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Introduction

The hype cycle is a conceptual framework used to describe 
the adoption of emerging technologies. It can be used to 
illustrate the stages of adoption of off-pump coronary artery 
bypass graft (OPCAB) (Figure 1) (1). An initial introduction 
or Technology Trigger was followed by enthusiasm 

among early adopters and reports of single center 
experiences that compared favorably with on-pump surgical 
revascularization. Then a Peak of Inflated Expectations 
occurred in which OPCAB became widely adopted with 
continued positive results reported in retrospective and 
registry series. Subsequently, a Trough of Disillusionment 
describes the waning of interest as large-scale prospective 
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trials failed to demonstrate mortality benefit and even 
reports of some inferior long term outcomes. Finally, 
there was a Slope of Enlightenment with maturing of this 
technology including the development of adjunctive tools 
to facilitate off-pump coronary anastomoses. Finally, we 
are approaching a Plateau of Productivity where we have a 
more refined understanding of how OPCAB procedures fit 
into our surgical, interventional and hybrid revascularization 
armamentarium.

Overview of the OPCAB randomized controlled 
trial (RCT) literature

In large registry series from the New York State database, 
Society of Thoracic Surgery (STS) Adult Cardiac Surgical 
Database (ACSD) and a California-based database, OPCAB 
has outperformed conventional on-pump CABG (ONCAB) 
for major outcomes including risk-adjusted operative 
mortality (2-4). However, such retrospective studies of 
surgical revascularization are challenged by selection bias, 
even when propensity matched, and as such, we focus 
primarily here on prospective data.

Several large-scale RCTs did not demonstrate differences 
in major adverse cardiovascular and cerebrovascular 
outcomes (5-7). However, they did consistently show 
lower ventilation times, ICU stay and transfusion rates 
with OPCAB and some showed more frequent, incomplete 
revascularization and reduced long term graft patency. 
Importantly, there was significant variability in experience 
with off-pump techniques.

The Randomized On/Off Bypass (ROOBY) trial 
was the first large-scale multicenter RCT comparing 

OPCAB vs.  on-pump CABG (ONCAB) in Veteran 
Affairs centers (5). Here, OPCAB was associated with 
higher composite mortality, myocardial infarction (MI) 
and repeat revascularization. The major criticisms of this 
study were the issues of insufficient surgeon experience 
with OPCAB and the relatively young and healthy male 
patient population, a subset that one may not expect to 
benefit greatly from avoidance of cardiopulmonary bypass 
(CPB). The CABG Off or On Pump Revascularization 
Study (CORONARY) trial included surgeons with greater 
experience in OPCAB technique but similarly, did not find 
differences in primary endpoints of mortality, MI and stroke 
at 1 year. However, there was a trend towards benefit 
with OPCAB for higher EuroSCORE patient cohorts (6).  
Regarding repeat  revascular izat ion,  there  was  a 
trend towards higher incidence with OPCAB in the 
CORONARY trial. Similarly, in the German Off-Pump 
CABG in Elderly (GOPCABE) trial, an RCT of patients 
>75 years (median age 78.5 years) there was no difference 
in early mortality, stroke or MI between OPCAB and 
ONCAB (7). 

The Surgical Management of Arterial Revascularization 
Therapies (SMART) trial randomized 200 patients to 
OPCAB vs. ONCAB by a single, experienced off-pump 
coronary surgeon (JDP). In this trial, there were no 
differences in late survival, 1-year graft patency (93.6% for 
OPCAB vs. 95.8% for ONCAB, P=0.33), recurrent angina 
or repeat revascularization (8).

Thus, the RCTs suggest that for many patients at 
low risk for complications from CPB and aortic cross-
clamping, ONCAB with fastidious cardioplegia, single 
aortic clamping and multiple arterial conduits can provide 
excellent early outcomes and long-term survival. Indeed 
forgoing completeness or precision of revascularization to 
perform OPCAB may lead to compromise of longer-term 
outcomes.

Are there patient subsets that particularly 
benefit from an off-pump approach?

Retrospective data from specific high-risk subpopulations 
suggest significant benefit from an OPCAB approach (9-12).  
These subpopulations may include females (10) and 
patients in the highest two predicted risk quartiles (3,9). In 
such patients, improved end-organ perfusion, myocardial 
protection, limited aortic manipulation and avoidance of 
systemic inflammation may explain the observed difference 
in major morbidity and mortality.

Figure 1 Four stages of the hype cycle—a conceptual framework 
to describe maturation of a technology (1).
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What are the theoretical advantages of OPCAB 
as a state-of-the-art multiple arterial and 
minimal aortic manipulation procedure?

Off-pump revascularization should be performed as a 
state-of-the-art technique incorporating multiple arterial 
grafting and minimal aortic manipulation. Regarding graft 
choice, it is certainly true that saphenous vein graft (SVG) 
conduits, with their inevitable attrition, make CABG more 
vulnerable to need for reintervention. There is strong 
evidence demonstrating the survival benefit of bilateral 
ITA (BITA) (13,14) and radial artery grafting (15-17). 
The Arterial Revascularization Trial of single versus BITA 
grafting whose primary outcome is 10-year survival will 
report in 2018, providing high-quality prospective data. 
The interim 1-year safety end point showed that the use 
of BITA did not increase mortality or MI in comparison to 
a single ITA but did lead to a small increase in the risk of 
sternal wound reconstruction, mostly in obese patients with 
diabetes (18). In 2009, the Society of Thoracic Surgeons 
Adult Cardiac Surgery Database reported that only 4.1% 
of isolated primary CABG cases in North America used 
BITA grafts and 5.5% used a radial artery graft (19). 
Notably, the overall proportion of OPCAB increased from 
14.5% in 2000 to 21.1% in 2009. This is significantly lower 
than that reported in European countries who perform 
multiple arterial grafting in approximately 10–15% of 
patients, and even more so when compared to rates in  
Japan (20). We advocate for the use of a greater proportion 
of arterial grafting for all surgical revascularization, 
including OPCAB. The increased risk of deep sternal 
wound infection and the added time necessary for BITA 
harvest are factors that discourage broader adoption of this 
technique despite its mortality benefit in CABG patients. It 
may be necessary and appropriate to provide surgeons with 
incentive rewards to refine and routinely perform this more 
technically demanding procedure. Moreover, professional 
societies, including the STS, should consider BITA grafting/
multiple arterial grafting a legitimate quality indicator that 
should factor into the quality ratings of individual surgeons 
and surgical centers.

Stroke remains the Achilles’ heel of surgery in trials 
comparing percutaneous coronary intervention with 
surgical revascularization, including the SYNTAX and 
FREEDOM trials (21-23). One advantage of OPCAB 
is the avoidance of aortic cannulation and CPB which 
is intuitively attractive for its potential stroke reduction 
(24,25). In addition, OPCAB uniquely offers the possibility 

of routinely minimizing or even completely avoiding aortic 
manipulation, by use of clampless facilitating devices [e.g., 
HEARTSTRING III (Maquet, Rastatt, Germany)] or 
utilizing only internal thoracic arterial inflows without 
aortocoronary anastomoses to further reduce the risk of 
stroke to levels similar to those reported with multivessel 
PCI (25-27). 

State-of-the-art off-pump surgical revascularization adds 
several levels of complexity, including the use of complex 
arterial grafting techniques and proximal anastomosis 
devices. However, with the use of modern snares and 
shunts, cardiac positioning devices and coronary stabilizers, 
proximal anastomosis devices, as well as transit time flow 
probes, precise coronary anastomoses can be routinely 
constructed with a minimal-aortic touch technique.

How can we address the technical challenges of 
OPCAB?

As mentioned, variable surgeon experience may have played 
a role in the increase in incomplete revascularization, 
reduction of long term graft patency and need for repeat 
revascularization in the OPCAB cohorts of some large-scale 
RCTs. It is our belief that the choice to perform a procedure 
off-pump should not compromise the completeness of 
revascularization, except under very unusual circumstances 
in which CPB is contraindicated or impractical. There 
is clearly a need to address the technical difficulty of 
performing OPCAB. As valvular repair, aortic surgery 
and surgical management of heart failure have become 
the province of subspecialized teams, so should complex 
coronary revascularization be performed by dedicated teams 
that focus on achieving complete revascularization with 
multiple arterial grafts, minimizing aortic manipulation and 
advancing the evolving fields of hybrid revascularization 
and robotic minimally invasive direct coronary artery bypass 
(MIDCAB). We should move towards a model of reference 
centers of excellence in which state-of-the-art surgical 
coronary revascularization will be reliably performed and 
taught in advanced fellowships. 

In this regard, the American Association for Thoracic 
Surgery sponsored the inaugural International Coronary 
Congress in 2015 directed by Dr. John Puskas (New York, 
USA) and Mr. David Taggart (Oxford, UK). This was the 
first major annual meeting devoted to establishing and 
disseminating best practices in all types of surgical coronary 
revascularization. In another example of knowledge 
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dissemination, Dr. Paul Seargent has developed a small 
private on-line course training program, which is free for all 
(http://www.opcab-training.eu). It includes a state-of-the-
art on-line course with hundreds of hours of high-quality 
lectures, videos, and theoretical materials. These initiatives 
and others are helping to increase the overall proficiency of 
off-pump techniques amongst surgeons world-wide.

The future of OPCAB: what is the role of 
minimally-invasive and hybrid revascularization?

Off-pump revascularization has facilitated the development 
of sternal-sparing minimally invasive cardiac surgery (MICS) 
revascularization procedures. There are several different 
variations. A small thoracotomy may be used to accomplish 
LITA harvest and off-pump bypass on the anterior 
wall under direct vision, known as single vessel small 
thoracotomy (SVST) or MIDCAB. Multiple grafts may 
also be performed via mini-thoracotomy; this is known as 
multivessel small thoracotomy (MVST) (28). Thoracoscopic 
or robotic-assisted left ITA dissection and harvest can be 
followed by a direct hand-sewn off-pump anastomosis to the 
LAD (robotic MIDCAB) or by an endoscopic LITA-LAD 
anastomosis, known as totally endoscopic CABG (TECAB). 
Hybrid coronary revascularization (HCR) combines a 
minimally invasive LITA-to-LAD graft with percutaneous 
intervention to non-left anterior descending targets  

(Figure 2) (29-31).
For the small cohort of patients with isolated anterior 

single vessel disease, a MIDCAB or robotic MIDCAB offers 
a sternal-sparing incision with the long term patency and 
survival benefit of the LITA graft. Blazek et al. (32) showed 
equivalent 7-year survival in 130 patients with single vessel 
LAD disease randomized to MIDCAB vs. DES-PCI. There 
was no difference in the composite primary endpoint of 
all-cause mortality, MI and repeat revascularization but 
as expected, there was a significantly higher incidence of 
repeat revascularization with PCI (HR, 13.50; 95% CI: 
1.76–103.29; P<0.001). Moreover, a single center propensity 
score-matched MIDCAB vs. DES-PCI comparison found 
at 10 years that DES-PCI was associated with a 2.2-fold 
increased risk of mortality as well as a 2.0-fold increased 
risk of repeat revascularization (33). Several experienced 
groups have reported excellent outcomes using a robotic 
CABG approach (34-36). In their series of direct MVST 
CABG of which 75% were performed off-pump, Ruel and 
colleagues (37,38) report excellent graft patency (92% and 
100% 6-month graft patency for all grafts and for LITA 
grafts, respectively).

The concept of HCR stems from the hypothesis that  
(I) the LIMA-LAD is superior to coronary stenting; and 
(II) contemporary DES-PCI is non-inferior to saphenous 
vein bypass grafts used for non-LAD disease. Thus, patients 
with multivessel disease with a complex LAD lesion and 

Figure 2 A 56-year-old male with multivessel coronary artery disease including chronic total occlusion of the LAD (A, arrow) underwent 
MIDCAB revascularization procedure with a left internal thoracic artery to the LAD (B, circle) and PCI to the non-LAD vessels. The 
incision was completely healed by the 6-week follow up visit (C, arrows). The patient has given written informed consent for use of this 
image. MIDCAB, minimally invasive direct coronary artery bypass.
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non-complex non-LAD lesions suitable for PCI, HCR may 
be considered. Currently hybrid revascularization is still 
limited to select centers where the major clinical outcomes 
of HCR are equivalent to traditional CABG (33). A meta-
analysis of six retrospective studies found that HCR was 
associated with no difference in freedom from MACCE at 1 
year when compared with CABG but a greater incidence of 
repeat revascularization.

The 2011 ACCF/AHA Guideline for Coronary Artery 
Bypass Graft Surgery suggests that HCR is reasonable 
in patients with (relative) contraindications to traditional 
CABG, such as heavily calcified proximal aorta or poor 
target vessels for CABG; lack of conduits; or unfavorable 
LAD artery for PCI (class IIa, level of evidence B) (39). 
Furthermore, HCR may be reasonable as an alternative to 
multivessel PCI or CABG in an attempt to improve the 
overall risk-benefit ratio (class IIb, level of evidence C). The 
2014 European Society of Cardiology/European Association 
of Cardio-Thoracic Surgery Guidelines on myocardial 
revascularization suggests HCR for redo revascularization 
when lack of conduit poses a limitation to a conventional 
surgical approach (class IIb, level of evidence C).

There are currently no published prospective comparisons 
of hybrid vs. multivessel PCI. A key question is whether 
hybrid revascularization is superior to multivessel PCI 
for patients with low SYNTAX score and proximal LAD 
disease. The National Institutes of Health has recently 
agreed to fund a multicenter prospective RCT of HCR 
vs. multivessel PCI. This trial will enroll more than  
2,000 patients in at least 50 centers and follow them for 
at least 5 years, leveraging the ACC and STS databases 
for short term and demographic data and centralized data 
acquisition for longer term endpoints to make this one 
of the most cost-efficient clinical trials ever conducted in 
cardiovascular disease.

Conclusions

OPCAB is a highly specialized technique with the potential 
for reduction of in-hospital morbidity and mortality, 
particularly in high-risk patient populations. When 
possible, it should be performed as a clampless technique 
with multiple- or all-arterial conduits. This is a time-
consuming and technically challenging operation that 
requires dedicated acquisition of individual and team skills 
beyond those necessary for on-pump LITA-plus-SVG 
grafting. It is not for every surgical team, nor for every 
patient. The quality of anastomoses and completeness 

of revascularization should not be compromised when 
performing off-pump CABG. With the appropriate use 
of modern stabilizers and positioning devices as well 
as surgeon experience and patient selection, equivalent 
completeness of revascularization and graft patency can 
be achieved. The major drawback of OPCAB is its greater 
technical difficulty, requiring judicious navigation of a 
learning curve for the entire surgical team. By optimizing 
longevity of graft patency with arterial conduits and 
minimizing the risk of perioperative stroke by minimizing 
aortic manipulation, clampless and no-aortic touch OPCAB 
techniques may be considered the ideal form of surgical 
coronary revascularization.
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