang, Huang, and 
Tu 2018). 

2.2.7. Aortic occlusion 

Aortic occlusion can be performed in the minithoracotomy and robotic 
approaches by using either an endoaortic balloon or the transthoracic clamp. 
A recent report by experienced robotic cardiac surgeons delineating 
recommendations to perform robotic operations safely considered endoaortic 
balloon occlusion more demanding and complex than transthoracic clamping; 
therefore, endoaortic balloon occlusion was recommended only if advanced 
experience with this method was already gained (Rodriguez et al. 2016). 
Otherwise, transthoracic clamping was recommended as the method of aortic 
occlusion. However, in experienced hands, the endoaortic balloon can be used 
safely with a low (<1%) overall conversion rate, as Murphy and colleagues 
published in 2015 (Murphy et al. 2015). Currently, both methods are in use in 
high volume robotic centers (Murphy et al. 2015; Goodman et al. 2017; 
Gillinov et al. 2018). 

2.3. Outcomes of minimally invasive mitral valve surgery 

2.3.1. Right lateral minithoracotomy approach – procedure related 
outcomes and follow-up 
 
After the first reports of successful minimally invasive mitral valve operations 
in the late 1990s (Carpentier et al. 1996; Falk et al. 1996; Chitwood, Elbeery, 
and Moran 1997; Mohr et al. 1998; Loulmet et al. 1998), Casselman et al. 
reported their experience with 306 minimally invasive mitral valve operations 
from right lateral minithoracotomy with low perioperative complication rates 
and low mortality. Survival and freedom from valve-related reoperation was 
95.4% and 91.0%, respectively, in their 4-year follow-up (Casselman et al. 
2003). The evidence of the safety and effectiveness of the minimally invasive 



operations from right minithoracotomy expanded in the subsequent years, 
with Aybek and colleagues reporting 90.7% survival at 5 years and 96.2% 
freedom from reoperation at 6.3 years (Aybek et al. 2006).  
 
Tables 3 and 4 present the short- and long-term outcomes of several centers’ 
minimally invasive mitral valve operations. The reported survivals at 5 years 
range from 82.6% to 98.3% and freedom from reoperation due to recurrent 
mitral valve regurgitation at 5 years from 94.7% to 96.9%. Ten-year survivals 
of 88.0% and 74.2% after minimally invasive mitral valve repair have also been 
reported (Glauber et al. 2015; Davierwala et al. 2013). The inclusion criteria, 
patient demographics, and complexity of the operations vary between the 
reports; therefore, the outcomes are not fully comparable between the 
different reports. However, in several centers survival and freedom from 
valve-related reoperation at 5 years reach the excellent outcomes of the 840 
sternotomy mitral valve repair operations reported by David et al. in 2013 with 
5-year survival and freedom from reoperation of 94.1% and 97.3%, 
respectively (David et al. 2013). Currently, the longest follow-up results of 
minimally invasive mitral valve operations from right minithoracotomy have 
been published by Davierwala et al. in 2013. In their series, 10-year survival 
and freedom from valve-related reoperation were 74.2% and 92.9%, 
respectively. David et al. reported 12-year survival of 75%, and Johnston et al. 
and Correia et al. reported 15-year survivals of 76% and 65% after sternotomy 
mitral valve operations due to posterior leaflet prolapse with 86%, 97%, and 
97% freedom from reoperation, respectively (David et al. 2005; Johnston et 
al. 2010; Correia et al. 2015). Braunberger et al. additionally reported a 19.3% 
rate of cardiac death and a 26% rate of cardiac death, stroke, or reoperation at 
their 20-year follow-up after mitral valve operations from sternotomy 
(Braunberger et al. 2001). Seeburger et al. analyzed the outcomes of minimally 
invasive posterior leaflet, anterior leaflet, and bileaflet repairs in 2009 
(Seeburger et al. 2009). The repair rates of isolated posterior, isolated 
anterior, and bileaflet repairs were significantly different with repair rates of 
96.9%, 91%, and 90.3%, respectively. However, similar long-term survival and 
valve-related reoperation rates were reported. 



2.3.2. Comparative studies of right lateral minithoracotomy and 
sternotomy mitral valve operations
 
Several studies have been published comparing the outcomes of mitral valve 
operations using the right lateral minithoracotomy approach with mitral valve 
operations from the median sternotomy approach (Grant et al. 2018; Lange et 
al. 2017; Goldstone et al. 2013; Svensson et al. 2010; Iribarne et al. 2010; Suri 
et al. 2009). These studies report that CPB times have been constantly longer 
with the right lateral minithoracotomy approach. However, Iribarne et al. and 
Grant et al. reported shorter hospital length of stay, and Suri et al. found 
shorter duration of ventilatory support among patients who were operated on 
using the right lateral minithoracotomy approach. Similar long-term survival 
and freedom from reoperation between right lateral minithoracotomy and 
sternotomy mitral valve operations have also been reported (Goldstone et al. 
2013; Lange et al. 2017). 
 
Cheng et al. constructed a meta-analysis in 2011 to compare minimally 
invasive surgery with the conventional sternotomy approach. Minimally 
invasive mitral valve surgery was associated with shorter ventilation times and 
shorter intensive care unit and hospital stays. The time to return to normal 
activity was also shorter after minimally invasive operations. A meta-analysis 
by Cao et al. compared the outcomes of minimally invasive and sternotomy 
mitral valve operations for degenerative mitral valve disease (Cao et al. 2013). 
The meta-analysis reported that intensive care unit stay was shorter after 
minimally invasive operations, despite CPB and aortic cross clamp times being 
longer with this approach. 
 

 



Table 3. Survival and freedom from reoperation after minimally invasive mitral valve surgery 
 

Publication Method Operations, 
years 

Patients, 
n 

Survival, 
% 

Freedom from 
reoperation, % 

    5-year 10-year 5-year 10-year 

 
Aybek et al.,  
2005 

 
Right 
minithoracotomy 

 
1997-2004 

 
241 

 
90.7 

 
- 

 
96.2  
(6.2-year) 

 
- 

Casselman et al., 
2003 

Right 
minithoracotomy 1997-2002 306 95.4  

(4 year) - 91.0  
(4-year) - 

Seeburger et al., 
2008 

Right 
minithoracotomy 1999-2007 1339 82.6 - 96.3 - 

Seeburger et al., 
2009 

Right 
minithoracotomy 1999-2007 1230 87.3 - 95.6 - 

Davierwala et al., 
2013 

Right 
minithoracotomy 1999-2010 2,829 87.0 74.2 96.6  92.9 

Glauber et al.,  
2015 

Right 
minithoracotomy 2003-2013 1604 88.9 84.5 94.7  91.1 

Sakaguchi et al., 
2018 

Right 
minithoracotomy 2006-2017 387 96.9 - 94.7* - 

Ito et al.,  
2017 

Right 
minithoracotomy 2010-2016 250 98.3 - 96.9  - 

Chitwood et al., 
2008 Robotic 2000-2006 300 96.6 - 93.8 - 
Murphy et al.,  
2015 Robotic 2006-2013 1257 97.2  

(4.2-year) - - - 
Yoo et al., 
2014 Robotic 2007-2012 200 - - - - 
Suri et al., 
2015 Robotic 2008-2015 487 97.7 - 94.6** - 
Navarra et al.,  
2017 
  

Robotic 
  

2012-2016 
  

134 
  

97.9  
(3-year) 
  

- 
 
 

94.1  
(3-year) 
  

- 
 
 

* = Freedom from reoperation or severe MR; ** = Freedom from moderate to severe MR. 

 
 
 
 
 
 
 
 
 
 



Table 4. Operative outcomes of minimally invasive mitral valve surgery 
 

Publication Method Operations, 
years 

Patients,  
n 

Degenerative MV 
disease, % 

Rheumatic MV 
disease, % 

Functional MV 
disease, % 

 
Previous cardiac 
surgery, % 
 

 
Davierwala et al.,  
2013 

 
Right  
minithoracotomy 

 
1999-2010 

 
3,438 

 
NA 

 
NA 

 
NA 

 
5.4 

Glauber et al.,  
2015 

Right  
minithoracotomy 2003-2013 1,604 70 9.4 12 13.6 

Seeburger et al., 
2008* 

Right 
minithoracotomy 1999-2007 1,339 92.3 NA 7.7 6.1 

Seeburger et al.,  
2009 

Right  
minithoracotomy 1999-2007 1230 NA NA NA 2.9 

Modi et al.,  
2009 

Right  
minithoracotomy 1996-2008 1178 NA 9.9 NA 18.8 

Sakaguchi et al.,  
2018* 

Right  
minithoracotomy 2006-2017 387 89.9 NA 5.7 NA 

Casselman et al.,  
2003 

Right  
minithoracotomy 1997-2002 306 68.6 17 NA 0.7 

Ito et al.,  
2017 

Right  
minithoracotomy 2010-2016 250 70 9 NA NA 

Aybek et al.,  
2005 

Right  
minithoracotomy 1997-2004 241 74.3 17.8 NA 2.5 

 
Murphy et al.,  
2015 

Robotic 2006-2013 1257 87.5 6.5 3.4 8.4 

Gillinov et al.,  
2018 Robotic 2006-2013 1000 96 1 0.3 NA 

Javadikasgari et al.,  
2017 Robotic 2006-2013 623 100 0 0 NA 
Nifong et al.,  
2012 Robotic 2000-2010 540 100 0 0 2.8 
Suri et al.,  
2015 Robotic 2008-2015 487 100 0 0 0 
Kim et al.,  
2017 Robotic 2007-2015 310 84.8 6.8 NA 1 
Ramzy et al.,  
2013 Robotic 2005-2012 300 NA NA NA 0.3 

Chitwood et al.,  
2008 Robotic 2000-2006 300 NA NA NA 0.7 
Yoo et al.,  
2014 
  

Robotic 
  

2007-2012 
  

200 
  

80 
  

9 
  

NA 
  

NA 
  

 
* = Outcomes of successful repair operations; AF = Atrial Fibrillation; CPB = Cardiopulmonary Bypass; ICU = Intensive Care Unit;  
MV = Mitral Valve; TVP = Tricuspid Valve Repair. 

 
 
 
 
 



Table 4. (Continued) Operative outcomes of minimally invasive mitral valve surgery 
 
 
Publication 
 

 
Posterior 
leaflet, % 
 

 
Anterior 
leaflet, % 
 

 
Bileaflet, 
% 
 

 
TVP, 
% 
 

 
AF 
ablation, % 
 

 
MV repair 
rate, % 
 

 
MV replacement, 
% 
 

 
CPB time, 
min 
 

 
Cross-clamp 
time, min 
 

 
ICU 
stay 
 

 
LOS, 
days 
 

 
Davierwala et al.,  
2013 

 
NA 

 
NA 

 
NA 

 
11.3 

 
27.8 

 
98.4 

 
17.7 

 
133.6 

 
76.4 

 
NA 

 
12.2 

Glauber et al.,  
2015 NA NA NA 14.6 9.5 94 29 NA NA 1 d 6 
Seeburger et al.,  
2008* NA NA NA 6 NA NA 0 121 70 NA 12.4 
Seeburger et al.,  
2009 54.6 12.7 32.7 NA NA 94.0 6 127 78 NA 11.6 
Modi et al.,  
2009 NA NA NA 5.4 22.5 NA 20.1 142.1 99.8 NA 6 
Sakaguchi et al.,  
2018* 63.7 21.8 8.6 18.1 20.2 NA 0 174 119 2d 14 

Casselman et al.,  
2003 72.6 10.2 5.3 4.9 4.2 NA 26.1 131.7  91.2  NA NA 
Ito et al.,  
2017 NA NA NA 19.6 18 99.1 10.8 166 119 31 h NA 

Aybek et al.,  
2005 NA NA NA 4.1 22.4 NA 17.4 142 84 18 h 8.1 
             
Murphy et al.,  
2015 65 11 23 11 18 98 7 114 82 NA 4.9 

Gillinov et al.,  
2018 80 2.5 17 0.2 7.2 99.5 0.7 120 80 25 h 5 
Javadikasgari et al., 
2017 100 0 0 0 6.6 99.8 NA 116 80.8 28.8 h 4.9 

Nifong et al.,  
2012 NA NA NA 0 15.9 NA NA NA NA NA 5.6 
Suri et al.,  
2015 57.9 3.9 38.2 NA 5.9 100 NA 76.0 53 8 h 3 

Kim et al.,  
2017 54.2 21.3 24.5 13.9 21 98.4 NA 179 105 1 d 6 
Ramzy et al.,  
2013 NA NA NA NA 22.2 100 NA 136 93 NA NA 
Chitwood et al.,  
2008 NA NA NA 0 17.6 100 0 158.7 122.1 NA 5.2 
Yoo et al.,  
2014 
  

52.5 
  

24 
  

23.5 
  

13 
  

22 
  

NA 
  

NA 
  

182.9 
  

110.9 
  

NA 
  

6 
  

 
* = Outcomes of successful repair operations; AF = Atrial Fibrillation; CPB = Cardiopulmonary Bypass; ICU = Intensive Care Unit; LOS = Length of Stay 
MV = Mitral Valve; TVP = Tricuspid Valve Repair. 

 
 
 
 



Minimally invasive approaches were introduced initially to avoid the marked 
tissue trauma caused by the median sternotomy approach (Loulmet et al. 
1998). Casselman et al. evaluated the cosmetic result, pain, and overall patient 
satisfaction in 2003 after minimally invasive mitral valve operations. In their 
series, cosmetic appearance of the surgical scar was deemed excellent, and 
overall patient satisfaction was high with 93.5% of patients reporting mild or 
less pain after surgery, 98% being pleased with the aesthetic result of the scar, 
and 93% considering the procedure highly satisfying (Casselman et al. 2003). 
One of the initial reports of minimally invasive reoperative surgery by Vleissis 
and Bolling in 1998 also reported that all 22 patients who underwent 
minimally invasive mitral valve surgery after a prior sternotomy operation felt 
that the recovery after the minimally invasive operation was faster and less 
painful than the recovery after the previous sternotomy operation (Vleissis 
and Bolling 1998).  

2.3.3. Robotic mitral valve surgery – procedure related outcomes and  
follow-up 

Excellent outcomes of robotic mitral valve surgery have been reported in 
recent years, as Tables 3 and 4 present. A majority of the patients in these 
reports were operated on due to degenerative mitral valve disease. Despite the 
varying rate of concomitant tricuspid valve operations, atrial fibrillation 
ablations, and the different rate of reoperative cardiac surgery, high repair 
rates from 98.4% to 100%, and low 30-day mortality and complication rates 
have been consistently reported. No mortalities during the first 30 
postoperative days have occurred in many series. In 2008, Chitwood et al. 
reported their initial experience with 300 robotic mitral valve repairs with 
96.6% 5-year survival and 93.8% 5-year freedom from reoperation (Chitwood 
et al. 2008). Murphy et al. reported the excellent results of 1,257 consecutive 
robotic mitral valve operations with 97.2% 4.2-year survival and 85% freedom 
from grade 2+ mitral regurgitation or greater at 6 years (Murphy et al. 2015). 
Consequently, Suri et al. compared the outcomes of simple and complex 
repairs for degenerative mitral valve disease (Suri et al. 2015). In their series, 
overall 5-year survival was 99.5% (99.4% for simple and 99.5% for complex 



repairs), overall 5-year freedom from reoperation was 97.7% (99.1% for simple 
and 95.7% for complex repairs), and freedom from moderate or greater mitral 
regurgitation at 5 years was 94.6% (96.2% for simple and 92.7% for complex 
repairs). 

2.3.4. Comparative studies of robotic and sternotomy mitral valve 
operations 

Currently, only a limited number of studies have compared robotically assisted 
methods with the conventional sternotomy approach. Altogether, three 
studies from high-volume centers exist (Suri et al. 2011; Mihaljevic et al. 2011; 
Stevens et al. 2012). In 2011 Suri et al. compared the outcomes of robotically 
assisted isolated posterior, isolated anterior, and bileaflet repairs to 
propensity score-matched sternotomy operations. They found that 
postoperative ventilation time, intensive care unit stay, and hospitalization 
length were shorter after robotically assisted operations despite longer aortic 
cross clamp and CPB times. The complication rate was also similar in the 
robotic and sternotomy groups. In the study by Mihaljevic and colleagues in 
2011, patients who underwent surgery using robotic assistance for posterior 
leaflet prolapse due to degenerative mitral valve disease were compared with 
propensity score-matched patients who underwent similar surgery using the 
conventional sternotomy approach or the right minithoracotomy approach. 
Despite operation, CPB, and aortic cross clamp times being significantly 
longer with the robotic approach compared with the other approaches, the 
postoperative hospital stay was shorter after the robotically assisted 
operations. The quality of mitral valve repair was similar at the predischarge 
echocardiogram and no significant difference existed in the complication rates 
or pain scores between the groups. Stevens and colleagues evaluated long-
term mortality after minimally invasive and open mitral valve operations in 
2012. Robotic or minithoracotomy approaches were found not to be risk 
factors for long-term mortality (Stevens et al. 2012). 
 
Hawkins et al. (Hawkins et al. 2018) collected multi-institutional data of 
isolated mitral valve operations performed using robotic assistance, minimally 



invasive right lateral minithoracotomy approach, and conventional 
sternotomy approach. Patients who underwent a robotically assisted 
operation were subsequently propensity score-matched to patients 
undergoing surgery from right minithoracotomy and sternotomy approaches. 
Patients with endocarditis in addition to those with degenerative mitral valve 
disease and ischemic and rheumatic mitral valve disease were included in the 
analysis. Similar to the report by Mihaljevic and colleagues in 2011, the length 
of stay was shorter with the robotic approach despite longer procedure times 
with the robotic approach. However, patients who were operated on using the 
right lateral minithoracotomy approach had a shorter length of stay than 
patients operated on using robotic assistance. Cao et al. published a meta-
analysis in 2015 comparing robotic and conventional sternotomy approaches. 
Consistent with the previous results, CPB and aortic cross clamp times were 
found to be longer with the robotic approach, but as opposed to the results of 
the individual studies by Suri et al. and Mihaljevic et al., there was no 
difference in the length of hospitalization between the two surgical methods. 
However, perioperative survival was superior among patients who underwent 
a robotically assisted operation in the meta-analysis (Cao et al. 2015).  

2.4. Complications after minimally invasive mitral valve 
surgery 

2.4.1. Complications after mitral valve surgery from right lateral 
minithoracotomy 

Table 5 presents the complication rates reported by individual studies after 
minimally invasive mitral valve operations. Several propensity score-matched 
studies and two meta-analyses evaluating the safety of right lateral 
minithoracotomy approach have reported similar in-hospital and 30-day 
mortality rates after minithoracotomy and conventional sternotomy 
approaches (Suri et al. 2009; Iribarne et al. 2010; Goldstone et al. 2013; Lange 
et al. 2017; Grant et al. 2018; Cheng et al. 2011; Cao et al. 2013). Less pain, 
smaller amount of 24-hour mediastinal drainage, and lower rate of 



transfusions have additionally been reported after minimally invasive 
operations compared with the median sternotomy approach (Svensson et al. 
2010; Grant et al. 2018; Goldstone et al. 2013).  
 
In Cheng et al.’s meta-analysis comparing minimally invasive approaches with 
the conventional sternotomy approach in 2011, minimally invasive mitral 
valve surgery was associated with reduced chest tube drainage and blood 
transfusion rate, lower rate of sternal wound infections, and lower incidence 
of new-onset atrial fibrillation compared with the conventional sternotomy 
approach (Cheng et al. 2011). The rate of aortic dissection, phrenic nerve palsy, 
groin infection, and 30-day risk of stroke were higher among patients who 
underwent operation from minithoracotomy. The etiology of mitral valve 
disease was not taken into account in this analysis. Cao et al. constructed a 
meta-analysis with comparative studies involving patients who underwent 
mitral valve repair due to degenerative disease with either the 
minithoracotomy or the sternotomy approaches to overcome the possible 
confounding effect of different valve disease etiologies (Cao et al. 2013). 
Similar rates of mortality, reoperation for bleeding, stroke, aortic dissection, 
renal failure, wound infection, myocardial infarction, atrial fibrillation, and 
30-day readmission were found after minithoracotomy and sternotomy 
operations. 

2.4.2. Complications after robotic mitral valve operations 

Low rates of mortality and major complications after robotically assisted 
mitral valve surgery have been reported by many cardiac surgical centers, as 
Table 5 depicts. However, a limited number of studies exist comparing the 
robotic approach to the sternotomy approach (Mihaljevic et al. 2011; Suri et 
al. 2011; Stevens et al. 2012; Hawkins et al. 2018). The rates of composite 
complications have been similar with the robotic and sternotomy approaches 
in these studies. In 2018 Hawkins et al. reported similar rates of mortality, 
major morbidity, pneumonia, and reoperation for any reason between robotic, 
minithoracotomy, and sternotomy operations (Hawkins et al. 2018). 
Compared with the minithoracotomy approach, higher new-onset atrial 



fibrillation and transfusion rates were reported after robotic operations. 
Conversely, Mihaljevic et al. reported a lower rate of new-onset atrial 
fibrillation after robotic operations compared with the sternotomy approach 
(Mihaljevic et al. 2011). 

2.4.3. Stroke 

Arterial perfusion is accomplished via femoral arterial cannulation in 
minimally invasive operations; therefore, blood flow is retrograde to the aorta 
and iliac arteries. It has been hypothesized that stroke risk might be increased 
with femoral arterial perfusion, because retrograde flow might transfer 
atheromatous material to the cerebral vasculature. In 2010 Gammie et al. 
reported an analysis of the Society of Thoracic Surgeons (STS) Adult Cardiac 
Surgery Database that showed an increased stroke rate after minimally 
invasive surgery compared to conventional open heart surgery, despite 
patients who underwent minimally invasive surgery having a lower risk profile 
for major complications (Gammie et al. 2010). A meta-analysis of 35 studies 
comparing right minithoracotomy approach with the conventional 
sternotomy approach reported that 30-day stroke risk was higher after 
minimally invasive surgery (Cheng et al. 2011). However, these results were 
subsequently challenged by Drs. Modi and Chitwood in 2013 (Modi and 
Chitwood 2013). Due to the fact that a long learning curve has been associated 
with the minimally invasive approaches, the authors noted that in  Gammie et 
al.’s  report, the median rate of annual minimally invasive operations per 
center was only three; therefore, the results of these minimally invasive 
operations actually present the results of the very beginning of the learning 
curve. The authors additionally depicted that minimally invasive operations 
were extracted from the STS database based on an assumption that all 
operations in which femoral cannulation was used were minimally invasive 
operations. Therefore, based on the notion that only 95% of operations with 
femoral cannulation were, in fact, minimally invasive operations in the 
previous version of the database, the authors suspected that the reported 
stroke rates were confounded. The authors also raised questions about Cheng 
et al.’s meta-analysis: On a subgroup analysis of the meta-analysis data, the 



higher stroke risk was associated with the use of an endoaortic balloon and not 
with transthoracic clamping, further questioning the impact of femoral 
cannulation on the occurrence of stroke. 
 
Afterwards, two meta-analyses that have evaluated the stroke rates after 
minimally invasive operations have failed to show an increased risk of stroke 
after minimally invasive or robotically assisted operations (Cao et al. 2013; 
Cao et al. 2015). Two propensity score-matched comparisons of robotic and 
sternotomy operations and minithoracotomy and sternotomy operations also 
reported similar stroke rates between robotically assisted and sternotomy 
operations and between operations performed using minithoracotomy and 
sternotomy approaches (Ad et al. 2015; Hawkins et al. 2018). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Table 5. Complications of minimally invasive mitral valve surgery 
 
Publication Method Operations, 

years 
Patients, 
n 

Conversion, 
% 

30-d mortality, 
% 

Myocardial 
infarction, % 

LCOS,  
% 

Permanent 
pacemaker, % 

 
Davierwala et al.,  
2013 

Right 
minithoracotomy 1999-2010 

 
2,829 1.4 0.8  0.6 1.1 NA 

Glauber et al.,  
2015 

Right 
minithoracotomy 2003-2013 1,604 2.1 1.1* 1.4 NA 3.3 

Seeburger et al.,  
2008 

Right 
minithoracotomy 1999-2007 1,339 0.3 2.4  NA NA NA 

Seeburger et al.,  
2009 

Right 
minithoracotomy 1999-2007 1,230 NA 1.8  NA 3.1 NA 

Modi et al.,  
2009 

Right 
minithoracotomy 1996-2008 1,178 1.6 2.6  NA NA NA 

Sakaguchi et al.,  
2018 

Right 
minithoracotomy 2006-2017 387 0.5 0.3* 0.3 0.3 2.1 

Casselman et al.,  
2003 

Right 
minithoracotomy 1997-2002 306 2 1  0.6 NA 2.3 

Ito et al.,  
2017 

Right 
minithoracotomy 2010-2016 250 0.8 0.4  NA 1.2 NA 

Aybek et al.,  
2005 

Right 
minithoracotomy 1997-2004 241 2.9 3.3  NA NA NA 

  
 
Murphy et al.,  
2015 

Robotic 2006-2013 1,257 0.7 0.9  NA NA NA 

Gillinov et al.,  
2018 Robotic 2006-2013 1,000 4.3 0.1* NA NA 0.4 
Javadikasgari et al.,  
2017 Robotic 2006-2013 623 1.3 0* NA NA 0.5 
Nifong et al.,  
2012 Robotic 2000-2010 540 0.2 0.4  0.7 NA 7 
Suri et al.,  
2015 Robotic 2008-2015 487 NA 0.2  NA NA NA 
Kim et al.,  
2017 Robotic 2007-2015 310 0 0  NA 0.3 NA 
Ramzy et al.,  
2013 Robotic 2005-2012 300 0.3 0  0.3 NA NA 
Chitwood et al.,  
2008 Robotic 2000-2006 300 0 0.7  1 NA NA 
Yoo et al.,  
2014 
  

Robotic 2007-2012 200 
  

NA 0  NA 0.5 0 

 
* = In-hospital mortality; LCOS = Low Cardiac Output Syndrome. 
 

 
 
 
 
 
 
 
 



Table 5. (Continued) Complications of minimally invasive mitral valve surgery 

Publication Pneumonia, 
% 

UPE, 
% 

AF, 
% 

RF, 
% 

Transfusions, 
% 

Ventilation 
>24 hours, % 

Wound 
infection, % 

Aortic 
dissection, % 

Stroke, 
% 

Reoperation due to 
bleeding, % 

Davierwala et al.,  
2013 NA 

 
NA 

 
NA 3.1 

 
NA NA NA 

 
NA 1.7 5.8 

Glauber et al.,  
2015 NA NA 15.8 1.3 NA NA NA 0.25 2 NA 
Seeburger et al.,  
2008 NA NA NA NA NA NA NA 0.1 3.1 5.1 
Seeburger et al.,  
2009 NA NA NA NA NA NA NA 0.1 2.4 5.2 
Modi et al.,  
2009 NA NA 26.7 NA 45.5 NA NA 0.8 2 5.4 
Sakaguchi et al.,  
2018 0.5 1.1 8.8 0.3 14.7 3.4 0 0.3 1.3 0.8 
Casselman et al.,  
2003 2.6 NA 17 2.6 NA NA 0 NA 0.3 8.5 
Ito et al.,  
2017 NA NA NA 0.4 33 3.2 0.8 0 0.8 1.2 
Aybek et al.,  
2005 NA NA NA NA NA NA NA NA NA 3.7 

Murphy et al.,  
2015 

NA 1.2 13.2 1 NA 3.9 0.03 0.08 0.7 2.2 

Gillinov et al.,  
2018 NA NA NA 0.1 NA 2.1 0 0.1 1.4 2.5 
Javadikasgari et al.,  
2017 NA NA 19 0 NA 1.4 NA 0.2 1.1 1.8 
Nifong et al.,  
2012 NA NA 26.5 1.1 29 NA NA 0 0.6 2.4 
Suri et al.,  
2015 NA NA NA NA 4.5 NA NA NA NA 0.8 
Kim et al.,  
2017 0.3 NA NA 0.3 NA 4.8 0.3 0.3 1 3.1 
Ramzy et al.,  
2013 NA NA 15.6 3 56.3 NA NA NA 1.7 4.7 
Chitwood et al.,  
2008 NA NA 27.7 2 29 4.7 NA 0 0.7 2.3 
Yoo et al.,  
2014 0 NA 

  
NA 
  

0.5 NA 
  

5 NA 0.5 
  

1 5 

* = In-hospital mortality; AF = Atrial Fibrillation; RF = Renal Failure; UPE = Unilateral Pulmonary Edema. 

 
 
 
 
 
 
 



2.4.4. Unilateral Pulmonary Edema 

Reports of UPE following minimally invasive surgery with one lung ventilation 
have been published in recent years (Tutschka et al. 2015; Renner et al. 2017; 
Keyl et al. 2015; Moss et al. 2017; Irisawa et al. 2016). UPE occurs rarely after 
minimally invasive surgery and presents as a postoperative pulmonary edema 
of the lung that is collapsed during surgery (i.e., the right lung with minimally 
invasive mitral valve surgery). Marked pulmonary dysfunction may occur with 
severe UPE and require extracorporeal membrane oxygenation. The previous 
studies have reported varying rates of UPE after minimally invasive surgery 
ranging from 1.2% to 25%, with mortality rates of 33% and 4%, respectively 
(Tutschka et al. 2015; Moss et al. 2017). However, this difference likely results 
from a lack of agreed criteria for UPE, since Tutschka et al.’s study defined 
UPE as more than 20% opacification of the right hemithorax on a 
postoperative chest radiograph not better explained by atelectasis, therefore 
also including milder cases of UPE in the study. 
 
The clinical presentation of UPE has similar features with re-expansion 
pulmonary edema (REPE) occurring after thoracocentesis or pleural fluid 
drainage (Mahfood et al. 1988; Neustein 2007). Although the pathophysiology 
of REPE has not been elucidated, several studies have reported that factors 
related to ischemia-reperfusion injury of the lungs contribute to the 
development of REPE with increased microvascular permeability of the lungs, 
which leads to pulmonary edema (Nakamura et al. 1994; Sivrikoz et al. 2002; 
Neustein 2007). However, in contrast to REPE, the setting of cardiac surgery 
with mechanical ventilation and CPB may have additional factors contributing 
to the development of UPE after lung collapse. Previous studies that have 
evaluated the risk factors of UPE after minimally invasive cardiac surgery have 
hypothesized that ischemia-reperfusion and generalized inflammatory 
response might contribute to the development of UPE (Keyl et al. 2015; 
Irisawa et al. 2016; Moss et al. 2017). This theory is supported by Moss et al.’s 
findings in 2017, who changed perioperative and surgical management of their 
robotically assisted operations aiming to reduce factors that promote ischemia 



of the right lung during surgery. This included maintaining systemic arterial 

pressure above 65mmHg during CPB, cooling patients to 28-32°C during 

surgery; unheated CO2 insufflation to the right thorax was also delivered. In 
addition, ventilation and pulmonary arterial flow of the right lung were 
restored as soon as possible, and the right lung was also transiently deflated 
for trocar insertion before CPB. This change in the perioperative and surgical 
management lead to a reduction in UPE from a rate of 1.2% to 0% (p = 0.02) 
(Moss et al. 2017). Interestingly, Cuartas et al. reported no cases of UPE among 
6000 patients who underwent minimally invasive mitral valve surgery at the 
Leipzig Heart Center, leading the authors to suspect that UPE is related to 
selective lung ventilation, which is not used in their institution (Cuartas et al. 
2017). 

2.4.5. Conversion to sternotomy 

The conventional sternotomy approach allows excellent visualization of the 
heart and the surrounding structures. However, when operating in a confined 
space through small skin incisions with the minimally invasive or robotic 
approaches, otherwise minor factors that additionally limit the visibility of the 
surgical field, such as bleeding, may complicate the operation more 
extensively than with the sternotomy approach. Therefore, minimally invasive 
operations are converted to the full sternotomy if the operation cannot be 
continued using the initial approach. As Table 5 presents, the reported 
conversion rates of minithoracotomy and robotic operations are generally low, 
ranging from 0.3% to 2.9% and from 0% to 4.3%, respectively. However, as 
described by high volume centers, the initially low conversion rates associated 
with the beginning of a robotic program increased during the first 300 
operations, subsequently decreasing as experience increased (Goodman et al. 
2017; Gillinov et al. 2018). 
 
Vollroth and colleagues evaluated the causes of the 34 sternotomy conversions 
among their experience of 3,125 minimally invasive mitral valve operations 
from right minithoracotomy (Vollroth et al. 2013). In their series, the most 
common causes of conversions were bleeding (52.9%), pulmonary adhesions 



(17.6%), and type A aortic dissection (14.7%). The rates of composite 
complications were high among patients who required a conversion to 
sternotomy, with a high (23.5%) 30-day mortality (Vollroth et al. 2013). 
 
Varying causes of sternotomy conversions have been reported in experienced 
centers performing robotic mitral valve surgery. In a 458-patient series of 
robotic operations, Goodman et al. reported endoaortic balloon occlusion 
problems, inadequate exposure, and small femoral vessels as the most 
common causes of sternotomy conversions (Goodman et al. 2017). In contrast, 
Gillinov and colleagues reported unsatisfactory repair, patient anatomy, 
bleeding, and inadequate exposure as the most common causes of conversions 
in their first 1000 robotic mitral valve operations. Additionally, altogether ten 
patients required a conversion to sternotomy in a series of 1,257 robotic mitral 
valve operations reported by Murphy et al., with seven patients converted due 
to pleural adhesion and the remaining three patients because of perfusion-
related issues (Murphy et al. 2015). 

2.5. Reoperations with minimally invasive techniques 
due to recurrent mitral valve regurgitation 

As described before, a small number of patients who have undergone a 
previous mitral valve repair operation develop recurrent mitral valve 
regurgitation in the future. High-volume centers have reported valve-related 
reoperation rates of 2-3% at 5 years after robotic and sternotomy operations 
and 15-year valve-related reoperation rates of 3-5% after sternotomy mitral 
valve operations due to posterior leaflet prolapse (David et al. 2013; Suri et al. 
2015; Johnston et al. 2010; Braunberger et al. 2001; Correia et al. 2015). 
Distinct indications for valve-related reoperations do not exist, but the same 
echocardiographic factors that support surgery with native mitral valve can be 
adapted to the decision making when considering reoperative mitral valve 
surgery. However, the threshold to perform a reoperation is higher due to 
increased complication risks and lower probability of a successful mitral valve 
repair. 



Minimally invasive methods have been successfully utilized for mitral valve 
surgery after previous cardiac surgery (Bolotin et al. 2004; Arcidi et al. 2012; 
Murzi et al. 2014; Ricci et al. 2010; Murphy et al. 2018). In 2004 Bolotin et al. 
reported their initial experience with 38 minimally invasive mitral valve 
reoperations compared with 33 reoperations from the sternotomy approach 
(Bolotin et al. 2004). Patients who underwent minimally invasive reoperation 
had shorter ventilation times, were discharged from the hospital earlier, and 
received fewer blood transfusions than patients who were operated on using 
the conventional sternotomy approach. Also, 30-day mortality rates from 
3.0% to 4.9% have been reported after reoperative mitral valve surgery using 
minithoracotomy or robotic approaches (Arcidi et al. 2012; Murzi et al. 2014; 
Ricci et al. 2010). There rates are comparable to those reported after 
reoperative mitral valve surgery from sternotomy with in-hospital mortality 
rates ranging from 0% to 4.3% (Anyanwu et al. 2014; Dumont et al. 2007; Suri 
et al. 2006). Arcidi et al. reported an increasing repair rate as experience 
increased among patients with native mitral valves. In their series the repair 
rate increased from 43% to 72% between years 1996-2000 and 2006-2010, 
respectively. Murzi et al. additionally reported high survival after mitral valve 
reoperations performed using the minithoracotomy approach with 1-, 5-, and 
10-year survival of 93.1%, 87.5%, and 79.7%, respectively (Murzi et al. 2014). 
Similar survival rates after reoperative mitral valve surgery after a previous 
repair operation from sternotomy have been reported by Dumont et al., with 
1-, 5-, and 10-year survivals of 88%, 81%, and 62%, respectively (Dumont et 
al. 2007). In addition, the 12-year and 1,178 patient experience reported by 
Modi et al. showed that a previous sternotomy operation was not a predictor 
of mortality after minimally invasive surgery (Modi et al. 2009). 

Notably, excellent outcomes after robotic reoperative mitral valve surgery 
have been reported by high-volume centers (Murphy et al. 2018). Murphy et 
al. presented their experience with robotic mitral valve reoperations after 
previous mitral valve operations performed with robotic assistance. Of the 
1,853 patients who had undergone a previous robotic mitral valve operation, 
54 were reoperated using robotic assistance. Of these operations, 92.6% were 
successfully completed with the robotic approach. Additionally, altogether 33 



of 39 (85%) patients with a previously repaired mitral valve due to 
degenerative disease were re-repaired in their series. The reported re-repair 
rate is similar with the 85% re-repair rate reported by Anyanwu et al. in 2014 
after mitral valve reoperations using the sternotomy approach and was 
superior compared to re-repair rates of 36% and 44% reported by Dumont et 
al. in 2007 and Suri et al. in 2006 after more historical reoperative sternotomy 
operations.  

2.6. Minimally invasive mitral valve surgery for high risk 
patients 

The outcomes of minimally invasive mitral valve surgery for high-risk patients 
have been evaluated in recent years. Compared with the median sternotomy 
approach, older individuals have benefited from minimally invasive mitral 
valve surgery with reduced transfusion and new-onset atrial fibrillation rates, 
shorter intensive care unit and hospitalization lengths, and similar mortality 
rates (Lamelas et al. 2011; Moscarelli et al. 2016; Wang et al. 2018). Higher 
survival and lower rates of stroke, pacemaker implantation, and acute renal 
failure among patients with renal impairment have also been reported after 
mitral valve surgery from minithoracotomy compared with the sternotomy 
approach (Tang et al. 2013). Additionally, lower 30-day mortality and 
composite complication rates have been reported among obese patients, and 
similar mortality and morbidity among patients with severe heart failure have 
been reported after less invasive cardiac surgery compared with the full 
sternotomy approach (Santana et al. 2011; Mihaljevic et al. 2014). 

2.7. The learning curve in robotic surgery 

Reports from high-volume centers have shown that robotically assisted 
methods allow mitral valve repair operations to be performed with the same 
valve repair techniques that are used with the conventional sternotomy 
approach (Suri et al. 2011). Complex repairs can also be operated on 
successfully using the robotic approach (Suri et al. 2015). However, the 



learning curve caused by the technical complexity of the robotically assisted 
operations prevents a straightforward shift from the conventional sternotomy 
approach to the robotic approach. The learning curve associated with the 
beginning of a robotic program has been evaluated recently (Gillinov et al. 
2018; Goodman et al. 2017). Goodman et al. analyzed the learning curves of 
two surgeons performing 458 intention-to-treat mitral valve repairs at their 
institution (Goodman et al. 2017). Operative efficacy was evaluated comparing 
CPB and operation times of the early and later operations. Operation times 
shortened 12% and 22%, and CPB times reduced 31% and 39% during the first 
200 and 400 operations, respectively. Interestingly, despite the fact that CPB 
times decreased and approached a steady state at the end of the 400-operation 
learning curve, the operation times reduced in a nearly linear fashion during 
the whole series. The authors also showed that more complex repair 
operations were performed with increasing experience. Additionally, the 
initially low overall conversion rate increased, reaching the highest rate of 
approximately 15% at about 300 operations, subsequently decreasing towards 
the end of the reported learning curve. Similarly, Gillinov et al. reported an 
increase in the technical complexity of the mitral valve repairs as experience 
increased, with a similar pattern of an initial increase of conversion rate that 
reached the highest rate of approximately 4-6% after 300 operations. This was 
followed by a reduction in the conversion rate during the succeeding 
operations. However, in the series by Goodman and colleagues, conversions 
were most commonly caused by problems with the endoaortic balloon and 
femoral cannulation or were due to inadequate exposure of the surgical field, 
suggesting that the increase in the conversion rate was not caused by more 
complex repair methods. The conversion rate decreased after a more careful 
patient selection process and after exchanging the endoaortic balloon to 
transthoracic clamp as the method of aortic occlusion. Postoperative hospital 
stay, intensive care unit stay, and transfusion rate decreased during the 
learning curve in both studies (Gillinov et al. 2018; Goodman et al. 2017). 
Goodman et al. also found a decreased rate of composite complications, and 
Gillinov et al. found a lower incidence of stroke as experience increased.  
However, return-to-work times or rate of mitral regurgitation of less than 2+ 



at the predischarge echocardiogram were not changed during the learning 
curve (Goodman et al. 2017). The impact of the learning curve on long-term 
outcomes has not yet been evaluated. 

2.8. Health-related quality of life 

2.8.1. Measuring health-related quality of life 

Physiologic measures of a chronic disease (e.g., left ventricular ejection 
fraction or grade of mitral valve regurgitation) and objective short- and long-
term outcomes of interventions (e.g., complication rate, survival, and freedom 
from re-intervention) are important measures of the severity of the chronic 
disease and the safety and efficacy of interventions. However, these measures 
evaluate neither the impact of a chronic disease nor the effect of interventions 
on perceived health status and correlate poorly with overall well-being and 
functional capacity of patients with chronic diseases (Guyatt 1993). Both the 
chronic disease and its care affect a patient’s life in many aspects, including 
physical, social, and psychological functioning that translate into perceived 
health-related quality of life (HRQL); therefore, structured questionnaires and 
instruments have been developed to evaluate HRQL. HRQL can be measured 
cross-sectionally with these instruments to compare the HRQL of different 
patients or patient groups at a specific point in time (e.g., patients with 
different severity of a chronic disease) or longitudinally evaluating the change 
of HRQL during a time interval (e.g., effect of intervention on HRQL) (Guyatt 
1993). 
 
HRQL can be evaluated using disease-specific or generic instruments 
(Swenson and Clinch 2000). The areas of behavior or experience that these 
instruments evaluate are referred to as domains or dimensions; they typically 
assess social, physical, psychological, and occupational functioning in addition 
to evaluating perceived health status. Different HRQL instruments measure 
these domains with varying weight, and selection of the most suitable 
instrument depends on the study’s setting and the type of the intervention that 
is evaluated in terms of HRQL (Kessler and Mroczek 1995). Examples of 



specific HRQL instruments developed for evaluating cardiac diseases include 
the New York Heart Association (NYHA) Functional Classification, the 
Canadian Cardiovascular Society Classification (CCS), and the Duke Activity 
Status Index. NYHA and CCS classifications evaluate the effect of cardiac 
disease on perceived symptoms based on the amount of physical activity 
(Harvey et al. 1974; Campeau 2002). The more detailed Duke Activity Status 
Index evaluates personal care, ambulation, household tasks, sexual function, 
and recreational activities based on a self-administered, 12-item questionnaire 
(Hlatky et al. 1989). The generic instruments measure HRQL with a broader 
scale and are not disease specific, thus allowing comparison of HRQL between 
patients with different chronic diseases. The widely used self-administered 
generic instruments, the Rand SF-36 Health Status Profile, the Nottingham 
Health Profile, and Euro Qol EQ-5D (3L or 5L) measure HRQL with 36, 45, 
and five items, respectively (Hunt et al. 1980; Ware and Sherbourne 1992; 
Janssen et al. 2013). The Rand SF-36 Health Status Profile instrument is a 36-
item questionnaire that evaluates quality of life in eight scales: general health, 
physical functioning, mental health, social functioning, vitality, bodily pain, 
and role limitation as a result of physical or emotional impairment. The 
RAND-36 instrument has been previously validated for the Finnish general 
population, and the reference values for different age groups are available for 
further analysis. 

2.8.2. Minimally invasive cardiac surgery and health-related quality of 
life 

Due to the risk of sternal dehiscence, patients who are operated on using the 
median sternotomy approach are not allowed to perform strenuous physical 
activity during the first months after surgery. The same limitations are not 
required with the minimally invasive approach, because it avoids the division 
of the sternum. Therefore, the robotic approach allows a return to work and 
daily activities sooner than the sternotomy approach and improves 
postoperative HRQL sooner, as reported in recent studies (Bonaros et al. 
2009; Suri et al. 2012; Yang et al. 2015). Bonaros and colleagues evaluated the 
effect of coronary artery bypass grafting on HRQL among patients who were 



operated on using the robotic or sternotomy approaches (Bonaros et al. 2009). 
With both approaches, the HRQL scores of physical functioning dropped one 
month after the operation compared to preoperative scores. However, 
improvement of the physical functioning score was faster with the robotic 
approach than that associated with the sternotomy approach, rising to almost 
100% at three months after the robotic operations. Lower pain scores were 
also reported with the robotic approach at one and three months 
postoperatively, and patients returned to daily activities significantly sooner 
after the robotic operations (Bonaros et al. 2009). Similarly, Suri et al. 
reported better early HRQL scores of physical functioning, pain, and fatigue 
after robotic mitral valve operations compared with the sternotomy approach 
(Suri et al. 2012). However, this difference was indistinguishable at one year 
postoperatively. Yang et al. reported significantly higher HRQL scores after 
robotic myxoma excisions in seven of the eight domains measured at 30 days 
postoperatively compared with the sternotomy approach (Yang et al. 2015). 
Patients in their series who underwent a robotic operation also returned to 
work sooner and reported less pain after the operation.  

 



3. OBJECTIVES OF THE PRESENT STUDY 
This study’s aim was to evaluate the safety and effectiveness of minimally 
invasive cardiac surgery in a university teaching hospital with respect to 
learning curve, quality of life, mid-term outcomes, and unique challenges 
associated with the minimally invasive approach. 
 
I. To evaluate the safety and efficacy of robotic myxoma excision compared 
with the conventional sternotomy approach and to evaluate HRQL after 
robotic myxoma surgery.  
 
II. To report the learning curve, short-term, and mid-term outcomes of the 
early stages of a robotic mitral valve surgery program in a university teaching 
hospital. 
 
III. To analyze the effect of minimal volume ventilation method on 
postoperative pulmonary function and short-term outcomes after robotic 
mitral valve surgery. 
 
IV. To evaluate the risk factors and to create a radiological classification for 
UPE associated with minimally invasive mitral valve surgery. 
 
 
 
 
 
 
 
 
 
 
 
 
 



4. PATIENTS AND METHODS 

4.1. Study setting and data collection 

This study completed four retrospective registry studies to evaluate the safety 
and efficacy of robotic and minimally invasive cardiac surgery. All four studies 
were carried out at the Department of Cardiac Surgery at the Helsinki 
University Hospital. Approvals for this study were received from the local 
ethics committee and local institutional board. 
 
Patients for studies I-IV were collected from Helsinki University Hospital’s 
cardiac surgery registry, which contains all cardiac surgical operations 
performed at the institution. Five hospital areas -- the Helsinki University 
Hospital, Hyvinkää, Lohja, Porvoo, and Länsi-Uusimaa Hospital areas in 
southern Finland -- comprise the Joint Authority of the Helsinki and Uusimaa 
Hospital District. The hospitals in this area use the same hospital information 
system that includes patients’ health history from inpatient and outpatient 
visits, data regarding preoperative and postoperative radiological and 
cardiological studies, and detailed data of the progress of surgery and intensive 
care. The data for studies I-IV were mainly obtained from this system, since 
patients who are referred for cardiac surgery in Helsinki University Hospital 
primarily reside in the Helsinki and Uusimaa Hospital District. If patients 
were referred for cardiac surgery from other areas, data regarding 
preoperative radiological and cardiological evaluations were obtained from 
other hospitals when needed. Mortality data (completeness 100%) for studies 
I and II were retrieved from Statistics Finland, which keeps the official cause 
of death register in Finland. 

4.2. Patients 

Study I. After the initiation of the robotic cardiac surgery program in 2011, 
nine patients underwent robotic myxoma surgery between November 2011 
and November 2013. A control group of patients operated on using the 



sternotomy approach was selected in a 2:1 fashion to evaluate the safety and 
effectiveness of robotic myxoma surgery. All the non-robotic myxoma 
operations that were performed during the same era as the robotic operations 
were reviewed for the study. After excluding three patients operated on using 
the sternotomy approach who underwent a concomitant coronary artery 
bypass grafting operation and one patient who was operated on using the right 
lateral minithoracotomy approach without robotic assistance, the study 
groups included the nine patients who underwent robotic atrial myxoma 
excision and the latest 18 patients who underwent isolated myxoma excision 
using the sternotomy approach. Preoperative patient characteristics were 
similar in both groups, as Table 6 presents. 
 
Study II. A total of 145 patients underwent robotic mitral valve surgery 
between May 2011 and December 2015. To evaluate the outcomes of the 
intention-to-treat robotic mitral valve repair operations due to degenerative 
mitral valve disease, two patients who underwent a planned mitral valve 
replacement and one patient who was operated on due to active endocarditis 
were excluded. Therefore, this study includes 142 consecutive, intention-to-
treat robotic mitral valve repair operations. A control group of patients who 
underwent mitral valve surgery using the sternotomy approach between years 
2006 and 2015 was selected using propensity score matching to compare the 
outcomes of the robotic operations to the current gold standard method for 
mitral valve surgery. Altogether 317 patients who were operated on using the 
sternotomy approach were included in the propensity score matching. The 
propensity score matching was performed in a 1:1 fashion with sex, age, body 
surface area, glomerular filtration rate, logistic EuroSCORE I, atrial 
fibrillation, ejection fraction, and NYHA-class as matching variables, resulting 
in two study groups of 142 well matched patients regarding the variables 
included in the propensity score matching, as Table 6 depicts. 
 
Study III. Patients who were ventilated with a minimal volume ventilation 
method during minimally invasive mitral valve surgery were compared with 
propensity score-matched patients who underwent similar surgery with the 



standard ventilation protocol in study III. Altogether 174 patients who 
underwent robotically assisted mitral valve surgery between May 2011 and 
March 2017 were reviewed for this study. After excluding 28 patients who were 
either reoperated during the first 24 postoperative hours due to any reason or 
who underwent conversion to sternotomy or thoracotomy at the initial 
operation, a total of 33 and 113 patients who were ventilated with the minimal 
volume ventilation method and with the standard protocol were included in 
the propensity score matching, respectively. The propensity score matching 
was employed in a 2:1 fashion using 11 pre-selected variables that were 
considered risk factors for prolonged ventilation including sex, age, body 
surface area, glomerular filtration rate, pulmonary hypertension, atrial 
fibrillation, ejection fraction, NYHA-class, diabetes, smoking, and CPB time. 
This resulted in two well-matched study groups of 31 and 54 patients 
ventilated with the minimal volume ventilation method and using the 
standard protocol, respectively. Table 7 presents the preoperative 
demographic data of patients after propensity score matching. 
 
Study IV. 231 patients who underwent elective minimally invasive mitral valve 
surgery using either the right lateral minithoracotomy approach or robotic 
assistance between January 2009 and March 2017 were reviewed for this 
study, including 58 and 173 patients operated on using the right lateral 
minithoracotomy approach and robotic assistance, respectively. Table 7 
presents the patient demographics. 
 
 
 
 
 
 
 
 
 
 



Table 6. Patient demographics (I-II) 
 

Study I Study II 
Robotic Control p-value Robotic Control p-value SMD 

Patients 9 18  142 142   
Male 4 (44) 4 (22) 0.375 115 (80.9) 113 (79.5) 0.882 0.04 
Age, years 58.8 (12.9) 59.4 (11.3) 0.820 59.0 (10.8) 59.4 (10.3) 0.984 0.04 
BMI, kg/m2 25.8 (4.3) 25.3 (3.4) 0.940 - -   
BSA, m2 - - 1.99 (0.22) 1.99 (0.29) 0.942 0.02 
Preoperative GFR, ml/min 91.3 (20.2) 103.7 (34.0) 0.298 89 (76-110) 88 (72-111) 0.899 0.02 
Ejection fraction   1.000   0.832 0.05 
   > 50 % 9 (100) 17 (94)  129 (90.8) 131 (92.3)   
   50 % or below 0 1 (6)  13 (9.2) 11 (7.7)   
Diabetes 1 (11) 0 0.333 6 (4.2) 5 (3.5) 1.000  
Hypertension 1 (11) 4 (22) 0.636 48 (33.8) 39 (27.5) 0.303 
Chronic lung disease 2 (22) 1 (6) 0.250 7 (4.9) 19 (13.4) 0.022  
NYHA-class 1.44 (0.5) 2.0 (1.0) 0.194   0.741  
   I - -  18 (12.7) 13 (9.2)  0.11 
   II - -  63 (44.4) 61 (43.0)  0.03 
   III - -  56 (39.4) 63 (44.4)  0.10 
   IV - -  5 (3.5) 5 (3.5)  0 
EuroSCORE I - -  2.08 (1.51-3.09) 2.23 (1.51-3.19) 0.378 0.01 
Degenerative MV disease - -  142 (100) 142 (100) 1.000  
MV pathology      0.182  
   Posterior leaflet - -  120 (84.5) 109 (76.8)   
   Anterior leaflet - -  11 (7.7) 16 (11.3)   
   Bileaflet - -  9 (6.3) 16 (11.3)   
MR      0.518  
   Gr 1+ - -  0 0   
   Gr 2+ - -  1 (0.7) 0   
   Gr 3+ - -  87 (61.3) 83 (58.5)   
   Gr 4+ - - 54 (38.0) 59 (41.5) 
LA diameter, mm 42.5 (5.4) 41.9 (5.7) 0.831 49.9 (7.1) 51.7 (7.8) 0.141  
Myxoma location     0.295 
    Left atrium 6 (67) 16 (89) - - 
    Right atrium 3 (33) 2 (11) - - 
Atrial fibrillation 1 (11) 2 (11) 1.000     
Myocardial infarction 0 1 (6) 1.000 1 (0.7) 0 1.000  
Previous cardiac surgery 0 0 1.000 0 0 1.000  
PCI 1 (11) 1 (6) 1.000 0 1 (0.7) 1.000  
TIA 3 (33) 2 (11) 0.295 
Stroke 0 2 (11) 0.538 1 (0.7) 1 (0.7) 1.000 
Active endocarditis  - - 0 0 1.000 
Data shown as number of patients (%), mean (standard deviation), or median and interquartile range. BMI = Body Mass Index; BSA = Body Surface Area; 
EuroSCORE = European System for Cardiac Operative Risk Evaluation; GFR = Glomerular Filtration Rate; LA = Left Atrium; MR = Mitral Valve Regurgitation; 
MV = Mitral Valve; NYHA = New York Heart Association; PCI = Percutaneous Coronary Intervention; SMD = Standardized Mean Difference; TIA = Transient 
Ischemic Attack. 



Table 7. Patient demographics (III-IV) 
 

Study III Study IV 
Minimal ventilation Standard 

treatment 
p-value SMD No UPE Grade I or II UPE p-value 

 
Patients 

 
31 

 
54 

   
188 

 
43 

 

Male 24 (77.4)  43 (79.6)  0.791 0.04 141 (75.0) 37 (86.0) 0.16 
Age, years 57.1 (13.9)  57.6 (10.0) 0.851 0.03 58.1 (51-66) 63.8 (55-71) 0.024 
BMI, kg/m2 - -   25.0 (23.2-27.4) 27.1 (24.0-28.7) 0.014 
BSA, m2 1.98 (0.27) 1.99 (0.21) 0.929 0.02 - - 
Preoperative GFR, ml/min 92 (64-118) 89 (80-116) 0.596 0.02 91 (72-110) 90 (79-115) 0.61 
Pulmonary hypertension   0.998    <0.001 
   No 18 (58.1) 31 (57.4) 0.01 84 (44.7) 10 (23.3) 
   Moderate 9 (29.0) 16 (29.6)  0.01 83 (44.1) 17 (39.5)  
   Severe 4 (12.9) 7 (13.0) 0.00 21 (11.2) 16 (37.2) 
Ejection fraction > 50 % 29 (93.5) 49 (90.7) 1.000 0.10 174 (92.6) 37 (86.0) 0.22 
        
Diabetes 3 (9.7) 3 (5.6)   6 (3.2) 5 (11.6) 0.034 
Hypertension 11 (35.5) 21 (38.9) 0.819 - - 
Asthma 1 (3.2) 0 0.365  12 (6.4) 6 (14.0) 0.11 
NYHA-class   0.944     
   I 6 (19.4) 10 (18.5)  0.02 - -  
   II 16 (51.6) 30 (55.6)  0.08 - -  
   III 7 (22.6) 12 (22.2)  0.01 - -  
   IV 2 (6.5) 2 (3.7)  0.13 - -  
NYHA III or IV - -   71 (37.8) 28 (65.1) 0.001 
EuroSCORE I 2.08 (1.51-3.19) 1.72 (1.51-2.14) 0.255  - -  
Degenerative MV disease 31 (100) 54 (100) 1.000  - -  
MV pathology   0.300     
   Posterior leaflet 22 (71.0) 45 (83.3)   - -  
   Anterior leaflet 4 (12.9) 4 (7.4)   - -  
   Bileaflet 5 (16.1) 4 (7.4)   - -  
Smoking   0.961     
   No smoking 25 (80.6) 44 (79.6) 0.02 - - 
   Ex smoker 4 (12.9) 8 (14.8) 0.06 - - 
   Current smoker 2 (6.5) 3 (5.6)  0.04 12 (6.4) 1 (2.3) 0.47 
   Ex or current          48 (25.5) 9 (20.9) 0.70 
Atrial fibrillation 13 (41.9) 22 (40.7) 1.000 0.02 58 (30.9) 18 (41.9) 0.21 
Myocardial infarction 0 0 1.000  - -  
Previous cardiac surgery 0 0 1.000  - -  
TIA 1 (3.2) 0 0.365 - - 
Stroke 0 1 (1.9) 1.000 - - 
Active endocarditis  3 (9.7) 0 0.046 - - 
Data shown as number of patients (%), mean (standard deviation), or median and interquartile range. BMI = Body Mass Index; BSA = Body Surface Area; 
EuroSCORE = European System for Cardiac Operative Risk Evaluation; GFR = Glomerular Filtration Rate; MV = Mitral Valve; NYHA = New York Heart 
Association; SMD = Standardized Mean Difference; TIA = Transient Ischemic Attack; UPE = Unilateral Pulmonary Edema. 

 
 



4.3. Statistical analysis 

The IBM SPSS (IBM Corp., Armonk, NY) versions 20.0 and 24.0 were used 
for statistical analysis in studies I and II, and III and IV, respectively. The α-
level was set at 0.05 for statistical significance in all studies. Nominal variables 
are reported as counts and percentages, and the differences of nominal 
variables were compared with the chi-squared test or Fischer’s exact test. The 
Kolmogorov-Smirnov test was employed to test the normality of the 
continuous variables. Continuous variables are reported as median and 
interquartile range or mean and standard deviation. Parametric (Independent 
Samples t-test) or non-parametric (Mann-Whitney U) tests were used to 
compare differences between two groups when appropriate. Also, Kruskal-
Wallis test with post-hoc Dunn-Bonferroni test was performed when 
comparing the outcomes of the three study groups in study IV. The time points 
of postoperative PaO2/FiO2 and arterial lactate level measurements were 
unequal among the study patients in study III. Therefore, PaO2/FiO2 curves 
and arterial lactate level curves of the first postoperative five and 15 hours were 
constructed, respectively. The area under the curve standardized to the follow-
up interval was calculated for each study patient, and the values between the 
two study groups were subsequently compared with the Mann-Whitney U test. 
 
A backward stepwise multivariable logistic regression model was constructed 
to analyze risk factors for UPE in study IV. The results are presented as 
adjusted odds ratios with 95% confidence intervals. The goodness of fit of the 
model was tested with Hosmer and Lemeshow test including p-value, degree 
of freedom, and chi-square statistics. Interobserver agreement between two 
independent radiologists was evaluated with Kappa-statistics (Viera et al. 
2005). 

4.3.1. Propensity score matching 

A significant limitation of retrospective, nonrandomized studies is that, 
despite the significant differences that can be observed between the study 
groups, causal inference cannot be confirmed. Propensity score matching can 



be performed to approximate a randomized study setting in a retrospective 
study setting (Rosenbaum and Rubin 1983). The aim of propensity score 
matching is to balance the study groups with respect to the preselected 
variables that are considered to have an effect on the outcome that is of interest 
in the specific study (Blackstone 2002). Several software programs are 
available for propensity score matching, including the integrated propensity 
score matching tool in SPSS (Thoemmes 2012).  
 
Studies II and III used propensity score matching to balance the study groups 
with respect to the preselected preoperative (II and III) and intraoperative 
(III) factors that were considered to have an effect on outcomes of robotic 
mitral valve surgery (II) and postoperative pulmonary function after robotic 
mitral valve surgery (III). The propensity score in studies II and III depicts 
how likely a patient is going to be selected for a certain treatment, i.e., robotic 
surgery in study II and minimal volume ventilation in study III. Several 
different methods can be used to match the study patients in the matching 
process. First, the selection process can be performed in a 1:1 or 1:N ratio with 
estimates that 1:1 or 1:2 matching would result in optimal estimation of 
treatment effect (Austin 2010). Second, different matching algorithms exist 
(Stuart 2010). Studies II and III used the nearest neighbor algorithm with 
caliper matching. With this method, the algorithm seeks a control patient for 
every patient in the treatment group (robotic operation in study II, minimal 
volume ventilation in study III) that has a propensity score within a 
preselected range (caliper). Study II matched each patient who underwent a 
robotic operation with a matched patient operated on using the sternotomy 
approach. On the contrary, in study III with 1:2 matching, all patients who 
were ventilated with the minimal volume ventilation method did not receive 
two matching control patients ventilated with the standard protocol. 
Additionally, two patients who were ventilated with minimal volume 
ventilation were not matched to any patient, resulting in a study group of 31 
patients instead of 33 patients originally ventilated with the minimal volume 
ventilation method. 



After propensity score matching, the resulting treatment and control groups 
were subsequently analyzed with balance statistics to evaluate the goodness of 
the propensity score matching. Studies II and III evaluated the standardized 
differences of the preselected variables between the study groups and also 
compared the differences with the standard parametric or non-parametric 
tests and chi-squared or Fischer’s exact test when appropriate (Austin 2009). 
Standardized differences <0.1 between the study groups were considered a 
good match in studies II and III. 

4.4. Reporting outcomes after cardiac surgery 

A comprehensive analysis of initial (e.g., morbidity, complications, or length 
of stay) and long-term outcomes (e.g., survival, freedom from reoperation, or 
symptom recurrence) is required to assess the safety and efficacy of a certain 
cardiac intervention or operation. The Ad Hoc Liaison Committee for 
Standardizing Definitions of Prosthetic Heart Valve Morbidity of the American 
Association for Thoracic and Cardiovascular Surgery and the Society of 
Thoracic Surgeons initially published guidelines for reporting morbidity and 
mortality after cardiac valvular operations in 1988 (Clark et al. 1988). These 
guidelines were revised and updated in 1996 and 2008 to adapt to the 
developing environment of valve operations and interventions.  

4.4.1. Mortality and morbidity 

The committee recommended that early mortality should be reported as all-
cause mortality at 30, 60, or 90 days after surgery with actuarial estimates or 
simple percentages. (Edmunds et al. 1996; Akins et al. 2008). This includes 
deaths of any cause, regardless of the patient’s location, including also deaths 
that are not directly related to the operation or intervention in question. 
Deaths occurring due to cardiac or valve related factors are of particular 
interest after cardiac valve interventions; therefore, the committee defined 
valve-related mortality, sudden unexplained deaths, and cardiac deaths as 
isolated entities that are recommended to be reported separately. However, 
sudden unexplained deaths, in which the cause of death has not been defined 



by autopsy or clinical investigation, are recommended to be included in valve-
related mortality. Subsequently, the committee defined cardiac death as a 
death resulting from any cardiac cause, including valve-related mortality and 
other deaths from non-valve-related cardiac causes.  
 
Valve intervention-related morbidity, according to the committee, can be 
defined as structural valve deterioration (changes intrinsic to the valve, e.g., 
suture line disruption or chordal rupture), nonstructural dysfunction (e.g., 
paravalvular leak, intravascular hemolytic anemia), valve thrombosis, 
embolism, bleeding event, operated valve endocarditis, and re-intervention. 
Embolism may manifest as complete or partial obstruction of a peripheral 
artery, or as a neurologic event; stroke, transient ischemic attack (TIA), or 
cluster. Stroke is defined as a permanent or prolonged (>72 hours) new-onset 
neurologic deficit following surgery, TIA as a fully reversible short-term 
neurologic deficit, and a cluster as a repeated neurologic event or multiple 
events occurring during a short time period. However, patients who encounter 
transient neurological symptoms with a cerebral infarction demonstrated by 
radiographic imaging are considered to have sustained a stroke. These 
definitions of stroke and TIA were applied in studies I-IV. 

4.4.2. Survival and freedom from valve related reoperation 

The long-term outcomes after valvular cardiac surgery can be objectively 
evaluated with several parameters, including survival, freedom from valve-
related reoperation, or freedom from a given valve regurgitation grade during 
follow-up. Survival is presented as a fraction of living patients after a certain 
time following the initial operation. Similarly, freedom from valve-related 
reoperation is presented as the fraction of patients who have not been 
reoperated due to valve-related factors during follow-up. In medical research, 
survival and other time-related events with known time points, such as date of 
a valve-related reoperation or death, can be evaluated with the Kaplan-Meier 
estimator. With the Kaplan-Meier method, only events in which a patient 
reaches the end-point (i.e., death or valve related reoperation) result in a 
change in the curve. The number of patients at risk to encounter the endpoint 



at specific time points should be depicted, since patients who do not complete 
the follow-up and who do not reach the given endpoint during the follow-up 
period are treated as censored at the last known time point, which leads to a 
reduced number of patients who can potentially reach the endpoint. If the 
exact time points of the survival events or other endpoints of interest are not 
known, other statistical methods, such as actuarial estimators, can be used. 
With these methods, freedom from event or survival is estimated within 
preselected time intervals and not when the event actually occurs. Freedom 
from valve-related reoperation and survival were evaluated in study II with 
the Kaplan-Meier method. 

4.5. Surgical techniques, perfusion, and ventilation  
(I-IV) 

Patients who underwent atrial myxoma excision using either robotic 
assistance or the sternotomy approach were included in study I. Similarly, 
patients who underwent robotic mitral valve surgery or mitral valve surgery 
using the sternotomy approach were included in study II. Patients in study III 
were operated on using the robotic approach, and patients in study IV 
underwent surgery either with the robotic or minithoracotomy approaches. A 
similar heart-lung machine with a membrane oxygenator and a roller pump 
producing a non-pulsatile flow was used in all robotic, minithoracotomy, and 
sternotomy operations.  

4.5.1. Mitral valve repair and replacement techniques (II, III, IV) 

The mitral valve was assessed with a transesophageal echocardiography after 
anesthesia induction to identify the mitral valve anatomy and the cause of 
mitral valve regurgitation in all sternotomy, minithoracotomy, and robotic 
operations. The severity of the mitral valve regurgitation was subsequently 
graded into four grades based on Doppler analysis of the regurgitant flow. At 
the end of the operation, the mitral valve was reassessed with transesophageal 
echocardiography to verify acceptable repair or replacement outcome with 
beating heart. 



Mitral valve repair was preferred over replacement in all robotic, 
minithoracotomy, and sternotomy operations when a durable repair was 
considered feasible. Similar mitral valve repair techniques were used in both 
sternotomy and robotic operations. The most common repair techniques were 
triangular or quadrangular leaflet resection, artificial chordae implantation, 
commissuroplasty, or cleft closure. Annuloplasty with rigid or semirigid ring 
or with an annuloplasty band was routinely performed. Mitral valve 
replacement was performed if a durable repair was not expected based on 
echocardiographic evaluation or intraoperative assessment of the valve. If 
unacceptable residual mitral valve regurgitation was observed at the 
transesophageal echocardiography after the initial repair, the mitral valve was 
replaced with a prosthetic valve if re-repair was not feasible. 

4.5.2. Myxoma excision techniques (I) 

In both sternotomy and robotic operations, a transesophageal 
echocardiography was performed to confirm the exact location of the myxoma 
after anesthesia induction. After cardiac arrest, either left or right atriotomy 
was performed, depending on the tumor location. If the tumor was located in 
the right atrium or in a close proximity to the atrial septum in the left atrium, 
the caval veins were surrounded with tapes. Electrocoagulation was used to 
excise the tumor to the healthy tissue margin. The atriotomy was closed 

eventually with a running Goretex™ suture, and a bipolar atrial pacing wire 

was placed to the right atrial wall. The chest tubes were introduced in the 
anterior and posterior parts of the pleural cavity via the existing skin incisions 
used for robotic arms. 

4.5.3. Robotic approach (I-IV) 

4.5.3.1. Surgical technique 
The da Vinci Si Surgical System (Intuitive Surgical, Inc) is a robotic surgical 
system that is designed to enable surgery via small skin incisions. The system 
is suitable for many different surgical operations, including cardiac surgery. 
The patient-side unit consists of four robotic arms that can be equipped with 
different surgical instruments and a camera. The robotic arms are controlled 



from a console, which includes a three-dimensional vision system and controls 
for the surgeon. The surgeon’s hand movements are translated to the robotic 
arms with tremor reduction, allowing natural, high-precision movements of 
the small surgical instruments inside the patient. 
 
All robotic operations were performed with the da Vinci Si Surgical System in 
studies I-IV. The ports for the camera and the surgical instruments were 
introduced in the right intercostal spaces. The camera port was placed in the 
fourth intercostal space near the mamilla, and the service port for the patient-
side surgeon was placed in the same or adjacent intercostal space, lateral to 
the camera port. The ports for the other robotic arms were placed in the third, 
fifth, and sixth intercostal spaces. Continuous CO2 flow to the pleural cavity 
was subsequently engaged. Patients were intubated with a double-lumen 
endotracheal tube or with a single-lumen endotracheal tube with a bronchial 
blocker to allow right lung deflation during surgery. Patients were placed in a 

supine position with the right side elevated 30° to allow docking of the robotic 

arms into the right intercostal spaces. After inserting the robotic 
instrumentation and the camera in place, a pericardiotomy was performed 
anterior and parallel to the phrenic nerve. Retraction sutures were used to 
suspend the pericardium to gain good exposure of the heart. The mitral valve 
was exposed directly using an incision in the interatrial groove or using the 
transseptal approach through the right atrium and the interatrial septum. A 
right atriotomy was performed for concomitant tricuspid valve surgery. 

4.5.3.2. Cardiopulmonary bypass and myocardial protection 
In the robotic operations, CPB was employed using groin cannulation and an 
endoaortic balloon or a transthoracic clamp was used for aortic occlusion. The 
right femoral and jugular veins were cannulated to allow bicaval venous 
drainage. The right femoral artery was initially cannulated for arterial 
perfusion, but both femoral arteries were cannulated if arterial flow was 
insufficient with the right-sided cannulation. Transesophageal 
echocardiography was used to allow safe positioning of the endoaortic balloon 
into the ascending aorta proximal to the brachiocephalic artery and distal to 
the aortic valve. Either rapid right ventricular pacing or intravenous adenosine 



bolus were used to temporarily cease cardiac output during the endoaortic 
balloon placement. During the initial operations, Bretschneider cold 
cardioplegia was delivered to the aortic root via the endoaortic balloon to 
ensure myocardial protection. However, myocardial protection methods were 
improved during the learning curve with a decrease of perfusion temperature 

to 32°C and exchange of the Bretschneider cardioplegia solution to cold blood 

cardioplegia, which was also delivered in a retrograde manner via a coronary 
sinus catheter. 

4.5.4. Right lateral minithoracotomy approach 

4.5.4.1. Surgical technique 
The right lateral minithoracotomy was performed using an incision of 6 to 8 
cm in the right intercostal space. Similar to the robotic operations, a 
continuous flow of CO2 into the right pleural cavity was engaged, a 
pericardiotomy was performed anterior and parallel to the phrenic nerve, and 
the mitral valve was exposed either through the interatrial groove or via the 
right atrium using the transseptal approach. Patients were intubated with a 
double-lumen endotracheal tube or a single lumen tube with a bronchial 
blocker to allow isolated left lung ventilation during surgery similar to the 
robotic approach.  

4.5.4.2. Cardiopulmonary bypass and myocardial protection 
In the minithoracotomy operations, CPB was achieved using femoral arterial 
and venous cannulations similar to the robotic operations. However, in 
contrast to the robotic operations, aortic occlusion was performed with a 
transthoracic clamp, and cardioplegia solution was introduced using direct 
cannulation of the ascending aorta. Bretschneider cold cardioplegia was solely 
used in the minithoracotomy operations. 

4.5.5. Sternotomy approach (I-II) 

4.5.5.1. Surgical technique 
In the sternotomy operations, endotracheal intubation was performed with a 
single-lumen endotracheal tube after anesthesia induction. A pericardiotomy 
was carried out to allow surgical access to the heart after the median 



sternotomy. The mitral valve was exposed subsequently either through the 
interatrial groove or using the transseptal approach via the right atrium. 

4.5.5.2. Cardiopulmonary bypass and myocardial protection 
Cardiopulmonary bypass was performed with direct cannulation of the 
ascending aorta and the right atrial appendage. Myocardial protection was 
accomplished primarily with cold blood cardioplegia, which was 
intermittently introduced to the aortic root. Also, retrograde cardioplegia was 
delivered via a coronary sinus catheter when needed. 

4.5.6. Concomitant surgery 

Studies I-IV included operations with concomitant tricuspid valve 
annuloplasty, atrial fibrillation ablation, atrial septal defect closure, and 
myxoma excision, but they excluded patients who required concomitant 
coronary artery bypass grafting, aortic valve operation, or operation of the 
thoracic aorta. In the early sternotomy operations, atrial fibrillation ablation 
was performed by isolating the pulmonary veins with radiofrequency lesions. 
However, the Cox maze atrial fibrillation ablation was carried out either using 
radiofrequency or cryoablation in the later sternotomy operations and in the 
minimally invasive robotic and minithoracotomy operations. 

4.5.7. Perioperative care 

Anesthesia induction was carried out with propofol or etomidate, fentanyl, and 
rocurone. Inhaled sevoflurane and intravenous opioid (fentanyl, alfentanil, or 
sufentanil) were used to maintain anesthesia. Intravenous cefuroxime and 
vancomycin were routinely administered at induction, and inotropic or 
vasoconstrictive medications were administered when needed. Patients were 
first transferred to the intensive care unit for further evaluation and 
monitoring after surgery. The patients were extubated according to the same 
extubation criteria that were used for robotic, minithoracotomy, and 
sternotomy operations. Table 8 presents the extubation criteria. Patients were 
transferred to the ward for further recovery when stable hemodynamics and 
spontaneous ventilation with adequate neurologic status were reached. 



Table 8. Extubation criteria for robotic and sternotomy operations 

 
Patient responds adequately to verbal stimuli  
Stable hemodynamics 
Normothermia 
No active bleeding  
FiO2 < 40 % 
EtCO2 between 4.5 kPa and 5.5 kPa 
PaO2 > 10 kPa 
PaCO2 between 4.5 kPa and 5.5 kPa or at the preoperative level  
pH between 7.35 and 7.42 
Respiratory rate of mechanical ventilation < 2/min 
Patient’s own respiratory rate < 20/min 
PEEP < 6 cmH2O  
 
EtCO2 = End-Tidal Carbon Dioxide; FiO2 = Fraction of Inspired Oxygen; PaCO2 = Arterial Partial Pressure of 
Carbon Dioxide; PaO2 = Arterial Partial Pressure of Oxygen; PEEP = Positive End-Expiratory Pressure. 

4.5.7.1. Minimal volume ventilation (III) 
Study III evaluated the effect of minimal volume ventilation during CPB on 
postoperative pulmonary function. After the initial thoracic incisions of 
minithoracotomy or robotic operations, the right lung was allowed to collapse 
while the left lung was selectively ventilated. In the standard ventilation 
protocol, both lungs were disconnected from the ventilator during CPB; 
however, in an attempt to reduce postoperative pulmonary dysfunction, 
minimal volume ventilation of both lungs during CPB (tidal volume 50-80ml, 
respiratory rate 6-8/min, FiO2 25-35%, positive end-expiratory pressure) was 
delivered in 40 operations between years 2014 and 2016.  

4.5.8. Follow-up 

A cardiologist evaluated patients’ current clinical status and performed a 
transthoracic echocardiography to assess cardiac function and the outcomes 
of surgery before their discharge from the hospital. The patients were routinely 
re-evaluated by a cardiologist three months and one year after surgery. 
Further evaluations were scheduled based on the cardiologist’s consideration 
or if symptoms recurred. 



4.6. Health-related quality of life 

Study I collected the postoperative Quality of Life data after robotic and 
sternotomy myxoma excisions, using the Rand SF-36 Item Health Survey 
instrument (Ware and Sherbourne 1992; McHorney, Ware, and Raczek 1993; 
McHorney et al. 1994). The questionnaires were mailed to all living patients 
postoperatively, and if needed, patients were contacted later by telephone to 
complete the questionnaires.  

4.7. Radiological grading of UPE (IV) 

In study IV, two independent radiologists evaluated the postoperative chest 
radiographs of patients who underwent minimally invasive mitral valve 
surgery to identify patients with signs of UPE. As described earlier, varying 
criteria for UPE have been used in the previous studies that reported risk 
factors and features of UPE translating into differing UPE and mortality rates 
in these studied (Tutschka et al. 2015; Renner et al. 2017; Keyl et al. 2015; 

Moss et al. 2017; Renner et al. 2017). Study IV defined UPE as ≥25% unilateral 

opacification of the right hemithorax with either interstitial thickening or air-
bronchograms with consolidates indicating interstitial and alveolar 
pulmonary edema, respectively. UPE was further classified into two grades: 
grade I with interstitial edema and grade II with alveolar edema. Figure 2 
describes grading process in detail.  
 
Two independent radiologists evaluated the postoperative chest radiographs 
and classified them into the three UPE grades: no UPE, grade I UPE, and grade 
II UPE. The AGFA Impax viewer (Agfa-Gevaert N.V., Mortsel, Belgium) area 
measurement tool was used to compare the area of the opacification with the 

area of the right hemithorax to find the chest radiographs with objective ≥25% 

unilateral opacification. Interobserver agreement was evaluated after the two 
independent radiologists analyzed the chest radiographs. The final grading for 
the radiographs with disagreement was achieved in a consensus meeting, 
which included both radiologists. 



Figure 2. Grading process of UPE 

 

UPE = Unilateral Pulmonary Edema 
 
 
 
 
 
 
 
 
 
 
 
 
 



5. RESULTS 

5.1. Health related quality of life after robotic atrial 
myxoma excision (I) 

Cardiopulmonary bypass time, aortic cross clamp time, and operation length 
were all significantly longer with the robotic approach for atrial myxoma 
excision than with the sternotomy approach, as Table 9 depicts. Despite longer 
total ventilation times among patients in the robotic group, the length of stay 
was shorter after the robotic operations; however, return to work occurred 
after similar durations. Transfusion and complication rates were also similar 
between the study groups. The quality of life questionnaires were successfully 
retrieved from all patients who underwent a robotic atrial myxoma operation 
and from 14 of the 18 patients (77.8%) operated on using the sternotomy 
approach. The time after the operation to the retrieval of the questionnaires 

was significantly longer after sternotomy operations (54.7 ± 27.3 months vs. 

16.3 ± 7.5 months, p < 0.001). Figure 3 presents the HRQL results. Compared 

with the general Finnish population, the HRQL scores of Rand SF-36 scales of 
vitality, social functioning, role-emotional, and mental health were 
significantly higher among patients who underwent a robotic operation, but 
the sternotomy group’s patients had similar scores in all Rand SF-36 scales 
compared with the general Finnish population. However, no significant 
differences existed between the two study groups with respect to the 
postoperative HRQL scores. 
 
 
 
 
 
 
 
 
 

 



Table 9. Operative data of studies I-III  
 Study I   Study II   Study III   

Robotic Control p-value Robotic Control p-value Minimal 
ventilation 

Standard 
treatment 

p-value 

 
Patients, n 

 
9 

 
18 

  
142 

 
142 

  
31 

 
54 

 

Operation length, min 226 (39)  139 (33)  <0.001 254 (227-290) 217 (173-251) <0.001 251 (40) 245 (41) 0.588 
Console time, min 100 (29)  - 129 (112-154) – 131 (33) 132 (33) 0.942 
CPB time, min 124 (30)  54 (21)  <0.001 157 (135-181) 112 (93-154) <0.001 152 (33) 152 (34) 0.997 
Crossclamp time, min 67 (21)  34 (15)  <0.001 104 (87-120) 86 (67-109) <0.001 104 (28) 105 (26) 0.860 
Mitral procedure - -    0.605   1.000 
    Repair - -  140 (98.6) 139 (97.9)  31 (100) 54 (100)  
    Bioprosthesis - - 2 (1.4) 2 (1.4) 0 0 
    Mechanical prosthesis - -  0 1 (0.7)  0 0  
Concomitant surgery - - 
     AF ablation 0 0  35 (24.6) 30 (21.1) 0.480 9 (29.0) 12 (22.2) 0.602 
     PVI 0 0  0 5 (3.5) 0.060 - -  
     Left atrial maze 0 0  35 (24.6) 23 (16.2) 0.105 - -  
     Biatrial maze 0 0  0 4 (2.8) 0.123 - -  
     Tricuspid repair 0 0 6 (4.2) 17 (12.0) 0.028 1 (3.2) 3 (5.6) 1.000 
     PFO closure 0 0  14 (9.9) 7 (4.9) 0.172 - -  
     LAA ligation 0 0  32 (22.5) 26 (18.3) 0.392 - -  
     Myxoma excision 9 (100) 18 (100) 1.000 1 (0.7) 0 1.000 0 0 1.000 
     Thymoma excision 0 0 0 1 (0.7) 1.000 0 0 1.000 
     Pericardial cyst excision 0 0 1 (0.7) 0 1.000 0 0 1.000 
MV repair technique    (n = 140) (n = 139)     
    Neochord implantation - -  78 (55.7) 54 (38.8) 0.004 22 (71.0) 26 (83.9) 0.045 
    Anterior leaflet - -  16 (11.4) 29 (20.9) 0.032 - -  
    Posterior leaflet    65 (46.4) 30 (21.6) <0.001 - -  
    Annuloplasty - -  139 (99.3) 139 (100) 1.000 31 (100) 54 (100)  
    Leaflet resection - -  52 (37.1) 86 (61.9) <0.001 12 (38.7) 23 (42.6) 0.820 
Commissuroplasty - -  18 (12.9) 19 (13.7) 0.860 - -  
    Cleft closure    42 (30.0) 37 (26.7) 0.530 - -  
    Leaflet plication - -  5 (3.6) 5 (3.6) 1.000 - -  
    Edge to edge 
 

- -  0 1 (0.7) 1.000 - -  

Data shown as number of patients (%), mean (standard deviation), or median and interquartile range. 
AF = Atrial Fibrillation; CPB = Cardiopulmonary Bypass; LAA = Left Atrial Appendage; MV = Mitral Valve; PFO = Patent Foramen Ovale; PVI = 
Pulmonary Vein Isolation. 



Figure 3. HRQL after myxoma excision 

5.2. Robotic mitral valve repair: Early experience, 
learning curve, and survival (II) 

Tables 8 and 9 present the operative data and outcomes of the 142 robotic 
mitral valve repair operations with the outcomes of the 142 propensity score-
matched mitral valve operations performed using the sternotomy approach. 
Although operation length, CPB time, aortic cross clamp time, and total 
ventilation time were all longer with the robotic approach, intensive care unit 
stay was shorter after the robotic operations; however, this did not translate 
to shorter hospitalization times. The repair rate was high with both methods, 
and similar repair rates of 98.6% and 97.9% occurred with both robotic and 
sternotomy operations, respectively. No difference exists in complication or 
reoperation rates between the study groups, as Table 10 depicts. A similar 
fraction of patients required reoperations for any reason in both groups, with 
13 and 10 patients in the robotic and sternotomy groups, respectively (p = 
0.664). Additionally, no difference exists in the number of patients 
encountering any complication in the study groups, with 11 and 7 patients in 
robotic and sternotomy groups, respectively (p = 0.466). Fourteen patients 
(9.9%) who underwent a robotically assisted operation were converted to 
sternotomy or thoracotomy. 



Table 10. Outcomes of studies I-III  
 Study I   Study II   Study III   

 Robotic Control p-value Robotic Control p-value Minimal 
ventilation 

Standard 
treatment 

p-value 

 
Patients, n 

 
9 

 
18 

  
142 

 
142 

  
31 

 
54 

 

ICU stay, d 1.0 (1-1) 1.0 (1-1) 0.495 1 (1-1) 1 (1-2) 0.011 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.460 
Total ventilation time, h 14.6 (5.0) 9.0 (3.0) 0.001 15 (12-20) 13 (10-17) 0.001 12.0 (9.9-15.0) 14.0 (12.0-16.3) 0.036 
Hospitalization time, d 5.8 (1.0) 7.0 (1.6) 0.023 7 (6-8) 7 (6-9) 0.190 7 (6-8) 7 (6-8) 0.774 
Postoperative 
PaO2/FiO2, mmHg 

- -  - -  314 (94) 312 (107) 0.912 

Postoperative arterial 
lactate, mmol/l 

- -  - -  0.99 (0.81-1.39) 1.28 (0.99-1.86) 0.010 

Return to work, days 76.7 (40.5) 94.1 (31.9) 0.534 - -  - -  
Chest tube 16-h 
drainage, mL 

-  -  580 (420-825) 550 (415-800) 0.396 - - 

RBC’s, patients          
   ≥1 units 4 (44) 13 (72) 0.219 - -  - -  
   ≥2 units - -  41 (28.9) 38 (26.8) 0.746 - -  
Second pump run - -  9 (6.3) 8 (5.6) 1.000 1 (3.2) 1 (1.9) 1.000 
Conversions 0 - 14 (9.9) - * * 
    Sternotomy 0 -  13 (9.2) -  0 0  
    Thoracotomy 0 - 1 (0.7) - 0 0 
    Endoclamp-related 0 -  5 (3.5) -  0 0  
    Residual MR 0 -  4 (2.8) -  0 0  
    Bleeding 0 -  2 (1.4) -  0 0  
    Other 0 -  3 (2.1) -  0 0  
Complications 
    30-d mortality 0 0 1.000 1 (0.7) 0 1.000 0 0 1.000 
    Perioperative stroke 0 0 1.000 0 1 (0.7) 1.000 0 0 1.000 
    Perioperative MI 0 1 (6 %) 1.000 1 (0.7) 3 (2.1) 0.622 0 0 1.000 
    LCOS 0 0 1.000 4 (2.8) 1 (0.7) 0.371 0 0 1.000 
    IABP implantation 0 0 1.000 3 (2.1) 1 (0.7) 0.622 0 0 1.000 
    Sepsis 0 0 1.000 2 (1.4) 0 0.498 0 1 (1.9) 1.000 
    Empyema 0 0 1.000 1 (0.7) 0 1.000 1 (3.2) 0 0.365 
    Pneumonia 0 0 1.000 5 (3.5) 0 0.060 1 (3.2) 1 (1.9) 1.000 
    UPE       2 (6.5) 4 (7.4) 1.000 
    Wound infection 0 1 (6 %) 1.000 2 (1.4) 1 (0.7) 1.000 0 0 1.000 
    Dialysis 0 0 1.000 3 (2.1) 3 (2.1) 1.000 0 0 1.000 
    LCx occlusion 0 0 1.000 2 (1.4) 0 0.498 0 0 1.000 
Reoperations       * *  

    Patients 0 0 1.000 13 (9.2) 10 (7.0) 0.664 0 0 1.000 
    Due to bleeding 0 0 1.000 11 (7.7) 8 (5.6) 0.636 0 0 1.000 
    ECMO implantation 0 0 1.000 3 (2.1) 0 0.247 0 0 1.000 
    PM implantation 0 0 1.000 1 (0.7) 2 (1.4) 1.000 1 (3.2) 1 (1.9) 1.000 
    LCx occlusion 0 0 1.000 2 (1.4) 0 0.498 0 0 1.000 
    Cross-over bypass 
 

0 0 1.000 1 (0.7) 0 1.000 0 0 1.000 

Data shown as number of patients (%), mean (standard deviation), or median and interquartile range.  
* = Patients who were reoperated during the first 24 postoperative hours or underwent conversion at the initial operation were excluded from the 
analysis; ECMO = Extracorporeal Membrane Oxygenation; IABP = Intra-aortic Balloon Pump; ICU = Intensive Care Unit; LCOS = Low Cardiac Output 
Syndrome; LCx = Left Circumflex Coronary Artery; MI = Myocardial Infarction; MR = Mitral Valve Regurgitation; PM = Pacemaker; RBC = Red Blood 
Cell; UPE = Unilateral Pulmonary Edema. 

 



Kaplan-Meier estimates were constructed to compare survival and freedom 
from valve-related reoperation after robotic and sternotomy mitral valve 
operations. Figures 4 and 5 present the Kaplan-Meier estimates of survival and 
freedom from reoperation, respectively. The data were updated with respect 
to robotic operations in February 2019. No differences exist in the survival or 
freedom from valve-related reoperation rates between the study groups. 
 
The learning curve related to the initiation of a robotic mitral valve program 
was also assessed. The operation times reduced markedly during the first 30 
operations and later reached a steady state. Table 11 presents the operative 
data and outcomes of the first 30 and the last 112 operations. Operation length, 
console time, perfusion time, and cross clamp time were all reduced during 
the learning curve. Ventilation time was also significantly shorter during the 
later robotic operations. Conversions to sternotomy or thoracotomy, 
composite complications, or reoperations for any reason were not associated 
with the early 30-operation learning curve, as there was a similar fraction of 
patients encountering complications, reoperations, and conversions during 
the first 30 operations and the last 112 operations. 
 

Table 11. Learning curve 
 

Variable Robotic operations between 
5/2011 and 5/2012 

Robotic operations between 
6/2012 and 12/2015  p-value 

Operations, n 30 112 
Operation length, min 277 (247-349) 250 (224-281) 0.002 
Console time, min 150 (124-215) 122 (110-147) <0.001 
CPB time, min 171 (148-199) 151 (133-175) 0.002 
Crossclamp time, min 111 (95-138) 101 (86-116) 0.045 
Total ventilation time, h 20 (14-24) 14 (12-17) 0.001 
ICU time, d 1 (1-2) 1 (1-1) 0.070 
Hospitalization time, d 7 (6-8) 7 (6-8) 0.907 
Chest tube 16-h drainage, mL 620 (475-1035) 573 (413-818) 0.238 
Conversions, n 2 (6.7) 12 (10.7) 0.734 
Composite complications, n 2 (6.7) 9 (8.0) 1.000 
Reoperations, n 4 (13.3) 9 (8.0) 0.474 

Data shown as number of patients (%) or median (interquartile range). CPB = Cardiopulmonary bypass; ICU = Intensive Care Unit. 



Figure 4. Survival after robotic and sternotomy mitral valve repair 

Figure 5. Freedom from valve-related reoperation after robotic and sternotomy 
mitral valve repair 



5.3. Minimal volume ventilation during robotic mitral 
valve surgery (III) 
 
Table 10 presents the postoperative ventilation-related outcomes, and blood 
gas measurements of patients who were ventilated with a small tidal volume 
during CPB or received standard treatment without ventilation during CPB. 
Total ventilation times were shorter, and arterial lactate levels were lower 
among patients who were ventilated during CPB. Median total ventilation time 
was 12.0 (IQR 9.9 - 15.0) hours in the minimal ventilation group and 14.0 (IQR 
12.0 - 16.3) hours in the standard treatment group, (p = 0.036), and mean 
postoperative arterial lactate levels were 0.99 (IQR 0.81 - 1.39) mmol/L and 
1.28 (IQR 0.99 - 1.86) mmol/L in the minimal ventilation and standard 
treatment groups, respectively, (p = 0.01). However, the shorter ventilation 
times did not translate into shorter intensive care unit or hospitalization stays. 
Postoperative PaO2/FiO2 levels and UPE rate were also similar in both groups. 

5.4. UPE after minimally invasive mitral valve surgery 
(IV) 

Study IV introduced a radiological grading for UPE. The rate of UPE was 

18.6% (8.7% grade I and 10.0% grade II) using ≥25% unilateral opacification 

with either signs of interstitial (grade I) or alveolar (grade II) pulmonary 
edema as criteria for UPE in a postoperative chest radiograph. Figure 6 
presents total ventilation times and postoperative PaO2/FiO2 ratios of patients 
with different UPE grades that were compared to evaluate the goodness of the 
grading.  Interobserver agreement was substantial (Kappa = 0.780). The total 
ventilation times increased and postoperative PaO2/FiO2 levels decreased (p< 
0.001) with increasing severity of UPE. Pairwise comparisons showed that 
median total ventilation times were significantly longer with increasing 
severity of UPE; 15 (IQR 12 - 18) hours, 18 (IQR 15 - 24) hours, and 25 (IQR 
21 - 31) hours for no UPE, grade I, and grade II UPE, respectively. (Kruskal-
Wallis test p < 0.001, Dunn-Bonferroni test between no UPE vs grade I UPE, 
and grade I vs grade II UPE, p = 0.13, and p = 0.014, respectively). The median 



PaO2/FiO2 values were lower among patients with increasing severity of UPE, 
315 (IQR 233 - 398) mmHg, 251 (IQR 139 - 353) mmHg, and 143 (IQR 94 - 
227) mmHg, for no UPE, grade I, and grade II UPE, respectively, (Kruskal-
Wallis test p < 0.001, Dunn-Bonferroni between no UPE vs grade I UPE, and 
grade I vs grade II UPE, p = 0.046, and p = 0.087, respectively).  

Risk factors for UPE (grade I or II) were also evaluated; pulmonary 
hypertension, moderate or severe heart failure, body mass index (BMI), and 
CPB time were identified as independent risk factors for UPE, and the robotic 
approach as protective against UPE, as Table 12 presents.  

 
Figure 6. Ventilation times and PaO2/FiO2 values 

UPE = Unilateral Pulmonary Edema. 

 
Table 12. Multivariable analysis of risk factors for UPE 

Variable  Adjusted OR CI (95%)  p-value 

BMI 1.14 1.02 – 1.28 0.017 
Moderate or severe heart failure (NYHA III-IV) 2.88 1.27 – 6.53 0.011 
Pulmonary hypertension 2.51 1.43 – 4.40 0.001 
CPB time 1.02 1.01 – 1.03 < 0.001 
Robotic approach 0.27 0.12 – 0.62 0.002 
Hosmer and Lemeshow test p=0.61, df 8, chi-square 6.351. BMI = Body Mass Index; CPB = Cardiopulmonary 
Bypass; CRP = C-reactive Protein; NYHA = New York Heart Association. 
 



6. DISCUSSION 

6.1. Robotic myxoma surgery and quality of life (I) 

Moss et al. previously reported shorter ventilation time, intensive care unit 
stay, and hospitalization length after robotic myxoma excisions compared with 
myxoma excisions from the sternotomy approach (Moss et al. 2016). Although 
ventilation time was longer with the robotic approach in study I, 
hospitalization length was shorter with the robotic approach, similar to Moss 
et al.’s report. Yang et al. recently reported that patients returned to work 
sooner after robotic myxoma excision compared with the sternotomy 
operations (Yang et al. 2015). Similarly, in a study by Suri et al., return to work 
occurred sooner after robotic mitral valve repair compared with the 
sternotomy approach (Suri et al. 2012). Study I did not confirm these findings. 
This may be explained by the generalized practice of postoperative medical 
leaves after robotic operations in study I: Patients who underwent cardiac 
surgery were allowed a three-month medical leave routinely, regardless of the 
surgical approach. 
 
Previous studies have reported better early HRQL scores after robotic cardiac 
operations compared with the sternotomy approach (Bonaros et al. 2009; Suri 
et al. 2012; Yang et al. 2015). Bonaros et al. reported better HRQL scores 
related to physical health and bodily pain at three months postoperatively 
among patients who underwent robotic coronary artery bypass grafting 
compared with patients who underwent similar operation using the 
sternotomy approach (Bonaros et al. 2009). Also, return to daily activities 
occurred sooner after the robotic operations in their series. Similarly, Suri et 
al. reported better physical functioning, and less pain and fatigue after robotic 
mitral valve repair compared with mitral valve repair from the sternotomy 
approach. However, these differences were indistinguishable after one year 
postoperatively (Suri et al. 2012). Additionally, Yang et al. reported less pain 
and limitations due to physical and emotional factors, and higher HRQL 
scores of general health, physical functioning, social functioning, and vitality 



30 days after robotic myxoma excision compared with the sternotomy 
approach (Yang et al. 2015). Although patients who underwent a robotic 
operation in study I had better postoperative HRQL scores postoperatively in 
four of the eight measured HRQL domains compared with the age-matched 
general Finnish population, no difference was observed in HRQL scores 
between patients who underwent either the sternotomy or robotic operation. 

6.2. Robotic mitral valve surgery (II) 

Study II presents the early learning curve of robotic mitral valve repair 
operations. The short-term outcomes and survival after robotic operations 
were compared with the outcomes of propensity-matched mitral valve 
operations performed using the sternotomy approach. Similar to reports from 
high-volume centers, intensive care unit stay was shorter, and the operative 
times were longer with the robotic approach (Suri et al. 2011; Mihaljevic et al. 
2011; Stevens et al. 2012). However, study II failed to show shorter 
hospitalization or ventilation times with the robotic approach reported by the 
high-volume centers (Suri et al. 2011; Mihaljevic et al. 2011; Stevens et al. 
2012). Instead, ventilation time was longer with the robotic approach 
compared with the sternotomy approach in the present study. High repair 
rates occurred with both robotic and sternotomy operations, which 
corresponds to reports from the high-volume centers (Suri et al. 2011; 
Mihaljevic et al. 2011; Stevens et al. 2012). However, the repair techniques 
differed between the groups in the series presented in study II: Artificial 
chordeae were implanted more commonly during robotic surgery, and leaflet 
resection was more common with the sternotomy approach. Additionally, the 
rate of anterior mitral valve leaflet repair was lower, and the rate of posterior 
leaflet repair was higher, with the robotic approach. 
 
The conversion rate of 9.9% reported in study II is high compared with the 
conversion rates reported from the other centers performing robotic mitral 
valve surgery, as Table 5 depicts. The series of 142 consecutive robotic mitral 
valve repairs described in study II represent the early learning curve of all 



intention-to-treat robotic mitral valve repair operations performed at the 
institution. The previous reports of robotic mitral valve surgery series listed in 
Tables 4 and 5 have varying inclusion criteria: All studies do not report 
consecutive intention-to-treat operations, and the tables also include reports 
of eventually successful mitral valve repair operations. Therefore, the 
conversion rates of the studies listed in Table 5 are not fully comparable with 
each other or with the present study. Gillinov et al. and Goodman et al. have 
previously reported the learning curves associated with the initiation of 
robotic mitral valve surgery programs in experienced, high-volume cardiac 
surgical centers. More complex mitral valve repairs were performed as 
experience increased, and the conversion rates increased during the early 
learning curve, ultimately reaching a level of approximately 5-15% after the 
first 300 operations; that equals the conversion rate reported in the present 
study (Gillinov et al. 2018; Goodman et al. 2017). In a recent publication, 
experienced surgeons performing robotic mitral valve operations suggested 
that during the early learning curve, only simple mitral valve repair operations 
should be performed, and aortic occlusion should be accomplished with a 
transthoracic clamp if previous experience with an endoaortic balloon does 
not exist (Rodriguez et al. 2016). Predominantly simple posterior leaflet 
repairs were performed in the initial operations in the present study in 
accordance with the recommendation. However, the experience with the 
endoaortic balloon was limited before the initiation of the robotic surgical 
program, which may partly explain the high conversion rate due to endoaortic 
balloon-related factors in study II. 
 
Similar to the high-volume centers, study II demonstrated that operative 
times decreased as experience increased. However, these times remained 
longer than those reported by high-volume centers after the early learning 
curve (Gillinov et al. 2018; Goodman et al. 2017). Holzhey et al. have reported 
the learning curve associated with minimally invasive mitral valve surgery 
using the right lateral minithoracotomy approach (Holzhey et al. 2013). 
Interestingly, a clear tendency for a smaller probability for serious 
complications was observed if the surgeon performed more than one 



minimally invasive operation per week, and a higher operation rate did not 
enhance outcomes any further. Study II’s 142 operations were divided over a 
4.5-year interval, and these operations were performed primarily by two 
surgeons. Thus, a weekly operation rate per surgeon equals approximately 0.3, 
which might partly explain the relatively long operative times presented in 
study II. 
 
High-volume centers have reported low complication and reoperation rates 
after robotic mitral valve repair operations, equaling the outcomes of the 
conventional sternotomy operations (Mihaljevic et al. 2011; Suri et al. 2011). 
The present study’s aim was to report the outcomes and complications related 
to the beginning of a robotic mitral valve surgery program. Therefore, all 142 
consecutive patients who underwent robotic mitral valve repair operation 
were included in the present study, which reported all complications in detail. 
Even though the overall complication rate was similar between the robotic and 
control groups, some major complications occurred with the robotic approach. 
The left circumflex coronary artery (LCx) was occluded in two robotic 
operations, and three patients required postoperative extracorporeal 
membrane oxygenation (ECMO) support due to low cardiac output. One of the 
patients who required ECMO died during hospitalization. Myocardial 
protection methods were subsequently improved: The perfusion temperature 
was lowered, and single-dose crystalloid cold cardioplegia was exchanged to 
antegrade and retrograde intermittent cold blood cardioplegia.  
 
The 5-year survival and freedom from valve-related reoperation rates after 
Study II’s robotic operations (Figures 4 and 5) are similar to the outcomes 
reported from the other centers performing minimally invasive or robotic 
mitral valve surgery (Table 3). The survival and freedom from valve-related 
reoperation rates were also equal with the robotic and sternotomy operations 
in the present study. 



6.3. Minimal volume ventilation during robotic mitral 
valve surgery (III) 

Study III evaluated the effect of minimal volume ventilation during CPB on 
postoperative pulmonary function. Postoperative lactate and PaO2/FiO2 levels 
and the total ventilation times of propensity-matched patients who underwent 
robotic mitral valve surgery, either with minimal ventilation or the standard 
ventilation protocol during CPB, were evaluated to assess the effect of minimal 
volume ventilation. In a study by Gasparovic et al. evaluating the effect of CPB 
on pulmonary lactate release, the lungs were found to be a significant source 
of lactate, and the release of lactate from the lungs was further accentuated by 
CPB (Gasparovic et al. 2007). Additionally, pulmonary lactate release 
correlated with systemic lactatemia, and was associated with prolonged 
mechanical ventilation in their series.  Increased CPB duration has been linked 
to elevated lactate levels postoperatively (Naik et al. 2016; Ranucci et al. 
2006). Also, hyperlactatemia during CPB has been associated with prolonged 
ICU stay and increased postoperative morbidity (Ranucci et al. 2006). 
Therefore, the lower lactate levels and shorter total ventilation times among 
patients who received minimal volume ventilation during CPB support the 
hypothesized benefits of the minimal volume ventilation method during 
robotic mitral valve surgery. However, the observed benefits of minimal 
volume ventilation were, in fact, small; further studies are required to confirm 
these findings. 

6.4. UPE after minimally invasive mitral valve surgery 
(IV) 

UPE has been recognized recently to be a significant cause of morbidity and 
mortality after minimally invasive cardiac surgery (Moss et al. 2017; Tutschka 
et al. 2015; Renner et al. 2017; Keyl et al. 2015; Irisawa et al. 2016). However, 
UPE rates and the criteria for UPE have differed markedly between these 
studies. The most sensitive criteria have been used by Tutschka et al. and 
Renner et al., who defined UPE as >20% opacification of the right hemithorax 



compared with the left hemithorax when the opacification was not better 
explained by atelectasis or as a newly developed >20% opacification of the 
right hemithorax with no signs of atelectasis or other infiltrates, respectively 
(Tutschka et al. 2015; Renner et al. 2017). In contrast, Keyl et al. and Irisawa 
et al. included only radiologically evident UPEs in their reports (Keyl et al. 
2015; Irisawa et al. 2016). Moss et al. did not clearly define the criteria for UPE 
in their report, but the rate of UPE was lowest and mortality rate was highest 
among the five studies at issue, which most likely represent strict criteria for 
UPE in their series. The differing criteria for UPE translate into varying UPE 
rates in these reports: Tutschka et al. and Renner et al. with 25% and 20%, 
Irisawa et al. and Keyl et al. with 7.9% and 2.1%, and Moss et al. with 1.2% UPE 
rates, respectively. Additionally, Keyl et al. reported a 1.5% rate of clinically 
symptomatic UPE compared with a 7.9% rate of radiologically evident UPE in 
their series. Consequently, the UPE-related mortality rate was 33% and 3.9% 
in the reports by Moss et al. and Renner et al., respectively, most likely 
representing the varying criteria for UPE. 
 
Due to the lack of agreed criteria for UPE in the literature, study IV’s aim was 
to create a reproducible and specific method to assess UPE based on the 
postoperative chest radiographs taken after minimally invasive mitral valve 
surgery. A classification was based on known radiological manifestations of 
interstitial and alveolar pulmonary edema in order to include only chest 
radiographs with signs of pulmonary edema (Gluecker et al. 1999). Similar to 
studies by Tutschka et al. and Renner et al., chest radiographs with only a 
small area of opacification (<25% in study IV) were considered indistinct and 
not representing UPE. Of the chest radiographs with unilateral opacification 
of 25% or more, the presence of interstitial thickening and air bronchograms 
with consolidates were evaluated to find radiographs with interstitial and 
alveolar pulmonary edema, respectively. This produced a grading system for 
UPE that defined alveolar pulmonary edema as grade II and interstitial edema 
as grade I UPE. The remaining radiographs that presented <25% opacification 
or had no signs of pulmonary edema were categorized as no UPE.  
 



Previous studies have consistently reported that prolonged CPB and cross 
clamp times increase the risk of UPE (Tutschka et al. 2015; Renner et al. 2017; 
Irisawa et al. 2016). COPD, elevated preoperative C-reactive protein level, 
diabetes, transfusion of fresh frozen plasma, and the use of 
immunosuppressant or steroid medications have also been reported to 
increase risk of UPE (Tutschka et al. 2015; Renner et al. 2017; Keyl et al. 2015; 
Irisawa et al. 2016). The data regarding pulmonary hypertension is, however, 
inconsistent with two studies reporting it as a risk factor and one study 
reporting it as a protective factor for UPE (Tutschka et al. 2015; Renner et al. 
2017; Keyl et al. 2015). CPB time, pulmonary hypertension, BMI, and 
moderate to severe heart failure were independent risk factors for UPE in this 
study, and the robotic approach was protective against UPE. Of these, 
moderate to severe heart failure, BMI, or surgical approach have not been 
previously reported to contribute to the development of UPE. Additionally, 
pulmonary hypertension, which was identified both as a risk factor for and a 
protective factor against UPE in previous studies, was identified as a risk factor 
for UPE in this study. C-reactive protein level, transfusion of fresh frozen 
plasma, or diabetes, which have been identified as risk factors for UPE in 
previous studies, were not associated with the development of UPE in this 
study. 
 
The increasing severity of UPE correlated with lower postoperative PaO2/FiO2 
levels and increased total ventilation times, which supports the clinical 
usability of the grading system. Patients who had grade I UPE had lower 
PaO2/FiO2 ratios than patients who did not develop UPE. Total ventilation 
times among patients with grade II UPE were also longer than with grade I 
UPE or no UPE. These findings indicate that grade I UPE has a measurable 
effect and grade II UPE a significant impact on postoperative pulmonary 
function. Additionally, the high interobserver agreement between the two 
independent radiologists supports the clinical usability and reproducibility of 
the UPE classification this study presents.  
 



6.5. Study limitations 

The most important limitation of the present study (I-IV) is its retrospective 
design. Although propensity score matching was employed to reduce selection 
bias and to balance the study groups with respect to pre- and intraoperative 
factors (II & III), any causal inference cannot be made due to the retrospective 
study setting. There might also be factors that have an effect on the outcomes 
of studies II & III that remained unnoticed and were not included in the 
propensity score matching. Cardiac myxomas are rare, and the annual rate of 
myxoma operations is low; that led to a small number of study patients in the 
present study (I). HRQL scores prior to myxoma surgery were not available; 
therefore, the effect of myxoma surgery on HRQL could not be evaluated. 
Study I may have failed to notice possible early differences in HRQL after 
surgery due to the relatively long time from the operation to the retrieval of 
HRQL questionnaires. Patients undergoing mitral valve surgery from 
sternotomy were more historical than patients in the robotic group (II), 
because the number of mitral valve operations from sternotomy decreased 
markedly after the initiation of the robotic program. The mitral valve repair 
methods have developed in recent years, which has resulted in a difference of 
repair techniques used between the two study groups; non-resectional 
techniques were used more commonly in the robotic operations (II). The 
criteria for interstitial or alveolar pulmonary edema in the chest radiographs 
are not distinct in study IV, making the grading process susceptible to 
variability. Additional risk factors for UPE may remain unnoticed (IV) despite 
including the previously identified risk factors for UPE in the logistic 
regression analysis with the factors derived from the retrospective data. 
 
 
 
 
 
 



7. CONCLUSIONS 
I. The robotic approach is a safe and effective method for atrial myxoma 
excisions with shorter hospitalization length, similar complication rate, and 
equal HRQL scores when compared with the golden standard median 
sternotomy approach. Further prospective studies are required to evaluate the 
effect of robotic myxoma surgery on HRQL with serial, early postoperative 
HRQL measurements to detect early changes in HRQL after surgery. 
II. The present study represent the entire early learning curve related to the 
beginning of a robotic mitral valve surgery program. The repair rate, early 
repair durability, and survival with the robotic approach were acceptable. A 
greater number of serious complications occurred with the robotic operations 
compared with the sternotomy approach, although this difference was not 
statistically significant. The robotic program was engaged simultaneously with 
the use of intra-aortic occlusion, leading to overlapping learning curves of 
these two methods. A significant fraction of sternotomy conversions was 
related to the use of intra-aortic occlusion in the present study. If intra-aortic 
occlusion is desired for the robotic operations, prior experience with this 
method is recommended. Due to the steep learning curve, a dedicated surgical 
team is required to achieve desirable and constant surgical outcomes. Careful 
patient selection is also warranted. 
III. The lower arterial lactate levels and shorter total ventilation times with 
the minimal volume ventilation method support the initial hypothesis that 
minimal volume ventilation of the lungs during CPB could have beneficial 
effects on postoperative pulmonary function compared with no ventilation 
during CPB. Larger prospective and randomized studies are needed to verify 
any possible benefit of minimal volume ventilation during minimally invasive 
heart operations. 
IV. A grading system for UPE was described that correlated well with the total 
ventilation times and postoperative PaO2/FiO2 levels. Varying criteria for UPE 
have been used previously in the publications evaluating UPE’s incidence and 
risk factors. Therefore, a more specific grading system with the clinical 
correlations presented in the present study could be used to standardize the 
evaluation of UPE in future studies. 
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