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ABSTRACT: Coronary artery bypass grafting remains one of the most 
commonly performed major surgeries, with well-established symptomatic 
and prognostic benefits in patients with multivessel and left main 
coronary artery disease. This review summarizes current indications, 
contemporary practice, and outcomes of coronary artery bypass grafting. 
Despite an increasingly higher-risk profile of patients, outcomes have 
significantly improved over time, with significant reductions in operative 
mortality and perioperative complications. Five- and 10-year survival 
rates are ≈85% to 95% and 75%, respectively. A number of technical 
advances could further improve short- and long-term outcomes after 
coronary artery bypass grafting. Developments in off-pump and no-touch 
procedures; epiaortic scanning; conduit selection, including bilateral 
internal mammary artery and radial artery use; intraoperative graft 
assessment; minimally invasive procedures, including robotic-assisted 
surgery; and hybrid coronary revascularization are discussed.

Coronary artery disease is one of the leading causes of death in Western countries. 
Since the introduction of coronary artery bypass grafting (CABG) in the 1960s,1 it 
has rapidly become one of the most commonly performed major surgical proce-

dures.2 Outcomes have significantly improved over time, with declining rates of opera-
tive mortality and major morbidity, which may be due in part to better patient selection, 
improved surgical techniques, and better alternative techniques in patients presenting 
with cardiogenic shock (eg, mechanical support devices).3 Large multicenter random-
ized and observational studies have reported excellent short-term outcomes.4,5

Despite the rise in rates of percutaneous coronary intervention (PCI) and the 
technical advances in stent design, CABG remains crucial for patients with multives-
sel coronary disease that is too complex to be treated optimally with PCI.6–8 Accord-
ing to data from the Organisation for Economic Cooperation and Development, 
CABG is on average performed at a rate of 44 per 100 000 individuals (Figure 1).9

In this review, we discuss contemporary indications for CABG, practice patterns, 
and outcomes. We also discuss specific surgical techniques and a number of tech-
nical advances that have received attention over the last decade and could poten-
tially improve short- and long-term outcomes after CABG.

CONTEMPORARY INDICATIONS, PRACTICE, AND OUTCOMES
Preoperative Risk Assessment
The choice of percutaneous or surgical revascularization depends on the risk-to-
benefit ratio of procedures and should be decided by a multidisciplinary heart team 
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that includes at least an interventional cardiologist and 
cardiovascular surgeon but can be expanded according 
to the status of the patient with an anesthesiologist, 
nephrologist, geriatrist, etc.10 To determine which treat-
ment strategy should be favored and what the risks of 
surgical intervention are, preoperative risk assessment is 
crucial. Several risk scores have been established to es-
timate the surgical predicted risk of mortality. The most 
widely used scores are the EuroSCORE (II) and the Soci-
ety of Thoracic Surgeons’ risk model, with the latter also 
providing a calculated risk of stroke, renal failure, ster-
nal wound infection, and length of stay.11,12 Although 
these models include different variables, risk factors can 
be categorized as follows: (1) demographic variables 
such as age and sex; (2) previous cardiovascular events, 
including prior cardiovascular surgery or intervention, 
myocardial infarction, and stroke or transient ischemic 
attack; (3) cardiovascular variables, which include left 
ventricular function, diabetes mellitus, hypertension, ar-
rhythmias, and peripheral vascular disease; (4) noncar-
diovascular variables, including renal failure and chronic 
obstructive pulmonary disease; (5) disease complexity 
and pathology, that is, the number of diseased vessels, 
degree of valve stenosis and regurgitation, and presence 
of endocarditis; and (6) the hemodynamic status of the 
patient and the urgency of surgery. In studies compar-
ing the Society of Thoracic Surgeons’ score and EuroS-
CORE II models in patients undergoing isolated CABG, 

the Society of Thoracic Surgeons’ score and EuroSCORE 
II performed similarly.13,14 However, despite the com-
prehensiveness of these models, additional comorbid 
factors such as pulmonary hypertension, liver disease, 
previous chest radiation, and the frailty status of the 
patient are not included in either model but increase 
surgical risk and may play an important role.15 The de-
gree and complexity of coronary disease do not appear 
to affect short- or long-term outcomes after CABG, as 
shown in the SYNTAX trial (Synergy Between Percuta-
neous Coronary Intervention With TAXUS and Cardiac 
Surgery). The SYNTAX score quantifies the complexity 
of coronary artery disease by the location and length of 
lesions, presence of a chronic total occlusion, bifurcation 
or trifurcation lesions, severe lesion calcification, vessel 
tortuosity, and diffuse disease and small vessels, and it 
has been proved to be a predictor of prognosis after PCI 
but not CABG. It is therefore a robust factor to differ-
entiate which patients are candidates for CABG rather 
than PCI and is recommended for use in both the US and 
European clinical guidelines.16,17 In patients in whom the 
risk-to-benefit ratios of percutaneous and surgical revas-
cularization are similar, the patients’ preferences should 
strongly influence the treatment strategy.

The appropriate diagnostic workup of patients be-
fore revascularization should thus include a full medical 
history, an ECG, laboratory assessments, cardiac echo-
cardiography, and coronary angiography. Although not 

Figure 1. Number of coronary artery bypass graft (CABG) operations per 100 000 inhabitants.  
All data are from 2013 except for data from Hungary (2012), Belgium (2012), Australia (2012), Canada (2012), Turkey (2012), 
Chile (2012), the Netherlands (2010), the United States (2010), Iceland (2009), Portugal (2009), and Switzerland (2008). Data 
are from the Organisation for Economic Cooperation and Development (OECD).9
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universally performed, preoperative carotid ultrasound 
should be routinely considered to detect carotid lesions 
that are linked to stroke.

Procedural Characteristics of 
Contemporary CABG
The majority of CABG procedures are performed through 
a median sternotomy with the use of cardiopulmonary 
bypass so that the heart can be arrested, thereby produc-
ing ideal conditions to allow a technically less demanding 
procedure. During on-pump surgery, the heart is arrested 
with cardioplegia, a potassium-rich solution to inhibit 
the depolarization/repolarization cycle of myocardial 
cells, for myocardial preservation. Ischemic precondition-
ing may further reduce myocardial ischemia but has not 
been shown to reduce clinical outcomes.18

Off-pump coronary artery bypass (OPCAB) procedures, 
however, do not require cardiopulmonary bypass and 
cardioplegia because the heart continues to beat. It is a 
technically more demanding procedure but theoretically 
reduces complications of cardiopulmonary bypass related 

to a systemic inflammatory reaction syndrome, microem-
boli, an increased blood-brain barrier permeability, and 
aortic manipulation for cross-clamping and cannulation 
to the heart-lung machine. An overview of CABG pro-
cedures performed in the United States showed that the 
percentage of procedures performed off-pump peaked at 
23% in 2002 but declined to 17% in 2012.19

The choice of conduits to bypass coronary lesions has 
been a continuous debate since the use of a single in-
ternal mammary artery (IMA) graft proved to have su-
perior long-term outcomes over saphenous vein grafts. 
However, despite 3 guidelines with recommendations 
for increasing the use of arterial conduits, including 1 
dedicated guideline from the Society of Thoracic Sur-
gery in 2016 on conduit selection for CABG (Table 1), 
rates of multiple arterial grafting with IMA grafts and/
or the radial artery remain persistently low. In the United 
States between 2002 and 2005, the rate of bilateral IMA 
(BIMA) use was only 4%.21 In contemporary practice, 
the vast majority of CABG procedures are performed 
with the left IMA (LIMA) anastomosed to the left an-
terior descending artery (LAD) and additional stenoses 

Table 1.  Guideline Recommendations for Conduit Use During Coronary Artery Bypass Grafting

 2011 ACCF/AHA17 2016 STS20 2014 ESC/EACTS16

LAD territory “If possible, the LIMA should be used to 
bypass the LAD artery if indicated” (Class I, 
Level of Evidence B)

“The RIMA is probably indicated to 
bypass the LAD artery when the LIMA 
is unavailable or unsuitable as a bypass 
conduit” (Class IIa, Level of Evidence C)

“The IMA should be used to bypass the 
LAD artery when bypass of the LAD is 
indicated” (Class I, Level of Evidence B)

“Arterial grafting with IMA to the LAD 
system is recommended” (Class I, Level of 
Evidence A)

BITA “When anatomically and clinically 
suitable, use of a second IMA to graft the 
left circumflex or right coronary artery 
(when critically stenosed and perfusing 
LV myocardium) is reasonable to improve 
the likelihood of survival and to decrease 
reintervention” (Class IIa, Level of 
Evidence B)

“Use of BIMAs should be considered in 
patients who do not have an excessive risk 
of sternal complications” (Class IIa, Level of 
Evidence B)

“BIMA grafting should be considered in 
patients <70 yr of age” (Class IIa, Level of 
Evidence B)

RA “Use of a RA graft may be reasonable 
when grafting left-sided coronary arteries 
with severe stenosis (>70%) and right-sided 
arteries with critical stenosis (≥90%) that 
perfuse LV myocardium” (Class IIb, Level of 
Evidence B)

“As an adjunct to LIMA to LAD (or in 
patients with inadequate LIMA grafts), use 
of a RA graft is reasonable when grafting 
coronary targets with severe stenosis” 
(Class IIa, Level of Evidence B)

“Use of the RA is recommended only for 
target vessels with high-degree stenosis” 
(Class I, Level of Evidence B)

Gastroepiploic 
artery

No recommendation provided “The RGEA may be considered in patients 
with poor conduit options or as an adjunct 
to more complete arterial revascularization” 
(Class IIb, Level of Evidence B)

No recommendation provided

Total arterial 
revascularization

“Complete arterial revascularization may be 
reasonable in patients less than or equal to 
60 yr of age with few or no comorbidities” 
(Class IIb, Level of Evidence C)

“Arterial grafting of the right coronary 
artery may be reasonable when a critical 
(≥90%) stenosis is present” (Class IIb, Level 
of Evidence B)

“As an adjunct to LIMA, a second arterial 
graft (RIMA or RA) should be considered 
in appropriate patients” (Class IIa, Level of 
Evidence B)

“Total arterial revascularization is 
recommended in patients with poor vein 
quality independently of age” (Class I, Level 
of Evidence C)

“Total arterial revascularization should be 
considered in patients with reasonable life 
expectancy” (Class IIa, Level of Evidence B)

ACCF indicates American College of Cardiology Foundation; AHA, American Heart Association; BIMA, bilateral internal mammary artery; BITA, bilateral internal 
thoracic artery; EACTS, European Association for CardioThoracic Surgeons; ESC, European Society of Cardiology; IMA, internal mammary artery; LAD, left anterior 
descending; LIMA, left internal mammary artery; LV, left ventricular; RA, radial artery; RGEA, right gastroepiploic artery; RIMA, right internal mammary artery; and 
STS, Society of Thoracic Surgeons.
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bypassed with vein grafts to perform complete revascu-
larization. However, there is significant variability in how 
CABG procedures are performed in different countries 
in terms of the use of cardiopulmonary bypass, the type 
of cardioplegia, and which conduits are used.22

Short-Term Complications and Long-Term 
Prognosis
Complication rates of CABG are typically measured at 
30 days and include death, stroke, myocardial infarc-
tion, re-exploration for bleeding, renal failure requiring 
dialysis, atrial fibrillation, and deep sternal wound infec-
tion (eg, mediastinitis; Table 2). In most reports of large 
series of isolated CABG, early mortality rates are 1% 
to 2%, and higher mortality is reported for patients at 
higher risk in emergent scenarios or because of multiple 
comorbidities and advanced age. Although outcomes 
have improved, CABG still carries a considerable risk of 
morbidity.1 Neurological complications include stroke 
in 1% to 3% and delirium in 8% to 50% of patients. 
The rate of myocardial infarction differs significantly 
among studies because of varying definitions, includ-
ing changes on the ECG or cardiac enzyme elevations, 
but is estimated to occur at a rate of 2% to 4%. About 
3% of patients with myocardial infarction have clini-
cal hemodynamic instability resulting from early graft 
failure; the majority of patients will be managed by PCI, 
although some patients will require surgical reopera-
tion. Reoperation is required in 2% to 4% of patients 
because of bleeding complications and increases the 
risk of other complications; bleeding can be reduced 
by blood conservation techniques, including cell-saver 
machines, antifibrinolytics use, and platelet and plasma 
transfusions. Some degree of renal failure is frequent 
after CABG, but only ≈1% of patients require dialysis. 
About 15% to 30% of patients have new-onset atrial 
fibrillation that is usually transient. Mediastinitis devel-
ops in 0.5% to 3% of patients and causes long lengths 
of stay and recovery time and frequently requires ster-
nal debridement or reconstruction. Although concerns 
about neurocognitive decline after CABG resulting from 
cardiopulmonary bypass have been raised,23 large ran-
domized studies have found preserved neurocognitive 
function after both on-pump or off-pump surgery.24

Length of stay after isolated CABG and combined 
CABG and valve procedures is ≈7 and 10 days, respec-
tively.25 Patients are limited in their activities during the 
first 6 weeks after CABG because of the general effects 
of major surgery and anesthesia and the sternotomy, 
which requires time to heal. After discharge, cardiac 
rehabilitation optimizes physical, psychological, and 
social functioning of patients after CABG to increase 
quality of life.26 Clearly, lifestyle changes, including 
smoking cessation, healthy food choices, and exercis-
ing, improve long-term prognosis. Moreover, educa-

tion on long-term secondary prevention compliance 
is essential. Compliance rates of taking antiplatelet 
medications, β-blockers, statins, and angiotensin-con-
verting enzyme inhibitors after CABG are suboptimal, 
even though optimal medical therapy significantly im-
proves long-term outcomes.27 Intense or maximally tol-
erated statin therapy should be prescribed to reach a 
low-density lipoprotein cholesterol target <70 mg/dL. 
β-Blockers should be initiated in patients with a preop-
erative myocardial infarction or reduced left ventricular 
ejection fraction (<35%). In addition, angiotensin-con-
verting enzyme inhibitors should be given to patients 
with reduced left ventricular function (<40%) and a 
glomerular filtration rate >30 mL·min−1·1.73 m−2. There 
is currently no consensus on the routine use of dual 
antiplatelet therapy after CABG.

Results of major adverse cardiac or cerebrovascular 
events at 5-year follow-up from large, contemporary 
CABG trials show that all-cause mortality at 5 years 
ranges between 5% and 15%, myocardial infarction 
between 2% and 8%, and stroke between 1% and 
4%, depending on the population and definitions used 
(Table 3). Repeat revascularization ranges between 2% 
and 15% and depends on whether it is performed for 
anatomic or ischemic reasons. Historically, survival at 
10 years is ≈75%35,36 but may prove to be higher in 
contemporary practice, especially with higher use of 
guideline-directed medical therapy.

Indications for CABG
CABG is indicated for both relief of symptoms and pro-
longation of life. Patients with stable coronary artery 
disease in whom medical therapy fails to significantly 
reduce symptoms are generally evaluated for myocardial 
revascularization. Evidence from the latest randomized 
trials showed that CABG appeared particularly benefi-
cial for patients with more severe and complex coronary 
artery disease. Subgroup analyses from the SYNTAX trial 
showed that the difference between CABG and PCI 
treatment was evident only in those with intermediate 
or high severity of disease as determined by the SYNTAX 
score.37,38 Diabetic patients often have diffusely diseased 
vessels with progressive atherosclerosis. CABG provides 
a improved long-term prognosis particularly in these 
patients.7 Indeed, clinical guidelines recommend that 
CABG be performed in patients with complex disease, 
as well as in diabetic patients.16,17 With continuous im-
provements in both CABG and PCI technology, recom-
mendations for which revascularization strategy should 
be preferred for a specific patient continue to evolve on 
the basis of new results from randomized trials and vary 
significantly between different geographical regions.

Whether CABG should be performed in patients with 
ischemic cardiomyopathy has recently been investigated 
in the STICH trial (Surgical Treatment for Ischemic Heart 
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Failure). Among 1212 patients with a left ventricular 
ejection fraction <35% who were randomly assigned 
to CABG or medical therapy, 10-year outcomes favored 
CABG over medical therapy for all-cause death (58.9% 
versus 66.1%, respectively; P=0.02) and cardiovascular 

death (40.5% versus 49.3%, respectively; P=0.006).39 
The impact of CABG on cardiovascular death remained 
consistent over all ages.40 From these results, an evi-
dence basis for the indication of CABG in patients with 
poor ejection fraction is substantiated.

Table 2.  Incidence, Predictors, and Reductions of Short-Term Complications After Coronary Artery Bypass Grafting

Complication Incidence, % Important Specific Predictors How to Potentially Reduce Its Occurrence

Mortality 1–2 Cardiovascular risk factors

Comorbidities: renal failure, lung disease, 
neurological impairment, etc

Patient status

Urgency of procedure

Reduce procedural invasiveness

Adequate patient selection in multidisciplinary heart 
team meetings

Delaying CABG in patients with an acute myocardial 
infarction whenever possible

Increasing the use of mechanical support devices in 
patients with cardiogenic shock

Stroke 1–3 Previous stroke or transient ischemic attack

Peripheral vascular disease, including carotid 
disease

Preoperative and postoperative de novo atrial 
fibrillation

Hypertension

Severe atherosclerotic aorta

Off-pump CABG

Clampless/no-touch procedures

Epiaortic scanning

Myocardial infarction 2–4 Recent myocardial infarction

Urgency of procedure

Procedural factors, including the graft 
configuration, number of distal anastomoses, 
incomplete revascularization, and longer 
cardiopulmonary bypass time

Procedural problems related to insufficient 
myocardial protection, air embolism, and 
anastomoses

Sufficient myocardial protection with cardioplegia and 
thermal regulation

Operative graft flow measurement using TTFM

Re-exploration for 
bleeding

2–4 Body surface area or body mass index

Immunosuppressive therapy

Preoperative antiplatelet or anticoagulation use

Prior cardiovascular surgery

Urgency of procedure

Complexity of coronary disease or number of distal 
anastomoses

Preoperative timely discontinuation of antiplatelet or 
anticoagulation therapy

Delaying surgery until the effect of antiplatelets has 
worn off

Platelet function testing for optimal timing of surgery

Perioperative antifibrinolytic agents, platelets, and 
fresh-frozen plasma

Delirium 8–50 Older age

Cognitive function

Prior cerebrovascular disease

Duration of cardiopulmonary bypass

Preoperative screening

Avoid postoperative infection

Multicomponent intervention to manage cognitive 
impairment, sleep deprivation, immobility, visual and 
hearing impairment, and dehydration

Renal failure requiring 
dialysis

1 Preoperative renal function

Diabetes mellitus

Preoperative status (eg, cardiogenic shock)

Off-pump CABG

Atrial fibrillation 15–30 Peripheral vascular disease

Preoperative atrial fibrillation

Obesity

Medication such as amiodarone or sotalol, anti-
inflammatory corticosteroids, β-blockers, statins, 
antioxidant agents such as N-acetylcysteine, ACE 
inhibitors, and omega-3 fatty acids

Mediastinitis 0.5–3 Obesity

Diabetes mellitus

Hypertension

Preoperative renal failure on dialysis

Prior cardiovascular surgery

Duration of cardiopulmonary bypass

Bilateral IMA use

Re-exploration for bleeding

Preoperative hygiene including preoperative antiseptic 
showers and hair removal

Perioperative antibiotics

Specific patient selection for bilateral IMA use

Vancomycin paste

Optimal glycemic control

ACE indicates angiotensin-converting enzyme; CABG, coronary artery bypass grafting; IMA, internal mammary artery; and TTFM, transit-time flow measurement. 
Modified from Head et al1 with permission of the publisher. © 2013, Oxford University Press.
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When patients are evaluated for revascularization, 
results from a coronary angiogram provide necessary 
information on which vessels require revascularization. 
Because visual inspection of coronary angiograms can 
be subjective and cannot always estimate the functional 
significance of a lesion to flow, fractional flow reserve 
(FFR) is frequently used to quantify the degree of stenosis 
in terms of a pressure drop across a coronary lesion. An 
FFR ≤0.80 is generally considered to be a significant ste-
nosis.41 Although FFR-guided revascularization has been 
shown to be associated with significantly improved out-
comes after PCI,42 evidence from studies evaluating FFR-
guided CABG is scarce. Toth and coauthors43 compared 
angiography- and FFR-guided CABG and reported that 
FFR-guided CABG was associated with fewer anastomo-
ses and a higher rate of off-pump procedures but with 
comparable rates of the composite of death, myocardial 
infarction, and target vessel revascularization at 3-year 
follow-up in the largest study to date.

CONDUITS
BIMA Use
A large body of clinical and angiographic evidence sup-
ports the use of BIMA instead of a single IMA graft 
with additional venous conduits. Particularly in younger 

patients, the benefit of BIMA use is apparent, with the 
age cutoff estimated at 60 to 70 years.44,45 This may be 
the result of the combination of a longer life expectancy 
of younger patients and diverging survival curves be-
tween single IMA and BIMA use with longer follow-up. 
A meta-analysis of studies with a follow-up duration of 
>9 years found that among 15 583 patients enrolled in 9 
observational studies, survival was significantly improved 
in patients in whom BIMA grafts were used as opposed 
to a single IMA graft, with a hazard ratio (HR) of 0.79 
(95% confidence interval [CI], 0.75–0.84).46 However, 
some surgeons may be reluctant to perform BIMA graft-
ing because of fear of an increased risk of deep sternal 
wound infections; this risk is most apparent in female 
patients with obesity, diabetes mellitus (particularly those 
with poorly regulated diabetes mellitus), renal failure, and 
chronic obstructive pulmonary disease. To limit the risk of 
sternal wound infections, skeletonized rather than pedi-
cled harvesting of IMA grafts is preferred because it main-
tains sternal vasculature, which significantly reduced the 
risk of sternal wound complications in a recent analysis.47

ART (Arterial Revascularization Trial) randomly as-
signed 3102 patients to BIMA or single IMA use and is 
likely to provide a definitive answer on whether BIMA 
should be performed more routinely. Short-term safety 
rates were comparable for groups with single IMA and 
BIMA use, with 30-day mortality rates of 1.2% in both 

Table 3.  Five-Year Outcomes After Contemporary Coronary Artery Bypass Grafting

Trial
Patient 

Inclusion Trial Setup

Inclusion 
and 

Patients, n

5-Year Outcomes of CABG, %

Death MI Stroke
Death+ 

Stroke+MI
Repeat 

Revascularization MACCEs

SYNTAX trial6 Multivessel or 
left main disease

PCI vs CABG 2005–2007
n=1800

11.4 3.8 3.7 16.7 13.7 26.9

MASS III trial28 Multivessel 
disease

On- vs off-pump 2001–2006
n=308

5.2–8.4 1.9–6.5 1.9–3.2 … 5.9–6.5 …

FREEDOM trial7 Multivessel 
disease, diabetics

PCI vs CABG 2005–2010
n=1900

10.9 6.0 5.2 … … …

PRECOMBAT 
trial29

Left main disease PCI vs CABG 2004–2009
n=600

7.9 1.7 0.7 9.6 5.5 (Ischemia driven) 14.3

PREVENT IV trial30 All coronary 
artery disease

Prevention of 
graft failure with 

edifoligide

2002–2003
n=3014

10.9–12.5 … … … … …

BEST trial31 Multivessel 
disease

PCI vs CABG 2008–2013
n=880

5.0 2.7 2.9 9.5 5.4 13.3

NOBLE trial32 Left main disease PCI vs CABG 2008–2015
n=1201

9 2 (Nonprocedural) 2 … 10 19

CORONARY 
trial33

All coronary 
artery disease

On- vs off-pump 2006–2011
n=4752

13.5–14.6 7.5–8.2 2.3–2.8 … 2.3–2.8 …

ART Trial34 Multivessel 
disease

Single vs double 
IMA use

2004–2007
n=3102

8.4–8.7 3.4–3.5 2.5–3.2 12.2–12.7 6.5–6.6  

ART indicates Arterial Revascularization Trial; BEST, Randomized Comparison of Coronary Artery Bypass Surgery and Everolimus-Eluting Stent Implantation in the 
Treatment of Patients with Multivessel Coronary Artery Disease; CABG, coronary artery bypass grafting; CORONARY, Coronary Artery Bypass Surgery (CABG) Off or 
On Pump Revascularization Study; FREEDOM, Future Revascularization Evaluation in Patients With Diabetes Mellitus: Optimal Management of Multivessel Disease; 
IMA, internal mammary artery; MACCE, major adverse cardiac or cerebrovascular event; MASS, Medicine, Angioplasty, or Surgery Study; MI, myocardial infarction; 
NOBLE, Nordic-Baltic-British Left Main Revascularization Study; PCI, percutaneous coronary intervention; PRECOMBAT, Premier of Randomized Comparison of Bypass 
Surgery Versus Angioplasty Using Sirolimus-Eluting Stent in Patients With Left Main Coronary Artery Disease; PREVENT IV, Project of Ex-Vivo Vein Graft Engineering 
via Transfection IV; and SYNTAX, Synergy Between Percutaneous Coronary Intervention With TAXUS and Cardiac Surgery.
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groups and comparable rates of stroke, myocardial in-
farction, and repeat revascularization, although there 
was an increased risk for sternal reconstruction with 
BIMA use.5 Recent completion of a 5-year midterm fol-
low-up showed that there was no difference between 
BIMA and single IMA use for the primary end point of 
death (8.7% versus 8.4%, respectively; P=0.77) or in 
terms of mortality, myocardial infarction, and stroke 
(12.2% versus 12.7%, respectively; P=0.69).34 This 
may be the result of the use of a radial graft in 20% 
of patients in the single IMA group, which could have 
improved outcomes in that group by providing a sec-
ond arterial conduit. Moreover, rates of adherence to 
optimal medical therapy for secondary prevention were 
excellent in both groups, perhaps limiting early vein 
graft failure. The study was not powered to detect a 
difference at 5-year follow-up and will continue to 10 
years. Indeed, the benefit of BIMA is often seen with 
increased follow-up because vein graft failure acceler-
ates after 5 years.

When CABG with BIMAs is performed, whether 
to use both arteries in situ or in a Y or T configura-
tion remains a matter of debate. A recent randomized 
controlled trial of 304 randomized patients concluded 
that the primary end point of graft patency at 3-year 
follow-up was comparable for composite grafting and 
in situ grafts, and there were no differences in the rates 
of all-cause survival and myocardial infarction.48 How-
ever, composite grafting significantly reduced the rate 
of repeat revascularization over 7-year follow-up, prob-
ably because of more complete arterial revasculariza-
tion with composite grafts: 3.2±0.8 distal anastomoses 
were placed versus 2.4±0.5 with in situ grafts (P<0.01).

Radial Artery Use
The radial artery is often used in patients in whom 
BIMA use is not feasible or advised or to augment the 
number of arterial grafts performed in addition to BIMA 
grafting to accomplish total arterial revascularization. 
Numerous randomized controlled trials have compared 
graft patency of radial arteries and vein grafts. A meta-
analysis of 5 trials found that radial artery grafts were 
associated with significantly better graft patency than 
vein grafts49 but without reductions in all-cause death 
in underpowered analyses.50,51 Several propensity-
matched observational studies showed that the radial 
artery improved long-term survival over the use of vein 
grafts.52,53 The radial artery has furthermore been com-
pared with the right IMA (RIMA) in addition to a LIMA 
to the LAD. In the RAPCO trial (Radial Artery Patency 
and Clinical Outcomes), a total of 394 patients <70 
years of age were assigned to receiving a radial artery 
or free RIMA; at a mean follow-up of 5.5 years, the 
Kaplan-Meier estimates of graft patency were 89.8% 
and 83.2%, respectively (P=0.06), although 10-year 

follow-up is awaited.54 A meta-analysis of 8 propensity-
matched analyses including 15 374 patients reported a 
significantly better survival with a RIMA graft than with 
a radial artery, with a HR of 0.75 (95% CI, 0.58–0.97; 
P=0.03).55 Therefore, it has been proposed that the 
radial artery be used as an alternative to the RIMA in 
patients with a high risk of mediastinitis or to graft the 
highly stenosed right coronary artery or distal circum-
flex territory.

Recent interest has been directed to determining 
whether the radial artery as an adjunct to BIMA use 
is superior to additional vein grafts. Benedetto and 
colleagues56 reported that survival of 275 propensity-
matched pairs, after a mean follow-up of 10.6 years, 
was comparable between patients receiving a radial 
artery and those receiving a vein graft in addition to 
BIMA use (P=0.54). Grau and colleagues,57 however, 
reported that, although 15-year survival was compara-
ble between BIMA with radial or vein grafting, survival 
beyond the 10-year follow-up appeared to be signifi-
cantly better with a radial artery. Impressively, Shi and 
colleagues58 reported that 15-year survival was 82% 
versus 72% in patients receiving a radial versus vein 
graft as a third conduit (P=0.021) in an analysis of 262 
propensity-matched pairs.

If a radial artery is used, it should be anastomosed 
only to coronaries with a high-grade stenosis (>90%) 
to avoid competitive flow that may otherwise lead to a 
“string sign” of the conduit. In the RAPS trial (Radial Ar-
tery Patency Study; n=440), the rate of graft occlusion 
was 11.8% in patients with 70% to 89% stenosis in 
the native vessel but only 5.9% in patients with ≥90% 
stenosis (P=0.03).59

Saphenous Vein Graft Optimization
In current practice, almost 80% of all bypass conduits 
are saphenous veins because of their ease of harvesting 
and the lesser technical challenge of vein grafting com-
pared with multiple arterial grafting. Although recent 
studies have shown excellent outcomes with vein grafts 
compared with the RIMA as part of a Y configuration 
with LIMA inflow,60 the major disadvantage of the sa-
phenous vein is its tendency for progressive failure dur-
ing follow-up.61 Despite the higher use of optimal medi-
cation in recent studies, particularly antiplatelet therapy 
and statins, saphenous vein grafts still show a signifi-
cant failure rate.62 However, vein graft patency could 
be improved. First, Samano and colleagues63 have now 
reported a 16-year follow-up of a no-touch technique 
for vein graft harvest that resulted in significantly better 
patency than conventional skeletonized vein harvesting, 
which may be the result of reduced intimal hyperplasia 
and protection against distension-induced damage that 
preserves vessel morphology and nitric oxide secreting 
activity.64 The use of endoscopic vein harvesting to re-
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duce the rate of wound infections, wound dehiscence, 
and overall complications compared with open vein 
harvesting raised concerns about reduced graft pa-
tency because of the potential for increased damage 
to the conduit with endoscopic techniques. However, 
2 large observational studies reported no long-term ex-
cess of all-cause mortality or myocardial infarction with 
endoscopic vein harvesting compared with open vein 
harvesting.65,66 Second, exploratory work from the PRE-
VENT IV trial (Project of Ex-Vivo Vein Graft Engineering 
via Transfection) reported that storage of vein grafts 
in a buffered solution provided significantly improved 
graft patency and tended to reduce the rate of adverse 
clinical outcomes at 5 years compared with vein grafts 
stored in normal saline or blood.67 Although many solu-
tions have been developed, large-scale studies are not 
yet available. Third, both Taggart and colleagues68 and 
Meirson and colleagues69 have reported that the use of 
an external stent for saphenous vein grafts significantly 
reduced intimal hyperplasia at the 1-year follow-up, 
perhaps as a consequence of a lower oscillatory shear 
index that results in less turbulent flow. Larger studies 
with longer follow-up are required to determine wheth-
er this translates into improved vein graft patency and 
ultimately improved clinical outcomes.

Intraoperative Graft Assessment
CABG is the only major vascular surgical procedure that 
is not routinely assessed with a “completion angio-
gram” or other imaging study at the time of surgery. In 
all other vascular surgical procedures, this intraopera-
tive quality assessment is considered routine and neces-
sary. Although intraoperative angiography remains im-
practical on a routine basis for CABG except in a hybrid 
operating room, some quantitative and qualitative as-
sessment of graft flow and function may be considered 
in CABG.

Suboptimal rates of graft patency may be potentially 
related to operative technical issues such as anastomot-
ic imprecision, graft kinking, and limited graft outflow. 
Therefore, several methods have been introduced as 
intraoperative graft assessment tools to check for tech-
nical issues that could be resolved during the opera-
tion. Transit-time flow measurement (TTFM) is the most 
widely used technique because of its user-friendliness 
and comprehensive validation. Among studies that ap-
plied TTFM during CABG, 2% to 4% of grafts required 
revision.70,71 Studies that have related TTFM findings 
to short- and longer-term outcomes have been con-
troversial, although the majority of studies found that 
either graft flow or pulsatility index was a predictor of 
short-term complications, as well as death and graft 
failure during follow-up.71 Although TTFM is valuable 
to identify truly poor and truly good grafts, its value 
is limited in identifying grafts with minor abnormalities 

that may present false-negative values of pulsatility in-
dex and flow. As a result, recent studies have suggested 
that 2 parameters, graft flow and anastomotic patency, 
are required for the complete assessment of bypass 
grafts. TTFM combined with epicardial echocardiogra-
phy is an approach that provides both a functional and 
an anatomic assessment of bypass grafts. In a recent 
article by Di Giammarco and coauthors,72 the positive 
predictive value of TTFM was increased from 10% to 
almost 100% if epicardial echocardiography was also 
performed to directly image flow through the graft-
coronary anastomosis.

OFF-PUMP AND AORTIC 
MANIPULATION
Off-Pump Surgery
More than 60 randomized trials have compared off-
pump with on-pump CABG. Several meta-analyses of 
these trials performed at different time points and with 
different inclusion criteria all come to a uniform conclu-
sion: OPCAB significantly reduced short-term rates of 
stroke and renal failure but did not reduce the risk of 
mortality or myocardial infarction in low- and mixed-
risk patients.73,74 Specific studies in high-risk patients 
found a significant reduction in mortality with OPCAB 
compared with on-pump CABG in high-risk patients, 
although at the price of higher rates of repeat revascu-
larization.74,75

Two of the largest contemporary trials (CORONARY 
trial [CABG Off or On Pump Revascularization Study], 
n=4752, and GOPCABE trial [German Off Pump Coro-
nary Artery Bypass in Elderly Study], n=2539) noted 
that there were comparable 1-year rates of mortality, 
stroke, myocardial infarction, renal failure requiring 
dialysis, and repeat revascularization, as well as com-
posite end points of these events.76 The CORONARY 
trial recently reported results at the 5-year follow-up; 
there were still no differences in any of the clinical 
end points, with identical survival between the 2 tech-
niques at 5 years.33 Concerns about OPCAB procedures 
are particularly related to the potential for a lower rate 
of complete revascularization and compromised graft 
patency. Whether there is an impact of on- or off-
pump surgery on survival remains highly controversial. 
In a recent single-center analysis of 13 226 patients, 
10-year risk-adjusted survival was nearly identical be-
tween on- and off-pump CABG (72.8% versus 72.1%, 
respectively; P=0.56), as was the freedom from death 
and reintervention (P=0.23).77 Routine intraoperative 
TTFM may be of particular value to the OPCAB sur-
geon to ensure optimal graft patency during challeng-
ing cases.

One of the fundamental issues with OPCAB remains 
the experience and expertise of the surgeon. The multi-
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center ROOBY trial (Randomized On/Off Bypass) report-
ed significantly better outcomes with on-pump CABG 
but was severely criticized because of strikingly asym-
metrical experience with on-pump versus off-pump 
CABG among the enrolling surgeons.78 In trials that 
required substantial experience of participating sur-
geons such as CORONARY and GOPCABE, outcomes 
of OPCAB have not been inferior.33,76 A recent study 
found that OPCAB outcomes were best if a surgeon 
performed >50 OPCAB procedures annually,79 although 
another study suggested that outcomes were not de-
pendent on the level of the operator being a trainee or 
attending.80 It has become clear that the experience of 
not only a specific surgeon but also the entire hospital 
matters in optimizing outcomes with OPCAB.81 For this 
reason, clinical guidelines recommend that OPCAB be 
performed in high-volume off-pump centers.16

Clampless and No-Touch Surgery
One particular potential benefit of OPCAB procedures 
is the possibility of avoiding manipulation of the aorta. 
However, OPCAB has most commonly been performed 
with the use of a side clamp for proximal anastomoses, 
which increases the risk of hard and soft plaque emboli 
that could cause neurological events. Some critique has 
been directed to studies comparing OPCAB and on-
pump CABG for not specifically avoiding any manipula-
tion of the aorta by using either proximal anastomosis 
devices or a conduit configuration that still requires a 
proximal anastomosis. This may explain why periopera-
tive stroke reduction with OPCAB has not been more 
impressive. A propensity-matched analysis reported a 
trend toward a significant reduction in in-hospital all-
cause mortality associated with avoiding aortic clamp-
ing in addition to a significantly lower rate of stroke.82 
Indeed, aortic manipulation has been found to be as-
sociated with postoperative major adverse events, and 
any reduction of aortic manipulation, by clamping only 
once instead of multiple times, reduces the risk of 
stroke. Therefore, the weight of evidence suggests that 
the surgical approach associated with the lowest risk 
of perioperative stroke appears to be a no-touch, total 
arterial off-pump CABG (Figure  2); a network meta-
analysis of 13 studies and 37 720 patients supports this 
recommendation by showing significant reductions in 
mortality, stroke, and renal failure when this technique 
is applied.83 Even if on-pump surgery is performed and 
the aorta is cross-clamped, stroke rates can be reduced 
by not performing multiple clamping or avoiding side-
biting clamp techniques.

Epiaortic Scanning
Surgeons generally palpate the aorta before cannulat-
ing or constructing a proximal anastomosis to detect 

atherosclerotic burden that is present in >50% of pa-
tients who undergo CABG. However, aortic palpation 
has limited sensitivity because of the inability to palpate 
the complete circumference of the aorta and to detect 
soft plaques. Consequently, epiaortic ultrasonography 
has been recommended to detect plaque, and several 
large retrospective studies of all cardiac surgery op-
erations and specifically CABG procedures found that 
the use of epiaortic ultrasound significantly reduced 
the incidence of stroke.84,85 This reduction in stroke is 
achieved by modifying the surgical technique when 
significant plaque is detected. The need for technique 
modifications based on epiaortic ultrasonography rang-
es between 4% and 31%,85,86 depending on the type 
of modification and the definitions used. On the ba-
sis of these findings, intraoperative epiaortic scanning 
should be considered before aortic manipulation.

REDUCING INVASIVENESS
Minimally Invasive CABG
An alternative approach to a sternotomy for CABG may 
be to perform minimally invasive direct coronary artery 
bypass (MIDCAB) via a small (5–10 cm) left anterior thora-
cotomy. The LIMA can then be harvested by direct vision 
or with robotic endoscopic techniques. The largest series 
by Holzhey and colleagues87 of 1768 patients undergo-

Figure 2. Example of a complete arterial no-touch coro-
nary artery bypass graft configuration.  
Cx indicates circumflex; LAD, left anterior descending;  
LITA, left internal thoracic artery; PDA, posterior descending 
artery; RA, radial artery; and RITA, right internal thoracic artery.
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ing MIDCAB from 1996 to 2009 reported a postoperative 
mortality of 0.8% and a 95.5% graft patency at routine 
postoperative angiography (n=712). Survival at 5 and 10 
years was 88.3% and 76.6%, respectively. A number of 
small studies have compared MIDCAB procedures with 
conventional CABG. A recent propensity-matched analy-
sis of 159 pairs showed comparable rates of procedural 
complications and similar lengths of hospital stay after 
LAD revascularization via MIDCAB and sternotomy.88 
However, postoperative pain is often increased after 
a MIDCAB approach. Despite this, full recovery after a 
MIDCAB procedure appears to be quicker than after ster-
notomy, with potential improvements in quality of life.

Robotic CABG
In most centers, the term robotic CABG is used to de-
scribe a robotic LIMA harvest technique, followed by 
a hand-sewn off-pump LIMA-LAD anastomosis via a 
very small (3–4 cm) left anterior thoracotomy without 
rib excision or spreading. Operative times are generally 
longer than for CABG procedures through sternotomy, 
but short-term outcomes are comparable.89 A meta-
analysis showed excellent safety and only a 2.5% rate 
of conversion to sternotomy.90 Concerns about the 
quality of anastomoses have been raised, but a series of 
307 patients showed that 95% of LIMA-LAD conduits 
were patent among 199 patients with an angiogram 
before discharge.91 At longer follow-up, graft patency 
has been in the range of 92% to 97% for LIMA-to-LAD 
anastomoses through 8 years of follow-up.92,93

The term robotic CABG may also refer to a robotic 
totally endoscopic CABG procedure in which the LIMA 
is both harvested and anastomosed to the LAD by ro-
botic endoscopic techniques. Totally endoscopic CABG 
procedures have been used to treat isolated LAD lesions 
and multivessel disease. However, in a single-arm multi-
center registry, 13 of 98 patients (13%) with the inten-
tion of totally endoscopic CABG needed to be excluded 
intraoperatively because of failed femoral cannulation 
or inadequate working space, emphasizing that ap-
propriate patient selection is essential for this very de-
manding technical procedure.94 Because it is so techni-
cally challenging and has a high rate of conversion to 
sternotomy of ≈15% to 20%,90 widespread adoption 
of totally endoscopic CABG procedures awaits the de-
velopment of easily maneuverable anastomotic devices.

Hybrid Coronary Revascularization
Hybrid coronary revascularization (HCR) consisting of a 
LIMA-LAD anastomosis through (robotic) MIDCAB plus 
stenting of remaining non-LAD lesions for patients with 
multivessel disease has received much attention in recent 
years. A small randomized trial to assess the safety of the 
procedure included 200 patients who were randomly as-

signed to undergo either HCR or CABG. There were no 
differences in the rates of death, myocardial infarction, 
stroke, major bleeding, or repeat revascularization at the 
1-year follow-up.95 Among centers in the United States, 
overall short-term complication rates were low and com-
parable to those of conventional CABG.96 However, par-
ticular benefits include higher patient satisfaction and 
shorter times for patients to return to work. Midterm 
results over the first years of follow-up have been prom-
ising, with reports of rates of major adverse cardiac or 
cerebrovascular events and survival comparable to those 
of CABG, although higher rates of repeat revasculariza-
tion associated with HCR are a potential concern.97,98

Only carefully selected patients are currently consid-
ered candidates for HCR, as shown by a recent analysis of 
198 622 patients treated with CABG in the United States 
between 2011 and 2013, of whom only 0.5% underwent 
HCR.96 Criteria for HCR therefore include a proximal LAD 
lesion graftable with a MIDCAB or robotic MIDCAB pro-
cedure; a complexity of residual lesions feasible for PCI, 
for example, intermediate SYNTAX score at most; and 
no contraindication to dual antiplatelet therapy. Because 
there is currently no substantiated evidence from large-
scale randomized controlled trials to support widespread 
use of HCR as opposed to multiarterial CABG, HCR is 
currently limited to patients with specific indications (Ta-
ble 4). Moreover, HCR may be technically and logistically 
more demanding than CABG or PCI alone, with the op-
tion of PCI before CABG, which introduces the issue of 
preoperative continuation of dual antiplatelet therapy; 
the option of CABG before PCI, with the potential risk 
of ischemia in non-LAD lesions; or the option of simulta-
neous PCI and CABG, which requires a hybrid operating 

Table 4.  Proposed Current Indications for Hybrid 
Revascularization in Patients With Multivessel Disease

Patients with a low SYNTAX score but an LAD lesion not amenable to PCI

Patients with an indication for CABG requiring complete revascularization 
but with a contraindication for sternotomy

Patients with a graftable proximal LAD lesion but poor surgical targets in 
the Cx or RCA that are amenable to PCI

Patients undergoing emergent PCI of a culprit Cx or RCA lesion but with 
residual disease requiring staged surgical revascularization of the LAD

Patients with a porcelain aorta and no ability to achieve complete 
revascularization without the use of a proximal anastomosis in whom 
off-pump revascularization of the LAD can take place with residual lesions 
being treated by delayed PCI

Patients with a history of pericarditis in whom non-LAD surgical targets are 
difficult to identify

Patients requiring a redo sternotomy after a previous noncoronary cardiac 
operation in whom grafting surgical targets in the Cx is high risk for lateral 
wall dissection

CABG indicates coronary artery bypass grafting; Cx, circumflex; LAD, left 
anterior descending artery; PCI, percutaneous coronary intervention; RCA, 
right coronary artery; and SYNTAX, Synergy Between Percutaneous Coronary 
Intervention With TAXUS and Cardiac Surgery. 

Adapted from Head and colleagues99 with permission of the publisher.  
© 2013, Oxford University Press.
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room. The recent National Institutes of Health–funded 
Hybrid Observational Trial by Puskas and colleagues100 
demonstrated a wide variation in current practice across 
a network of 11 premier US cardiac surgical centers for 
patients with hybrid-eligible coronary lesions. There was 
general agreement among cardiologists and surgeons 
at these sites as to which of 6669 consecutive patients 
who underwent diagnostic coronary angiography could 
be considered eligible for HCR (454, 12.2%). Moreover, 
among 200 patients who had HCR and 98 who had 
multivessel PCI, major adverse cardiac or cerebrovascular 
events were statistically similar through 17.6 months of 
follow-up, with a nonsignificant trend toward more ad-
verse events in the PCI group during the later months of 
follow-up. Thus, equipoise is established for a larger pro-
spective randomized trial of HCR versus multivessel PCI in 
patients with low-SYNTAX-score, hybrid-eligible coronary 
artery disease. Such a trial has been recently funded by 
the National Heart, Lung, and Blood Institute and will be-
gin enrollment in late 2017.

In a survey of surgeons in the United States, only 10% 
were in favor of HCR,101 although a more recent survey 
among 200 cardiologists and surgeons found that three 
quarters of responders (n=90) believed adoption of HCR 
will expand in the next decade.102 Therefore, a heart team 
should weigh the benefits and risks of PCI, CABG, and HCR 
to decide which treatment is most appropriate for each in-
dividual patient with multivessel disease.10 With the most 
recent randomized trials and large observational studies 
of PCI with drug-eluting stents versus CABG in multivessel 
disease showing improved outcomes with CABG,7,31,37,103 
surgeons will be reassured and confident that CABG is 
effective and offers increased longevity. Before HCR be-
comes a standard procedure at centers around the world, 
surgeons will have to commit to MIDCAB procedures.

Conclusions
Although patients referred for CABG bear increasing 
cardiovascular risk factors and comorbidities, actual 
outcomes have significantly improved over the last 
decades, with low rates of 30-day complications. Al-
though many developments in operative techniques 
and devices have been established to further improve 
both short- and long-term outcomes, adoption rates 
often remain low. The use of multiple arterial conduits 
remains scarce, mostly because of fear of sternal wound 
complications and the lack of data from randomized tri-
als; the ART trial, which is currently completing 10 years 
of follow-up, will provide necessary and long-awaited 
insights. The weight of data shows similar mortality 
outcomes with on- and off-pump surgery among low- 
and mixed-risk patients; patients at high risk of morbid-
ity and mortality with conventional CABG benefit most 
from OPCAB. Minimizing aortic manipulation is directly 
related to lower rates of stroke after CABG, and no-

touch OPCAB may provide the lowest stroke risk. Intra-
operative Doppler graft assessment should be routine, 
especially in OPCAB. One of the most exciting devel-
opments is hybrid revascularization, although evidence 
for widespread use is not currently available and surgi-
cal experience with MIDCAB procedures is still limited. 
These and other developments have provided the con-
temporary state-of-the-art CABG procedure (Figure 3).
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measurement.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 4, 2018



Head et al

October 3, 2017� Circulation. 2017;136:1331–1345. DOI: 10.1161/CIRCULATIONAHA.116.0225721342

unpaid national principal investigator for the upcoming US Food 
and Drug Administration Investigational Drug Exemption trial 
of external stenting for saphenous vein graft conduits, funded 
by Vascular Graft Solutions. He receives royalty payments from 
the sale by Scanlan Inc. of surgical instruments he designed. Dr 
Head reports he is an investigator in the international REQUEST 
Registry study. Dr Milojevic reports no conflicts of interest.

AFFILIATIONS
From Department of Cardiothoracic Surgery, Erasmus Uni-
versity Medical Centre, Rotterdam, the Netherlands (S.J.H., 
M.M.); Department of Cardiovascular Surgery, John Rad-
cliffe Hospital, Oxford University Hospitals NHS Foundation 
Trust, UK (D.P.T.); and Department of Cardiovascular Surgery, 
Mount Sinai Saint Luke’s Hospital, Icahn School of Medicine 
at Mount Sinai, New York, NY (J.D.P.).

FOOTNOTES
Circulation is available at http://circ.ahajournals.org.

REFERENCES
	 1.	 Head SJ, Kieser TM, Falk V, Huysmans HA, Kappetein AP. Coronary artery 

bypass grafting: part 1: the evolution over the first 50 years. Eur Heart J. 
2013;34:2862–2872. doi: 10.1093/eurheartj/eht330.

	 2.	 Jha AK, Fisher ES, Li Z, Orav EJ, Epstein AM. Racial trends in the use of 
major procedures among the elderly. N Engl J Med. 2005;353:683–691. 
doi: 10.1056/NEJMsa050672.

	 3.	 ElBardissi AW, Aranki SF, Sheng S, O’Brien SM, Greenberg CC, Gammie 
JS. Trends in isolated coronary artery bypass grafting: an analysis of the 
Society of Thoracic Surgeons Adult Cardiac Surgery Database. J Thorac 
Cardiovasc Surg. 2012;143:273–281. doi: 10.1016/j.jtcvs.2011.10.029.

	 4.	 Lamy A, Devereaux PJ, Prabhakaran D, Taggart DP, Hu S, Paolasso E, 
Straka Z, Piegas LS, Akar AR, Jain AR, Noiseux N, Padmanabhan C, Baha-
mondes JC, Novick RJ, Vaijyanath P, Reddy S, Tao L, Olavegogeascoechea 
PA, Airan B, Sulling TA, Whitlock RP, Ou Y, Ng J, Chrolavicius S, Yusuf S; 
CORONARY Investigators. Off-pump or on-pump coronary-artery bypass 
grafting at 30 days. N Engl J Med. 2012;366:1489–1497. doi: 10.1056/
NEJMoa1200388.

	 5.	 Taggart DP, Altman DG, Gray AM, Lees B, Nugara F, Yu LM, Campbell H, 
Flather M; ART Investigators. Randomized trial to compare bilateral vs. 
single internal mammary coronary artery bypass grafting: 1-year results 
of the Arterial Revascularisation Trial (ART). Eur Heart J. 2010;31:2470–
2481. doi: 10.1093/eurheartj/ehq318.

	 6.	 Mohr FW, Morice MC, Kappetein AP, Feldman TE, Ståhle E, Colombo A, 
Mack MJ, Holmes DR Jr, Morel MA, Van Dyck N, Houle VM, Dawkins 
KD, Serruys PW. Coronary artery bypass graft surgery versus percutaneous 
coronary intervention in patients with three-vessel disease and left main 
coronary disease: 5-year follow-up of the randomised, clinical SYNTAX 
trial. Lancet. 2013;381:629–638. doi: 10.1016/S0140-6736(13)60141-5.

	 7.	 Farkouh ME, Domanski M, Sleeper LA, Siami FS, Dangas G, Mack M, Yang 
M, Cohen DJ, Rosenberg Y, Solomon SD, Desai AS, Gersh BJ, Magnu-
son EA, Lansky A, Boineau R, Weinberger J, Ramanathan K, Sousa JE, 
Rankin J, Bhargava B, Buse J, Hueb W, Smith CR, Muratov V, Bansilal S, 
King S 3rd, Bertrand M, Fuster V; FREEDOM Trial Investigators. Strategies 
for multivessel revascularization in patients with diabetes. N Engl J Med. 
2012;367:2375–2384. doi: 10.1056/NEJMoa1211585.

	 8.	 Hlatky MA, Boothroyd DB, Bravata DM, Boersma E, Booth J, Brooks MM, 
Carrié D, Clayton TC, Danchin N, Flather M, Hamm CW, Hueb WA, Kähler 
J, Kelsey SF, King SB, Kosinski AS, Lopes N, McDonald KM, Rodriguez 
A, Serruys P, Sigwart U, Stables RH, Owens DK, Pocock SJ. Coronary ar-
tery bypass surgery compared with percutaneous coronary interventions 
for multivessel disease: a collaborative analysis of individual patient data 
from ten randomised trials. Lancet. 2009;373:1190–1197. doi: 10.1016/
S0140-6736(09)60552-3.

	 9.	 Organisation for Economic Cooperation and Development. Health at a 
Glance 2015. Paris: OECD Publishing; 2015.

	10.	 Head SJ, Kaul S, Mack MJ, Serruys PW, Taggart DP, Holmes DR Jr, Leon MB, 
Marco J, Bogers AJ, Kappetein AP. The rationale for heart team decision-
making for patients with stable, complex coronary artery disease. Eur 
Heart J. 2013;34:2510–2518. doi: 10.1093/eurheartj/eht059.

	11.	 Nashef SA, Roques F, Sharples LD, Nilsson J, Smith C, Goldstone AR, Lock-
owandt U. EuroSCORE II. Eur J Cardiothorac Surg. 2012;41:734–744. doi: 
10.1093/ejcts/ezs043.

	12.	 Shahian DM, O’Brien SM, Filardo G, Ferraris VA, Haan CK, Rich JB, Nor-
mand SL, DeLong ER, Shewan CM, Dokholyan RS, Peterson ED, Edwards 
FH, Anderson RP; Society of Thoracic Surgeons Quality Measurement 
Task Force. The Society of Thoracic Surgeons 2008 cardiac surgery risk 
models, part 1: coronary artery bypass grafting surgery. Ann Thorac Surg. 
2009;88:S2–S22.

	13.	 Osnabrugge RL, Speir AM, Head SJ, Fonner CE, Fonner E, Kappetein AP, 
Rich JB. Performance of EuroSCORE II in a large US database: implica-
tions for transcatheter aortic valve implantation. Eur J Cardiothorac Surg. 
2014;46:400–408. doi: 10.1093/ejcts/ezu033.

	14.	 Wang TK, Li AY, Ramanathan T, Stewart RA, Gamble G, White HD. 
Comparison of four risk scores for contemporary isolated coronary ar-
tery bypass grafting. Heart Lung Circ. 2014;23:469–474. doi: 10.1016/j.
hlc.2013.12.001.

	15.	 Kappetein AP, Head SJ, Généreux P, Piazza N, van Mieghem NM, Black-
stone EH, Brott TG, Cohen DJ, Cutlip DE, van Es GA, Hahn RT, Kirtane 
AJ, Krucoff MW, Kodali S, Mack MJ, Mehran R, Rodés-Cabau J, Vranckx 
P, Webb JG, Windecker S, Serruys PW, Leon MB; Valve Academic Re-
search Consortium (VARC)-2. Updated standardized endpoint definitions 
for transcatheter aortic valve implantation: the Valve Academic Research 
Consortium-2 consensus document (VARC-2). Eur J Cardiothorac Surg. 
2012;42:S45–S60. doi: 10.1093/ejcts/ezs533.

	16.	 Kolh P, Windecker S, Alfonso F, Collet JP, Cremer J, Falk V, Filippatos G, 
Hamm C, Head SJ, Jüni P, Kappetein AP, Kastrati A, Knuuti J, Landmesser 
U, Laufer G, Neumann FJ, Richter DJ, Schauerte P, Sousa Uva M, Stefanini 
GG, Taggart DP, Torracca L, Valgimigli M, Wijns W, Witkowski A, Zamo-
rano JL, Achenbach S, Baumgartner H, Bax JJ, Bueno H, Dean V, Deaton 
C, Erol Ç, Fagard R, Ferrari R, Hasdai D, Hoes AW, Kirchhof P, Knuuti J, 
Kolh P, Lancellotti P, Linhart A, Nihoyannopoulos P, Piepoli MF, Ponikowski 
P, Sirnes PA, Tamargo JL, Tendera M, Torbicki A, Wijns W, Windecker S, 
Sousa Uva M, Achenbach S, Pepper J, Anyanwu A, Badimon L, Bauersachs 
J, Baumbach A, Beygui F, Bonaros N, De Carlo M, Deaton C, Dobrev D, 
Dunning J, Eeckhout E, Gielen S, Hasdai D, Kirchhof P, Luckraz H, Mah-
rholdt H, Montalescot G, Paparella D, Rastan AJ, Sanmartin M, Sergeant 
P, Silber S, Tamargo J, ten Berg J, Thiele H, van Geuns RJ, Wagner HO, 
Wassmann S, Wendler O, Zamorano JL; European Society of Cardiology 
Committee for Practice Guidelines; EACTS Clinical Guidelines Commit-
tee; Task Force on Myocardial Revascularization of the European Society 
of Cardiology and the European Association for Cardio-Thoracic Surgery; 
European Association of Percutaneous Cardiovascular Interventions. 2014 
ESC/EACTS guidelines on myocardial revascularization: the Task Force on 
Myocardial Revascularization of the European Society of Cardiology (ESC) 
and the European Association for Cardio-Thoracic Surgery (EACTS): de-
veloped with the special contribution of the European Association of Per-
cutaneous Cardiovascular Interventions (EAPCI). Eur J Cardiothorac Surg. 
2014;46:517–592. doi: 10.1093/ejcts/ezu366.

	17.	 Hillis LD, Smith PK, Anderson JL, Bittl JA, Bridges CR, Byrne JG, Cigarroa 
JE, Disesa VJ, Hiratzka LF, Hutter AM Jr, Jessen ME, Keeley EC, Lahey SJ, 
Lange RA, London MJ, Mack MJ, Patel MR, Puskas JD, Sabik JF, Selnes 
O, Shahian DM, Trost JC, Winniford MD. 2011 ACCF/AHA guideline 
for coronary artery bypass graft surgery: a report of the American Col-
lege of Cardiology Foundation/American Heart Association Task Force 
on Practice Guidelines. Circulation. 2011;124:e652–e735. doi: 10.1161/
CIR.0b013e31823c074e.

	18.	 Heusch G, Bøtker HE, Przyklenk K, Redington A, Yellon D. Remote isch-
emic conditioning. J Am Coll Cardiol. 2015;65:177–195. doi: 10.1016/j.
jacc.2014.10.031.

	19.	 Bakaeen FG, Shroyer AL, Gammie JS, Sabik JF, Cornwell LD, Coselli JS, 
Rosengart TK, O’Brien SM, Wallace A, Shahian DM, Grover FL, Puskas 
JD. Trends in use of off-pump coronary artery bypass grafting: results 
from the Society of Thoracic Surgeons Adult Cardiac Surgery Database. 
J Thorac Cardiovasc Surg. 2014;148:856–863, 864.e1. doi: 10.1016/j.
jtcvs.2013.12.047.

	20.	 Aldea GS, Bakaeen FG, Pal J, Fremes S, Head SJ, Sabik J, Rosengart T, 
Kappetein AP, Thourani VH, Firestone S, Mitchell JD; Society of Thoracic 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 4, 2018



State-of-the-Art CABG
STATE OF THE ART

Circulation. 2017;136:1331–1345. DOI: 10.1161/CIRCULATIONAHA.116.022572� October 3, 2017 1343

Surgeons. The Society of Thoracic Surgeons clinical practice guidelines on 
arterial conduits for coronary artery bypass grafting. Ann Thorac Surg. 
2016;101:801–809. doi: 10.1016/j.athoracsur.2015.09.100.

	21.	 Tabata M, Grab JD, Khalpey Z, Edwards FH, O’Brien SM, Cohn LH, Bolman 
RM 3rd. Prevalence and variability of internal mammary artery graft use in 
contemporary multivessel coronary artery bypass graft surgery: analysis of 
the Society of Thoracic Surgeons National Cardiac Database. Circulation. 
2009;120:935–940. doi: 10.1161/CIRCULATIONAHA.108.832444.

	22.	 Head SJ, Parasca CA, Mack MJ, Mohr FW, Morice MC, Holmes DR Jr, Feld-
man TE, Dawkins KD, Colombo A, Serruys PW, Kappetein AP; SYNTAX 
Investigators. Differences in baseline characteristics, practice patterns and 
clinical outcomes in contemporary coronary artery bypass grafting in the 
United States and Europe: insights from the SYNTAX randomized trial and 
registry. Eur J Cardiothorac Surg. 2015;47:685–695. doi: 10.1093/ejcts/
ezu197.

	23.	 Selnes OA, Gottesman RF, Grega MA, Baumgartner WA, Zeger SL, McK-
hann GM. Cognitive and neurologic outcomes after coronary-artery 
bypass surgery. N Engl J Med. 2012;366:250–257. doi: 10.1056/NEJM-
ra1100109.

	24.	 Lamy A, Devereaux PJ, Prabhakaran D, Taggart DP, Hu S, Paolasso E, Stra-
ka Z, Piegas LS, Akar AR, Jain AR, Noiseux N, Padmanabhan C, Baham-
ondes JC, Novick RJ, Vaijyanath P, Reddy SK, Tao L, Olavegogeascoechea 
PA, Airan B, Sulling TA, Whitlock RP, Ou Y, Pogue J, Chrolavicius S, Yusuf 
S; CORONARY Investigators. Effects of off-pump and on-pump coronary-
artery bypass grafting at 1 year. N Engl J Med. 2013;368:1179–1188. doi: 
10.1056/NEJMoa1301228.

	25.	 Head SJ, Howell NJ, Osnabrugge RL, Bridgewater B, Keogh BE, Kinsman 
R, Walton P, Gummert JF, Pagano D, Kappetein AP. The European Associa-
tion for Cardio-Thoracic Surgery (EACTS) database: an introduction. Eur J 
Cardiothorac Surg. 2013;44:e175–e180. doi: 10.1093/ejcts/ezt303.

	26.	 Niebauer J. Is there a role for cardiac rehabilitation after coronary artery 
bypass grafting? Treatment after coronary artery bypass surgery remains 
incomplete without rehabilitation. Circulation. 2016;133:2529–2537. 
doi: 10.1161/CIRCULATIONAHA.116.021348.

	27.	 Iqbal J, Zhang YJ, Holmes DR, Morice MC, Mack MJ, Kappetein AP, Feld-
man T, Stahle E, Escaned J, Banning AP, Gunn JP, Colombo A, Steyerberg 
EW, Mohr FW, Serruys PW. Optimal medical therapy improves clinical 
outcomes in patients undergoing revascularization with percutaneous 
coronary intervention or coronary artery bypass grafting: insights from 
the Synergy Between Percutaneous Coronary Intervention With TAXUS 
and Cardiac Surgery (SYNTAX) trial at the 5-year follow-up. Circulation. 
2015;131:1269–1277. doi: 10.1161/CIRCULATIONAHA.114.013042.

	28.	 Hueb W, Lopes NH, Pereira AC, Hueb AC, Soares PR, Favarato D, Vieira 
RD, Lima EG, Garzillo CL, Paulitch Fda S, César LA, Gersh BJ, Ramires JA. 
Five-year follow-up of a randomized comparison between off-pump and 
on-pump stable multivessel coronary artery bypass grafting: the MASS 
III Trial. Circulation. 2010;122(suppl):S48–S52. doi: 10.1161/CIRCULA-
TIONAHA.109.924258.

	29.	 Ahn JM, Roh JH, Kim YH, Park DW, Yun SC, Lee PH, Chang M, Park HW, 
Lee SW, Lee CW, Park SW, Choo SJ, Chung C, Lee J, Lim DS, Rha SW, Lee 
SG, Gwon HC, Kim HS, Chae IH, Jang Y, Jeong MH, Tahk SJ, Seung KB, 
Park SJ. Randomized trial of stents versus bypass surgery for left main 
coronary artery disease: 5-year outcomes of the PRECOMBAT Study. J Am 
Coll Cardiol. 2015;65:2198–2206. doi: 10.1016/j.jacc.2015.03.033.

	30.	 Alexander JH, Hafley G, Harrington RA, Peterson ED, Ferguson TB Jr, Lo-
renz TJ, Goyal A, Gibson M, Mack MJ, Gennevois D, Califf RM, Kouchou-
kos NT; PREVENT IV Investigators. Efficacy and safety of edifoligide, an E2F 
transcription factor decoy, for prevention of vein graft failure following 
coronary artery bypass graft surgery: PREVENT IV: a randomized controlled 
trial. JAMA. 2005;294:2446–2454.

	31.	 Park SJ, Ahn JM, Kim YH, Park DW, Yun SC, Lee JY, Kang SJ, Lee SW, Lee 
CW, Park SW, Choo SJ, Chung CH, Lee JW, Cohen DJ, Yeung AC, Hur 
SH, Seung KB, Ahn TH, Kwon HM, Lim DS, Rha SW, Jeong MH, Lee BK, 
Tresukosol D, Fu GS, Ong TK; BEST Trial Investigators. Trial of everolim-
us-eluting stents or bypass surgery for coronary disease. N Engl J Med. 
2015;372:1204–1212. doi: 10.1056/NEJMoa1415447.

	32.	 Mäkikallio T, Holm NR, Lindsay M, Spence MS, Erglis A, Menown IB, Trovik 
T, Eskola M, Romppanen H, Kellerth T, Ravkilde J, Jensen LO, Kalinauskas 
G, Linder RB, Pentikainen M, Hervold A, Banning A, Zaman A, Cotton J, 
Eriksen E, Margus S, Sørensen HT, Nielsen PH, Niemelä M, Kervinen K, 
Lassen JF, Maeng M, Oldroyd K, Berg G, Walsh SJ, Hanratty CG, Kumsars 
I, Stradins P, Steigen TK, Fröbert O, Graham AN, Endresen PC, Corbascio 
M, Kajander O, Trivedi U, Hartikainen J, Anttila V, Hildick-Smith D, Thue-
sen L, Christiansen EH; NOBLE Study Investigators. Percutaneous coronary 

angioplasty versus coronary artery bypass grafting in treatment of unpro-
tected left main stenosis (NOBLE): a prospective, randomised, open-label, 
non-inferiority trial. Lancet. 2016;388:2743–2752. doi: 10.1016/S0140-
6736(16)32052-9.

	33.	 Lamy A, Devereaux PJ, Prabhakaran D, Taggart DP, Hu S, Straka Z, Piegas 
LS, Avezum A, Akar AR, Lanas Zanetti F, Jain AR, Noiseux N, Padmanab-
han C, Bahamondes JC, Novick RJ, Tao L, Olavegogeascoechea PA, Airan 
B, Sulling TA, Whitlock RP, Ou Y, Gao P, Pettit S, Yusuf S; CORONARY 
Investigators. Five-year outcomes after off-pump or on-pump coronary-ar-
tery bypass grafting. N Engl J Med. 2016;375:2359–2368. doi: 10.1056/
NEJMoa1601564.

	34.	 Taggart DP, Altman DG, Gray AM, Lees B, Gerry S, Benedetto U, Flather 
M; ART Investigators. Randomized trial of bilateral versus single internal-
thoracic-artery grafts. N Engl J Med. 2016;375:2540–2549. doi: 10.1056/
NEJMoa1610021.

	35.	 BARI Investigators. The final 10-year follow-up results from the BARI ran-
domized trial. J Am Coll Cardiol. 2007;49:1600–1606.

	36.	 Hueb W, Lopes N, Gersh BJ, Soares PR, Ribeiro EE, Pereira AC, Favarato 
D, Rocha AS, Hueb AC, Ramires JA. Ten-year follow-up survival of the 
Medicine, Angioplasty, or Surgery Study (MASS II): a randomized con-
trolled clinical trial of 3 therapeutic strategies for multivessel coronary 
artery disease. Circulation. 2010;122:949–957. doi: 10.1161/CIRCULA-
TIONAHA.109.911669.

	37.	 Head SJ, Davierwala PM, Serruys PW, Redwood SR, Colombo A, Mack MJ, 
Morice MC, Holmes DR Jr, Feldman TE, Ståhle E, Underwood P, Dawkins 
KD, Kappetein AP, Mohr FW. Coronary artery bypass grafting vs. percu-
taneous coronary intervention for patients with three-vessel disease: final 
five-year follow-up of the SYNTAX trial. Eur Heart J. 2014;35:2821–2830. 
doi: 10.1093/eurheartj/ehu213.

	38.	 Morice MC, Serruys PW, Kappetein AP, Feldman TE, Ståhle E, Colombo 
A, Mack MJ, Holmes DR, Choi JW, Ruzyllo W, Religa G, Huang J, Roy K, 
Dawkins KD, Mohr F. Five-year outcomes in patients with left main disease 
treated with either percutaneous coronary intervention or coronary artery 
bypass grafting in the Synergy Between Percutaneous Coronary Interven-
tion With TAXUS and Cardiac Surgery Trial. Circulation. 2014;129:2388–
2394. doi: 10.1161/CIRCULATIONAHA.113.006689.

	39.	 Velazquez EJ, Lee KL, Jones RH, Al-Khalidi HR, Hill JA, Panza JA, Michler 
RE, Bonow RO, Doenst T, Petrie MC, Oh JK, She L, Moore VL, Desvigne-
Nickens P, Sopko G, Rouleau JL; STICHES Investigators. Coronary-artery 
bypass surgery in patients with ischemic cardiomyopathy. N Engl J Med. 
2016;374:1511–1520. doi: 10.1056/NEJMoa1602001.

	40.	 Petrie MC, Jhund PS, She L, Adlbrecht C, Doenst T, Panza JA, Hill JA, Lee 
KL, Rouleau JL, Prior DL, Ali IS, Maddury J, Golba KS, White HD, Carson P, 
Chrzanowski L, Romanov A, Miller AB, Velazquez EJ; STICH Trial Investiga-
tors. Ten-year outcomes after coronary artery bypass grafting according to 
age in patients with heart failure and left ventricular systolic dysfunction: 
an analysis of the extended follow-up of the STICH Trial (Surgical Treat-
ment for Ischemic Heart Failure). Circulation. 2016;134:1314–1324. doi: 
10.1161/CIRCULATIONAHA.116.024800.

	41.	 Adjedj J, De Bruyne B, Floré V, Di Gioia G, Ferrara A, Pellicano M, Toth GG, 
Bartunek J, Vanderheyden M, Heyndrickx GR, Wijns W, Barbato E. Sig-
nificance of intermediate values of fractional flow reserve in patients with 
coronary artery disease. Circulation. 2016;133:502–508. doi: 10.1161/
CIRCULATIONAHA.115.018747.

	42.	 De Bruyne B, Fearon WF, Pijls NH, Barbato E, Tonino P, Piroth Z, Jagic N, 
Mobius-Winckler S, Rioufol G, Witt N, Kala P, MacCarthy P, Engström T, 
Oldroyd K, Mavromatis K, Manoharan G, Verlee P, Frobert O, Curzen N, 
Johnson JB, Limacher A, Nüesch E, Jüni P; FAME 2 Trial Investigators. Frac-
tional flow reserve-guided PCI for stable coronary artery disease. N Engl J 
Med. 2014;371:1208–1217. doi: 10.1056/NEJMoa1408758.

	43.	 Toth G, De Bruyne B, Casselman F, De Vroey F, Pyxaras S, Di Serafino L, 
Van Praet F, Van Mieghem C, Stockman B, Wijns W, Degrieck I, Barbato E. 
Fractional flow reserve-guided versus angiography-guided coronary artery 
bypass graft surgery. Circulation. 2013;128:1405–1411. doi: 10.1161/
CIRCULATIONAHA.113.002740.

	44.	 Mohammadi S, Dagenais F, Doyle D, Mathieu P, Baillot R, Charbonneau E, 
Perron J, Voisine P. Age cut-off for the loss of benefit from bilateral inter-
nal thoracic artery grafting. Eur J Cardiothorac Surg. 2008;33:977–982. 
doi: 10.1016/j.ejcts.2008.03.026.

	45.	 Kieser TM, Lewin AM, Graham MM, Martin BJ, Galbraith PD, Rabi DM, 
Norris CM, Faris PD, Knudtson ML, Ghali WA; APPROACH Investiga-
tors. Outcomes associated with bilateral internal thoracic artery graft-
ing: the importance of age. Ann Thorac Surg. 2011;92:1269–1275. doi: 
10.1016/j.athoracsur.2011.05.083.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 4, 2018



Head et al

October 3, 2017� Circulation. 2017;136:1331–1345. DOI: 10.1161/CIRCULATIONAHA.116.0225721344

	46.	 Yi G, Shine B, Rehman SM, Altman DG, Taggart DP. Effect of bilateral 
internal mammary artery grafts on long-term survival: a meta-analysis 
approach. Circulation. 2014;130:539–545. doi: 10.1161/CIRCULA-
TIONAHA.113.004255.

	47.	 Benedetto U, Altman DG, Gerry S, Gray A, Lees B, Pawlaczyk R, Flather 
M, Taggart DP; Arterial Revascularization Trial Investigators. Pedicled and 
skeletonized single and bilateral internal thoracic artery grafts and the 
incidence of sternal wound complications: insights from the Arterial Re-
vascularization Trial. J Thorac Cardiovasc Surg. 2016;152:270–276. doi: 
10.1016/j.jtcvs.2016.03.056.

	48.	 Glineur D, Boodhwani M, Hanet C, de Kerchove L, Navarra E, Astarci P, 
Noirhomme P, El Khoury G. Bilateral internal thoracic artery configuration 
for coronary artery bypass surgery: a prospective randomized trial. Circ 
Cardiovasc Interv. 2016;9:e003518.

	49.	 Cao C, Manganas C, Horton M, Bannon P, Munkholm-Larsen S, Ang 
SC, Yan TD. Angiographic outcomes of radial artery versus saphenous 
vein in coronary artery bypass graft surgery: a meta-analysis of random-
ized controlled trials. J Thorac Cardiovasc Surg. 2013;146:255–261. doi: 
10.1016/j.jtcvs.2012.07.014.

	50.	 Petrovic I, Nezic D, Peric M, Milojevic P, Djokic O, Kosevic D, Tasic N, Dju-
kanovic B, Otasevic P. Radial artery vs saphenous vein graft used as the 
second conduit for surgical myocardial revascularization: long-term clini-
cal follow-up. J Cardiothorac Surg. 2015;10:127. doi: 10.1186/s13019-
015-0331-9.

	51.	 Collins P, Webb CM, Chong CF, Moat NE; Radial Artery Versus Saphenous 
Vein Patency (RSVP) Trial Investigators. Radial artery versus saphenous vein 
patency randomized trial: five-year angiographic follow-up. Circulation. 
2008;117:2859–2864. doi: 10.1161/CIRCULATIONAHA.107.736215.

	52.	 Tranbaugh RF, Dimitrova KR, Friedmann P, Geller CM, Harris LJ, Stelzer P, 
Cohen B, Hoffman DM. Radial artery conduits improve long-term survival 
after coronary artery bypass grafting. Ann Thorac Surg. 2010;90:1165–
1172. doi: 10.1016/j.athoracsur.2010.05.038.

	53.	 Schwann TA, Engoren M, Bonnell M, Clancy C, Habib RH. Comparison 
of late coronary artery bypass graft survival effects of radial artery versus 
saphenous vein grafting in male and female patients. Ann Thorac Surg. 
2012;94:1485–1491. doi: 10.1016/j.athoracsur.2012.05.029.

	54.	 Hayward PA, Gordon IR, Hare DL, Matalanis G, Horrigan ML, Rosalion A, 
Buxton BF. Comparable patencies of the radial artery and right internal 
thoracic artery or saphenous vein beyond 5 years: results from the Ra-
dial Artery Patency and Clinical Outcomes trial. J Thorac Cardiovasc Surg. 
2010;139:60–65. doi: 10.1016/j.jtcvs.2009.09.043.

	55.	 Benedetto U, Gaudino M, Caputo M, Tranbaugh RF, Lau C, Di Franco A, 
Ng C, Girardi LN, Angelini GD. Right internal thoracic artery versus radial 
artery as the second best arterial conduit: Insights from a meta-analysis of 
propensity-matched data on long-term survival. J Thorac Cardiovasc Surg. 
2016;152:1083–1091.e15.

	56.	 Benedetto U, Caputo M, Zakkar M, Bryan A, Angelini GD. Are three 
arteries better than two? Impact of using the radial artery in addi-
tion to bilateral internal thoracic artery grafting on long-term surviv-
al. J Thorac Cardiovasc Surg. 2016;152:862–869.e2. doi: 10.1016/j.
jtcvs.2016.04.054.

	57.	 Grau JB, Kuschner CE, Johnson CK, Ferrari G, Zapolanski A, Brizzio ME, 
Shaw RE. The effects of using a radial artery in patients already receiving 
bilateral internal mammary arteries during coronary bypass grafting: 30-
day outcomes and 14-year survival in a propensity-matched cohort. Eur J 
Cardiothorac Surg. 2016;49:203–210. doi: 10.1093/ejcts/ezv176.

	58.	 Shi WY, Tatoulis J, Newcomb AE, Rosalion A, Fuller JA, Buxton BF. Is a third 
arterial conduit necessary? Comparison of the radial artery and saphenous 
vein in patients receiving bilateral internal thoracic arteries for triple vessel 
coronary disease. Eur J Cardiothorac Surg. 2016;50:53–60. doi: 10.1093/
ejcts/ezv467.

	59.	 Desai ND, Cohen EA, Naylor CD, Fremes SE; Radial Artery Patency Study 
Investigators. A randomized comparison of radial-artery and saphenous-
vein coronary bypass grafts. N Engl J Med. 2004;351:2302–2309. doi: 
10.1056/NEJMoa040982.

	60.	 Kim KB, Hwang HY, Hahn S, Kim JS, Oh SJ. A randomized comparison of 
the Saphenous Vein Versus Right Internal Thoracic Artery as a Y-Compos-
ite Graft (SAVE RITA) trial: one-year angiographic results and mid-term 
clinical outcomes. J Thorac Cardiovasc Surg. 2014;148:901–907. doi: 
10.1016/j.jtcvs.2014.03.057.

	61.	 Fitzgibbon GM, Kafka HP, Leach AJ, Keon WJ, Hooper GD, Burton JR. 
Coronary bypass graft fate and patient outcome: angiographic follow-up 
of 5,065 grafts related to survival and reoperation in 1,388 patients dur-
ing 25 years. J Am Coll Cardiol. 1996;28:616–626.

	62.	 Hess CN, Lopes RD, Gibson CM, Hager R, Wojdyla DM, Englum BR, Mack 
MJ, Califf RM, Kouchoukos NT, Peterson ED, Alexander JH. Saphenous 
vein graft failure after coronary artery bypass surgery: insights from PRE-
VENT IV. Circulation. 2014;130:1445–1451.

	63.	 Samano N, Geijer H, Liden M, Fremes S, Bodin L, Souza D. The no-touch 
saphenous vein for coronary artery bypass grafting maintains a patency, 
after 16 years, comparable to the left internal thoracic artery: a random-
ized trial. J Thorac Cardiovasc Surg. 2015;150:880–888. doi: 10.1016/j.
jtcvs.2015.07.027.

	64.	 Verma S, Lovren F, Pan Y, Yanagawa B, Deb S, Karkhanis R, Quan A, Teoh 
H, Feder-Elituv R, Moussa F, Souza DS, Fremes SE. Pedicled no-touch 
saphenous vein graft harvest limits vascular smooth muscle cell activa-
tion: the PATENT saphenous vein graft study. Eur J Cardiothorac Surg. 
2014;45:717–725. doi: 10.1093/ejcts/ezt560.

	65.	 Dacey LJ, Braxton JH Jr, Kramer RS, Schmoker JD, Charlesworth DC, Helm 
RE, Frumiento C, Sardella GL, Clough RA, Jones SR, Malenka DJ, Olmstead 
EM, Ross CS, O’Connor GT, Likosky DS; Northern New England Cardiovas-
cular Disease Study Group. Long-term outcomes of endoscopic vein har-
vesting after coronary artery bypass grafting. Circulation. 2011;123:147–
153. doi: 10.1161/CIRCULATIONAHA.110.960765.

	66.	 Williams JB, Peterson ED, Brennan JM, Sedrakyan A, Tavris D, Alexander 
JH, Lopes RD, Dokholyan RS, Zhao Y, O’Brien SM, Michler RE, Thourani 
VH, Edwards FH, Duggirala H, Gross T, Marinac-Dabic D, Smith PK. Asso-
ciation between endoscopic vs open vein-graft harvesting and mortality, 
wound complications, and cardiovascular events in patients undergoing 
CABG surgery. JAMA. 2012;308:475–484.

	67.	 Harskamp RE, Alexander JH, Schulte PJ, Brophy CM, Mack MJ, Peterson 
ED, Williams JB, Gibson CM, Califf RM, Kouchoukos NT, Harrington RA, 
Ferguson TB Jr, Lopes RD. Vein graft preservation solutions, patency, and 
outcomes after coronary artery bypass graft surgery: follow-up from the 
PREVENT IV randomized clinical trial. JAMA Surg. 2014;149:798–805.

	68.	 Taggart DP, Ben Gal Y, Lees B, Patel N, Webb C, Rehman SM, Desouza A, 
Yadav R, De Robertis F, Dalby M, Banning A, Channon KM, Di Mario C, 
Orion E. A randomized trial of external stenting for saphenous vein grafts 
in coronary artery bypass grafting. Ann Thorac Surg. 2015;99:2039–
2045. doi: 10.1016/j.athoracsur.2015.01.060.

	69.	 Meirson T, Orion E, Di Mario C, Webb C, Patel N, Channon KM, Ben 
Gal Y, Taggart DP. Flow patterns in externally stented saphenous vein 
grafts and development of intimal hyperplasia. J Thorac Cardiovasc Surg. 
2015;150:871–878. doi: 10.1016/j.jtcvs.2015.04.061.

	70.	 Mujanović E, Kabil E, Bergsland J. Transit time flowmetry in coronary 
surgery: an important tool in graft verification. Bosn J Basic Med Sci. 
2007;7:275–278.

	71.	 Kieser TM, Rose S, Kowalewski R, Belenkie I. Transit-time flow predicts 
outcomes in coronary artery bypass graft patients: a series of 1000 con-
secutive arterial grafts. Eur J Cardiothorac Surg. 2010;38:155–162. doi: 
10.1016/j.ejcts.2010.01.026.

	72.	 Di Giammarco G, Canosa C, Foschi M, Rabozzi R, Marinelli D, Masuyama 
S, Ibrahim BM, Ranalletta RA, Penco M, Di Mauro M. Intraoperative graft 
verification in coronary surgery: increased diagnostic accuracy adding 
high-resolution epicardial ultrasonography to transit-time flow measure-
ment. Eur J Cardiothorac Surg. 2014;45:e41–e45. doi: 10.1093/ejcts/
ezt580.

	73.	 Afilalo J, Rasti M, Ohayon SM, Shimony A, Eisenberg MJ. Off-pump vs. 
on-pump coronary artery bypass surgery: an updated meta-analysis and 
meta-regression of randomized trials. Eur Heart J. 2012;33:1257–1267. 
doi: 10.1093/eurheartj/ehr307.

	74.	 Deppe AC, Arbash W, Kuhn EW, Slottosch I, Scherner M, Liakopoulos OJ, 
Choi YH, Wahlers T. Current evidence of coronary artery bypass grafting 
off-pump versus on-pump: a systematic review with meta-analysis of over 
16,900 patients investigated in randomized controlled trials. Eur J Cardio-
thorac Surg. 2016;49:1031–1041. doi: 10.1093/ejcts/ezv268.

	75.	 Kowalewski M, Pawliszak W, Malvindi PG, Bokszanski MP, Perlinski D, 
Raffa GM, Kowalkowska ME, Zaborowska K, Navarese EP, Kolodziejczak 
M, Kowalewski J, Tarelli G, Taggart DP, Anisimowicz L. Off-pump coro-
nary artery bypass grafting improves short-term outcomes in high-risk 
patients compared with on-pump coronary artery bypass grafting: meta-
analysis. J Thorac Cardiovasc Surg. 2016;151:60–77.e1. doi: 10.1016/j.
jtcvs.2015.08.042.

	76.	 Diegeler A, Börgermann J, Kappert U, Breuer M, Böning A, Ursulescu A, 
Rastan A, Holzhey D, Treede H, Rieß FC, Veeckmann P, Asfoor A, Reents 
W, Zacher M, Hilker M; GOPCABE Study Group. Off-pump versus on-
pump coronary-artery bypass grafting in elderly patients. N Engl J Med. 
2013;368:1189–1198. doi: 10.1056/NEJMoa1211666.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 4, 2018



State-of-the-Art CABG
STATE OF THE ART

Circulation. 2017;136:1331–1345. DOI: 10.1161/CIRCULATIONAHA.116.022572� October 3, 2017 1345

	77.	 Kirmani BH, Holmes MV, Muir AD. Long-term survival and freedom from 
reintervention after off-pump coronary artery bypass grafting: a propen-
sity-matched study. Circulation. 2016;134:1209–1220. doi: 10.1161/ 
CIRCULATIONAHA.116.021933.

	78.	 Shroyer AL, Grover FL, Hattler B, Collins JF, McDonald GO, Kozora E, 
Lucke JC, Baltz JH, Novitzky D; Veterans Affairs Randomized On/Off  
Bypass (ROOBY) Study Group. On-pump versus off-pump coronary-artery 
bypass surgery. N Engl J Med. 2009;361:1827–1837. doi: 10.1056/ 
NEJMoa0902905.

	79.	 Lapar DJ, Mery CM, Kozower BD, Kern JA, Kron IL, Stukenborg GJ, Aila-
wadi G. The effect of surgeon volume on mortality for off-pump coronary 
artery bypass grafting. J Thorac Cardiovasc Surg. 2012;143:854–863. doi: 
10.1016/j.jtcvs.2011.12.048.

	80.	 Murzi M, Caputo M, Aresu G, Duggan S, Angelini GD. Training resi-
dents in off-pump coronary artery bypass surgery: a 14-year experi-
ence. J Thorac Cardiovasc Surg. 2012;143:1247–1253. doi: 10.1016/j.
jtcvs.2011.09.049.

	81.	 Konety SH, Rosenthal GE, Vaughan-Sarrazin MS. Surgical volume and out-
comes of off-pump coronary artery bypass graft surgery: does it matter? J 
Thorac Cardiovasc Surg. 2009;137:1116–1123.e1.

	82.	 Börgermann J, Hakim K, Renner A, Parsa A, Aboud A, Becker T, Masshoff 
M, Zittermann A, Gummert JF, Kuss O. Clampless off-pump versus con-
ventional coronary artery revascularization: a propensity score analysis of 
788 patients. Circulation. 2012;126(suppl 1):S176–S182. doi: 10.1161/
CIRCULATIONAHA.111.084285.

	83.	 Zhao DF, Edelman JJ, Seco M, Bannon PG, Wilson MK, Byrom MJ, Tho-
urani V, Lamy A, Taggart DP, Puskas JD, Vallely MP. Coronary artery bypass 
grafting with and without manipulation of the ascending aorta: a net-
work meta-analysis. J Am Coll Cardiol. 2017;69:924–936. doi: 10.1016/j.
jacc.2016.11.071.

	84.	 Ozatik MA, Göl MK, Fansa I, Uncu H, Küçüker SA, Küçükaksu S, Bayazit 
M, Sener E, Taşdemir O. Risk factors for stroke following coronary artery 
bypass operations. J Card Surg. 2005;20:52–57. doi: 10.1111/j.0886-
0440.2005.200384.x.

	85.	 Rosenberger P, Shernan SK, Löffler M, Shekar PS, Fox JA, Tuli JK, Nowak 
M, Eltzschig HK. The influence of epiaortic ultrasonography on intraoper-
ative surgical management in 6051 cardiac surgical patients. Ann Thorac 
Surg. 2008;85:548–553. doi: 10.1016/j.athoracsur.2007.08.061.

	86.	 Hangler HB, Nagele G, Danzmayr M, Mueller L, Ruttmann E, Laufer G, 
Bonatti J. Modification of surgical technique for ascending aortic athero-
sclerosis: impact on stroke reduction in coronary artery bypass grafting.  
J Thorac Cardiovasc Surg. 2003;126:391–400.

	87.	 Holzhey DM, Cornely JP, Rastan AJ, Davierwala P, Mohr FW. Review of a 
13-year single-center experience with minimally invasive direct coronary 
artery bypass as the primary surgical treatment of coronary artery disease. 
Heart Surg Forum. 2012;15:E61–E68. doi: 10.1532/HSF98.20111141.

	88.	 Raja SG, Benedetto U, Alkizwini E, Gupta S, Amrani M; Harefield Cardiac 
Outcomes Research Group. Propensity score adjusted comparison of MID-
CAB versus full sternotomy left anterior descending artery revascularization.  
Innovations (Phila). 2015;10:174–178. doi: 10.1097/IMI.0000000000000162.

	89.	 Halkos ME, Vassiliades TA, Myung RJ, Kilgo P, Thourani VH, Cooper 
WA, Guyton RA, Lattouf OM, Puskas JD. Sternotomy versus nonster-
notomy LIMA-LAD grafting for single-vessel disease. Ann Thorac Surg. 
2012;94:1469–1477. doi: 10.1016/j.athoracsur.2012.05.049.

	90.	 Bonatti J, Schachner T, Bonaros N, Lehr EJ, Zimrin D, Griffith B. Roboti-
cally assisted totally endoscopic coronary bypass surgery. Circulation. 
2011;124:236–244. doi: 10.1161/CIRCULATIONAHA.110.985267.

	91.	 Halkos ME, Liberman HA, Devireddy C, Walker P, Finn AV, Jaber W, 
Guyton RA, Puskas JD. Early clinical and angiographic outcomes after 
robotic-assisted coronary artery bypass surgery. J Thorac Cardiovasc Surg. 
2014;147:179–185. doi: 10.1016/j.jtcvs.2013.09.010.

	 92.	 Yang M, Wu Y, Wang G, Xiao C, Zhang H, Gao C. Robotic total arte-
rial off-pump coronary artery bypass grafting: seven-year single-center 
experience and long-term follow-up of graft patency. Ann Thorac Surg. 
2015;100:1367–1373. doi: 10.1016/j.athoracsur.2015.04.054.

	 93.	 Currie ME, Romsa J, Fox SA, Vezina WC, Akincioglu C, Warrington 
JC, McClure RS, Stitt LW, Menkis AH, Boyd WD, Kiaii B. Long-term 
angiographic follow-up of robotic-assisted coronary artery revascu-
larization. Ann Thorac Surg. 2012;93:1426–1431. doi: 10.1016/j.
athoracsur.2011.11.031.

	 94.	 Argenziano M, Katz M, Bonatti J, Srivastava S, Murphy D, Poirier R, 
Loulmet D, Siwek L, Kreaden U, Ligon D; TECAB Trial Investigators. 
Results of the prospective multicenter trial of robotically assisted to-
tally endoscopic coronary artery bypass grafting. Ann Thorac Surg. 
2006;81:1666–1674. doi: 10.1016/j.athoracsur.2005.11.007.

	 95.	 Gąsior M, Zembala MO, Tajstra M, Filipiak K, Gierlotka M, Hrapkowicz 
T, Hawranek M, Poloński L, Zembala M; POL-MIDES (HYBRID) Study 
Investigators. Hybrid revascularization for multivessel  coronary artery 
disease. JACC Cardiovasc Interv. 2014;7:1277–1283. doi: 10.1016/j.
jcin.2014.05.025.

	 96.	 Harskamp RE, Brennan JM, Xian Y, Halkos ME, Puskas JD, Thourani VH, 
Gammie JS, Taylor BS, de Winter RJ, Kim S, O’Brien S, Peterson ED, Gaca 
JG. Practice patterns and clinical outcomes after hybrid coronary revas-
cularization in the United States: an analysis from the Society of Thoracic 
Surgeons Adult Cardiac Database. Circulation. 2014;130:872–879. doi: 
10.1161/CIRCULATIONAHA.114.009479. 

	 97.	 Modrau IS, Holm NR, Mæng M, Bøtker HE, Christiansen EH, Kristensen 
SD, Lassen JF, Thuesen L, Nielsen PH; Hybrid Coronary Revascularization 
Study Group. One-year clinical and angiographic results of hybrid coro-
nary revascularization. J Thorac Cardiovasc Surg. 2015;150:1181–1186. 
doi: 10.1016/j.jtcvs.2015.08.072.

	 98.	 Rosenblum JM, Harskamp RE, Hoedemaker N, Walker P, Liberman HA, 
de Winter RJ, Vassiliades TA, Puskas JD, Halkos ME. Hybrid coronary 
revascularization versus coronary artery bypass surgery with bilateral 
or single internal mammary artery grafts. J Thorac Cardiovasc Surg. 
2016;151:1081–1089. doi: 10.1016/j.jtcvs.2015.10.061.

	 99.	 Head SJ, Börgermann J, Osnabrugge RL, Kieser TM, Falk V, Taggart DP, 
Puskas JD, Gummert JF, Kappetein AP. Coronary artery bypass graft-
ing, part 2: optimizing outcomes and future prospects. Eur Heart J. 
2013;34:2873–2886. doi: 10.1093/eurheartj/eht284.

	100.	 Puskas JD, Halkos ME, DeRose JJ, Bagiella E, Miller MA, Overbey J, 
Bonatti J, Srinivas VS, Vesely M, Sutter F, Lynch J, Kirkwood K, Shapiro 
TA, Boudoulas KD, Crestanello J, Gehrig T, Smith P, Ragosta M, Hoff SJ, 
Zhao D, Gelijns AC, Szeto WY, Weisz G, Argenziano M, Vassiliades T, 
Liberman H, Matthai W, Ascheim DD. Hybrid coronary revascularization 
for  the  treatment of multivessel coronary artery disease: a multicenter 
observational study. J Am Coll Cardiol. 2016;68:356–365. doi: 10.1016/j.
jacc.2016.05.032.

	101.	 D’Ancona G, Vassiliades TA, Boyd WD, Donias HW, Stahl KD, 
Karamanoukian H. Is hybrid coronary revascularization favored by cardi-
ologists or cardiac surgeons? Heart Surg Forum. 2002;5:393–395.

	102.	 Harskamp RE, Halkos ME, Xian Y, Szerlip MA, Poston RS, Mick SL, Lopes 
RD, Tijssen JG, de Winter RJ, Peterson ED. A nationwide survey on per-
ception, experience, and expectations of hybrid coronary revasculariza-
tion among top-ranked US hospitals. Am Heart J. 2015;169:557–563.e6. 
doi: 10.1016/j.ahj.2015.01.003.

	103.	 Weintraub WS, Grau-Sepulveda MV, Weiss JM, O’Brien SM, Peterson ED, 
Kolm P, Zhang Z, Klein LW, Shaw RE, McKay C, Ritzenthaler LL, Popma JJ, 
Messenger JC, Shahian DM, Grover FL, Mayer JE, Shewan CM, Garratt 
KN, Moussa ID, Dangas GD, Edwards FH. Comparative effectiveness of 
revascularization strategies. N Engl J Med. 2012;366:1467–1476. doi: 
10.1056/NEJMoa1110717. 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 4, 2018




