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Abstract
The quest to treat coronary artery disease, the leading cause of death in the United States and worldwide, is fascinating and continues to evolve. 

Advances in coronary angiography including physiologic tests of coronary function, have paved the way for a greater understanding and more 
precise application of revascularization techniques.  Development and application of improved medical treatments, goal directed medical therapy, 
add valuable treatment options. As management options have progressed, several studies have emerged as foundational for societal guidelines and 
have provided valuable and rational approaches for treatment of coronary artery disease. While debates persist on the treatment of coronary artery 
disease, overall, there has been a shift in paradigm to a team approach with treatment options tailored to anatomy, physiology, and patient wishes. 
Percutaneous coronary intervention, coronary artery bypass graft, and goal directed medical treatment are now viewed as tools that can be used 
in either tandem or in combination. As technology progresses and our understanding of the complex pathophysiology of coronary artery disease 
improves, our approach to coronary revascularization and preservation of cardiac function will continue to evolve.

Case Presentation

Coronary artery disease (CAD) continues to be a leading 
cause of death in the United States and the rest of the world [1]. 
Management of coronary artery disease includes goal directed 
medical therapy (GDMT), percutaneous intervention (PCI), and 
coronary artery bypass surgery (CABG). Since the 1980s, CABG 
has consistently been a reliable and effective treatment for severe 
CAD. This paper will provide an overarching history of coronary 
revascularization including landmark trials supporting its use, 
current practices of coronary revascularization, and patient factors, 
including preferences which affect treatment decisions. 

 
History and development of coronary bypass surgery

Cardiac catheterization has been foundational to coronary 
revascularization, the origins of which can be traced back to the 
1920s when a German urologist, Werner Forssmann [2], inserted a 
catheter into his own heart proving right heart catheterization was 
possible in humans. While others had managed to place catheters 
in a central vein before [3], Forssmann was the first to confirm 
the catheter position in the heart with a chest radiograph [2]. 
Right heart catheterization became utilized in humans for direct 
measurements of mixed venous blood oxygenation and pressure 
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tracings, providing considerable information about cardiac and 
pulmonary physiology [4-6] which ushered in a new era for 
the possibility of treatment [7-9]. Forssman, along with Andre 
Cournand and Dickison Richards won the 1956 Nobel Prize in 
Physiology and Medicine for “their discoveries in concerning heart 
catheterization and pathological changes in the circulatory system.

As the understanding of coronary disease processes 
progressed, physicians began attempting various methods of 
surgically correcting CAD. Given the timing of publication differed 
from time of discoveries, the history is convoluted (Figure 1). In the 
early 1950s, the first attempts were published with the internal 
mammary artery (IMA) anastomosed directly to the myocardium 
[10]. Shortly thereafter, reports began to emerge of anastomosing 
the IMA to a coronary artery [11-13]. At the same time, Longmire 

attempted coronary endarterectomy for management of CAD, 
which was largely unsuccessful [14]. Patch grafting of the coronary 
arteries with pericardium was also attempted [15]. In general, 
early attempts at revascularization were less successful largely 
due to the lack of accurate imaging modalities which could locate 
areas of significant blockage. In 1958, Sones inadvertently injected 
contrast into the right coronary artery (RCA) while performing 
an aortogram. This led to direct coronary angiography, which 
significantly changed the nature of coronary revascularization 
[16,17]. With angiography and accurate anatomical localization 
of obstructions, coronary revascularization became much more 
feasible. Reports of successful CABG utilizing different conduits 
emerged: right IMA to RCA in 1965 [18], right saphenous vein graft 
(SVG) to coronary arteries in 1967 [19], and left IMA to left anterior 
descending artery in 1968 [20].

Figure 1: Timeline of key steps which led to the development of modern CABG procedure.

In the 1970s, three separate randomized controlled trials 
demonstrated the early efficacy of CABG in the treatment of CAD: 
Coronary-artery bypass surgery instable angina pectoris: Survival 
at two years- The European Coronary Surgery Study Group [21], 
National Heart, Lung, Blood Institute Coronary Artery Surgery Study 
(CASS) [22]; and Veterans Affairs Cooperative Study of Coronary 
Artery Bypass Surgery for Stable Angina [23]. The European study, 
published in 1979, randomized 768 males with angina to either 
medical or surgical treatment. There was no difference in two-year 
mortality between the groups, however subgroup analysis showed 
better survival with CABG in two vessel disease involving left 
anterior descending artery (LAD) or any three-vessel disease [24]. 
The Veterans Affairs Cooperative Study of Coronary Artery Bypass 
Surgery for Stable Angina, published in 1976 with final follow-up 
at twenty-two years, investigated benefits of SVG in a cohort of 
686 patients randomized to either medical management or CABG. 
They reported a large majority (69%) of grafts were patent at one 
year and no statistically significant difference in survival between 
groups at 21 months [21]. There was a survival benefit from five to 
ten years in the CABG group, largely in those patients deemed high 
risk clinically or angiographically and no survival benefit observed 
in any group thereafter. These observations seemed to coincide 

with SVG patency [23]. In 1983, the CASS study randomized 780 
patients to surgical or non-surgical treatment to evaluate effects of 
CABG compared to medical therapy alone in patients with stable 
coronary disease. At five years, mortality was similar in both groups 
(medical group 1.6% vs surgical group 1.1%); outcomes were also 
similar between single, double, and triple vessel disease. However, 
at 10-year follow-up, a survival benefit was noted for CABG in 
patients with reduced left ventricular ejection fraction (LVEF) 
<0.5 (78% vs 51%, p=0.01) [22]. In general, these three trials 
demonstrated CABG was no worse than medical management and 
in specific cases such as triple vessel or LAD disease, CABG resulted 
in better outcomes than medical therapy alone.

As surgical techniques continued to improve, several landmark 
trials demonstrated the value of CABG over other treatment 
options in severe CAD.  The Bypass Angioplasty Revascularization 
Investigation (BARI) trial was a multicenter investigation across 
three years, which compared percutaneous transluminal coronary 
angioplasty (PTCA) to CABG. In this study, 1829 patients at 18 
centers with clinically important lesions, defined as stenosis 
greater than 50 percent vessel diameter, were randomly assigned 
to CABG or PTCA and followed for five years. The primary end point 
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was all cause mortality. Results showed no statistically significant 
difference in cumulative survival rates between groups (CABG 
89.3%, PTCA 86.3%). PTCA patients were more likely to require 
early reintervention (12.8% reintervention during hospitalization, 
6.3% required emergency CABG). In patients with diabetes, however, 
long-term survival rates were noted be significantly higher with 
CABG (CABG 57.8, PTCA 45.5%). CABG was also associated with 
higher long-term survival rates [25]. The BARI 2 trial was a 10-year 
follow-up with the same patients. Similar survival rates were noted 
between PTCA and CABG groups (71.0%, 73.5% respectively). 
Again, PTCA patients were more likely to require revascularization 
(76.8% vs 20.3% CABG). In patients with diabetes, CABG patients 
continued to have higher long term survival rates (CABG 57.8%, 
PTCA 45.5%) In all, investigators concluded that there was no 
disadvantage to initial PTCA compared to CABG; however, patients 
would be more likely to require repeat revascularization than with 
surgical intervention initially [26].

The subsequent Bypass Angioplasty Revascularization 
Investigation 2 Diabetes (BARI 2D) trial investigated whether 
revascularization with either PCI or CABG reduced the incident 
of cardiovascular events or death compared to optimal medical 
therapy (OMT) alone in patients with stable CAD and type 2 diabetes 
mellitus (T2DM), who are more likely to have diffuse multivessel 
CAD. Primary end points included rate of death, composite of death, 

MI, and stroke. Twenty-three hundred and sixty patients were 
randomized to OMT alone or in addition to revascularization and 
assigned to PCI or CABG by their physician. At five years, results 
demonstrated no difference in rates of survival between the 
revascularization group and the OMT group (88.3% vs 87.8%) or 
in freedom from major cardiovascular events (77.2% vs 75.9%). 
However, subgroup analysis demonstrated those randomized to 
CABG had lower rates of cardiovascular (CV) events than OMT alone 
(77.6% vs 69.5%) [27].  Similar to the BARI trial, the key takeaway 
from this study was that in patients with T2DM and CAD, CABG with 
OMT could reduce rate of adverse CV events, whereas there was no 
difference with PCI.

Coronary Bypass Surgery Today

Conduit choices

Principles of bypass surgery dictate that inflow, outflow, and 
conduit choice can influence success of the bypass. Proximal and 
distal endpoints are largely dictated by lesion location and patient 
anatomy. There is slightly more flexibility with the choice of conduit, 
which can include venous or arterial grafts, the latter of which can 
be in-situ or free grafts. Multiple studies have investigated efficacy, 
advantages, and disadvantages of various conduit choices (Figure 
2).

Figure 2: GSV, IMA, and radial artery are the most commonly used conduits. Pros and cons of each are listed in the table above.
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Saphenous venous grafts (SVG) were initially popularized by 
Favaloro, an Argentinian-born physician who trained with Sones 
at the Cleveland Clinic. One of the first successful bypasses was 
performed with an interposition SVG with end-to-end anastomosis 
in a patient with an occluded right coronary artery (RCA). 
Favaloro’s studies in the late 1960s showed successful outcomes 
in 150 patients who underwent CABG with SVG19. However, SVG 
are prone to failure secondary to intimal and medial thickening and 
higher rates of graft thrombosis.

Internal mammary artery grafts were first utilized in the 1980s 
and found to have improved outcomes at ten years, including 
increased survival, decreased rate of myocardial infarction, and 
decreased rates of repeat revascularization. SVG only, when 
compared to LIMA-LAD (left internal mammary artery to left 
anterior descending) either with or without SVG, had 1.61 times 
greater risk of death, 1.4 times risk of myocardial infarction (MI), 
1.24 times risk of rehospitalization, 2.0 times risk of reoperation, 
and 1.27 times risk of late cardiac events [28]. IMA grafts have been 
found to have better long-term outcomes as well. IMA is an elastic 
artery, with 7-11 elastic layers. The intima is non-fenestrated 
and has endothelium with some intima. The media consists of 
circumferentially oriented smooth muscle complexes compared 
to those longitudinally oriented in SVG. These characteristics 
reduce graft susceptibility to intimal hyperplasia, the key factor 
for atherosclerosis. Additionally, IMA produces high levels of nitric 
oxide (NO) which decreases vasospasm and benefits the entire 
coronary system [29]. A 20-year follow-up study by Cameron et al. 
of patients who underwent CABG between 1970-1973 with either 
vein grafts alone or in addition to single IMA (SIMA) or bilateral 
IMA (BIMA) alone demonstrated increased survival, lower rates of 
MI and less angina for the first fifteen years in either the IMA or 
BIMA groups [30].

Given the success demonstrated with IMA grafts, researchers 
gained interest in efficacy of BIMA grafts. Rankin and Tuttle 
[31] investigated effects of SIMA vs BIMA grafts in 867 patients 
undergoing CABG at Duke University Medical Center between 1984-
1986 with 20-year follow-up. Four hundred and ninety patients 
were SIMA-LAD and SVG vs 377 patients who were BIMA (66% 
LAD/RCA and 33% LAD/Cx) and SVG. In general, multiple systems 
proved more effective, and the BIMA group had consistently better 
outcomes31. Complications of BIMA grafts include risks of sternal 
wound dehiscence and mediastinal infections.  Risk factors to 
these complications include, but are not limited to, T2DM, obesity, 
chronic obstructive pulmonary disease and smoking [32]. Steps 
to mitigate these complications include skeletonization of the 
conduit, ligating branches close to IMA to maintain collateral 
circulation, and preserving venous drainage [28,29,31]. The 
Arterial Revascularization Trial (ART) [32] randomized 1548 
patients with multivessel CAD to grafting with BIMA or SIMA; 
the primary outcome was all cause mortality at 10 years. Results 
demonstrated no significant mortality difference at 10 years (BIMA 
20.3% vs SIMA 21.2%, p=0.62). There was an absolute 1.6 percent 
increase in sternal wound complications in the BIMA group. Overall, 
investigators reported no clear advantage to BIMA over SIMA but 

noted it could be used safely in the appropriate patient [32]. A 
significant limiting factor in use of pedicle right internal mammary 
artery (RIMA) grafts is the location of the lesion, as the graft must 
be able to reach distally without undue tension [33]; most data 
on efficacy of RIMA is in situ use. Additionally, the relatively small 
diameter of IMA can make it more technically challenging graft than 
a vein graft [34].

Radial artery grafts were first used by Carpentier in 1971, 
but initially had high rates of failure due to endothelial injury 
after mechanical dilation and/or skeletonization during harvest. 
Radial artery grafts were repopularized in 1993 by Acar using 
the “no touch” harvest method and pharmacologic vasodilators 
such as papaverine [35]. Vasodilators, most commonly calcium 
channel blockers or nitrates, can be used post-operatively to 
minimize vasospasm [36]. Radial artery grafts have a propensity 
to vasospasm, rendering them sensitive to competitive flow, which 
limits its use to grafting vessels with a very high degree of stenosis 
[34,37]. These remain frequently used today and are effective in the 
appropriate patient.

Indications and current guidelines

Until recently, indications for CABG included left main (LM) 
disease greater than 50 percent; three vessel disease greater than 
70 percent with or without proximal LAD involvement or two vessel 
disease involving the proximal LAD and another major artery; 
stenosis greater than 70 percent in a major vessel plus anginal 
symptoms on maximal medical therapy; or one vessel disease 
greater than 70 percent in a survivor of sudden cardiac death with 
ischemia related ventricular tachycardia [38]. Contraindications to 
surgical revascularizations from a purely anatomical standpoint 
are relatively few: arteries incompatible with grafting or patients 
with no viable myocardium to which to graft. However, co-morbid 
conditions may make patients a poor candidate for surgical 
revascularizations. The Society of Thoracic Surgery operative risk 
calculator incorporates a patient’s demographic and physiologic 
data to calculate their overall risk for surgery.

In 2021, the American College of Cardiology/American Heart 
Association/Society of Cardiovascular Angiography and Intervention 
(ACC/AHA/ASCAI) released updated guidelines recommendations 
for surgical and medical intervention in CAD patients which were 
met with a mixture of fanfare and criticism. First, for patients with 
three vessel CAD and normal left ventricular function, CABG/PCI 
was downgraded from level 1 to level IIB. The 2020 ISCHEMIA 
trial [39] was cited to support this change. This study identified 
no difference in death from cardiac causes, MI, hospitalization, or 
heart failure in 5179 patients with stable coronary disease and 
moderate or severe ischemia randomized to revascularization with 
either PCI or CABG vs conservative treatment. However, critics 
state this trial was not designed to investigate long term survival 
benefits of CABG and in addition, utilizes a nonrepresentative 
patient population. Proponents of the former guidelines cite the 
2009 Synergy between Percutaneous Coronary Intervention with 
Taxus and Cardiac Surgery (SYNTAX) [40] trial which studied 
patients more appropriate for revascularization and found a 40 
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percent higher mortality rate in patients with three vessel disease 
treated with PCI compared to CABG. The 2018 European Society 
of Cardiology/European Association of Cardiothoracic Surgery 
(ESC/EACTS) guidelines have not been revised and continue class I 
recommendation for CABG with 3 vessel CAD and one or two vessel 
CAD with proximal LAD stenosis [41]. Another controversial change 
was the grouping of PCI and CABG as equivalent revascularization 
strategies supported by the 2019 EXCEL [42] and NOBLE 44 trials 
which compared PCI to CABG in left main disease, and the 2022 
FAME 343 trial which compared PCI to CABG in three vessel disease. 
All three studies showed equipoise between PCI and CABG. While 
CABG failed to demonstrate a survival advantage over PCI, it has 
shown a reduced rate of repeat revascularization and decreased 
rates of postprocedural MI [43-46]. Finally, the updated guidelines 
assigned level I for the use of radial artery as a conduit, the same level 
as IMA and a stronger support than BIMA. The guidelines cited six 
small RCTs in which patients were judged to be good candidates for 
radial artery conduits but excluded patients with poor ventricular 
function and who would not have been good radial artery 
candidates. However, the official recommendation did not include 
any qualifiers for candidacy. In response, the Society for Thoracic 
Surgeons (STS) and the American Association of Thoracic Surgeons 
(AATS) stated they did not support the updated guidelines, citing 
the issues above [47]. Many other societies worldwide including 
ESC/EACTS, Latin-American Association had similar critiques. The 
new guidelines continue to support CABG over PCI for left main 
CAD with high complexity CAD and in multivessel CAD.

Integrating non-invasive revascularization modalities  

In the early 2000s, drug eluting stents became increasingly 
utilized to treat complex coronary artery disease. The 2009 SYNTAX 
trial was a multi-center, randomized control trial comparing CABG 
to PCI with drug eluding stents in 1800 patients at 85 centers in 
patients with left main and or three vessel CAD. The primary 
outcome was any major CV event, which included death, stroke, 
MI, or repeat revascularization at one year and results of the trial 
demonstrated a higher incidence of events in the PCI groups (17.8% 
vs 12.4 % [RR 1.44; 95% CI, 1.15-1.81; p=0.002]). It was noted that 
there was a higher percentage of strokes in the CABG arm (0.6% vs 
2.2%). Additionally, SYNTAX developed a score by which to classify 
patients according to severity of CAD46.

To further elucidate the impact of emerging technologies in 
stents, the use of coronary physiology, and the use of intravascular 
ultrasound with percutaneous revascularization, the SYNTAX II 
trial was performed with a revised version of the SYNTAX score. 
Patients with three vessel disease treated with these new modalities 
were compared with a similar cohort from the SYNTAX I trial. The 
primary endpoint was major adverse cardiac and cerebrovascular 
events (MACCE). At one and five years, MACCE rate was significantly 
lower for patients treated with the SYNTAX II strategy compared 
to SYNTAX I PCI cohort [48]. The EXCEL trial, published in 2016, 
randomized patients with left main coronary disease and revised 
SYNTAX scores ≤32 to treatment either with PCI with a second-
generation drug eluting stent or CABG. The primary outcome 
was composite risk of death, stroke, or MI at 3 years. Results 

demonstrated non-inferiority of PCI with second-generation DES 
compared to CABG (PCI 15.4% vs CABG 14.4%, absolute difference 
+0.7 [95.7% CI <0.0 to –4.0]; however, investigators did note a non-
significant trend towards increased mortality in PCI42. Overall, 
evolving technologies with PCI continue to push the boundaries 
and demonstrate excellent results. In general, the focus should be 
on how to incorporate these two different treatment modalities 
(surgery and PCI) to provide the best outcome.

Conclusion  

Coronary artery disease is a complex medical entity that is 
heterogenous in its presentation, anatomical features, and patient 
population. Subsequently, treatment decisions are equally as 
complex and an individualized, tailored approach is now required 
to optimize outcomes. Current practices are not competitive as 
once seen, but rather represent a synergy of medical therapy, 
PCI, and surgical revascularizations. These modalities should be 
seen as tools in an armamentarium that can be used in isolation 
or in various combinations based on a patient’s specific anatomy, 
medical co-morbidity, preferences, and needs. Today’s treatment 
modalities have stemmed from various key developments, from 
the first cardiac catheterization to the development of coronary 
angiograms to the various attempts at revascularization, to current 
practices utilized today. CABG remains a gold standard for complex 
CAD and confers survival benefits in these high-risk populations. 
Current research suggests that arterial revascularizations with 
BIMA and radial artery confer outcome advantages over venous 
conduits. Decisions of conduits can vary between patients as their 
availability or suitability for the anatomical lesion must be taken 
into account. As technology progresses, societal recommendations 
on how surgical revascularization is best utilized to reestablish, 
preserve, and optimize blood flow to the myocardium will 
undoubtedly evolve as well.
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