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The development of the heart-lung machine ushered in the era of modern cardiac surgery. Coronary artery bypass graft surgery
(CABG) remains the most common operation performed by cardiac surgeons today. From its infancy in the 1950s till today, CABG
has undergone many developments both technically and clinically. Improvements in intraoperative technique and perioperative
care have led to CABG being offered to amore broad patient profile with less complications and adverse events. Our review outlines
the rich history and promising future of myocardial revascularization.

1. History

Coronary artery bypass grafting (CABG) is defined as “open-
heart surgery in which a section of a blood vessel is grafted
from the aorta to the coronary artery to bypass the blocked
section of the coronary artery and improve the blood sup-
ply to the heart.” The pathophysiology of coronary artery
disease was established in 1876 by Adam Hammer when
he postulated that angina (imbalance of coronary perfusion
supply and demand) was caused by interruption of coronary
blood supply and that myocardial infarction occurred after
the occlusion of at least one coronary artery [1]. In the 19th
century heart surgery was performed infrequently and with
poor results. In 1896, Stephen Paget wrote that “surgery of
the heart has probably reached the limits set by nature to
all surgery” [2]. In that same year, Ludwig Rehn successfully
conducted heart surgery repairing a stab wound [3]. In 1910,
Alexis Carrel was the first to describe CABG [4].

Cardiac surgery became more feasible in the late 1930s
with the development of the heart-lung machine by Dr. John
Gibbonwhich enabled cardiopulmonary bypass (CPB) [5]. In
1950, at McGill University in Montreal, QC, Canada, Vineb-
urg andBuller were the first to implant the internalmammary

artery (IMA) into the myocardium to treat cardiac ischemia
and angina [6]. In 1953, D. W. Gordon Murray reported
placement of arterial grafts in the coronary circulation [7].
Shortly thereafter, in 1955, Sidney Smith was the first to
harvest saphenous vein and use it as a graft from aorta to
into the myocardium [7]. In 1958, Longmire et al. performed
the first open coronary artery endarterectomy without CPB
at University of California at Los Angeles (UCLA) [8].

The 1960s saw great advances in coronary artery surgery.
Goetz et al. are credited with performing the first successful
human coronary artery bypass operation in 1961 [9]. In 1962,
Proudfit et al. produced the first practical cardiac angiogra-
phy visualizing the coronary arteries [10]. Kolesov performed
the first successful internal mammary artery-coronary artery
anastomosis in 1964 [11], and Favoloro et al. reported using
saphenous vein to restore coronary artery blood flow in
171 patients [12]. In the 1970s, continued development of
technique and conduits occurred. In 1973, Benetti, Calafiore,
and Subramian successfully completed anastamoses on a
beating heart [13]. In the 1980s, the prevalence of CABG
increased and safety improved. Thoracoscopic harvesting of
the left IMA was reported in 1998 by Duhaylongsod et al.
[14], and minimally invasive and robotic surgical approaches
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were also developed [15, 16] Currently, the number of CABG
is declining from a peak of 519,000 operations in 2000 to an
estimated 300,000 cases in 2012 [17].

2. Methods

Although the fundamental basis of CABG is to reestablish
perfusion to the myocardium, there are several different
approaches to accomplish this goal. The first factor con-
sidered is the utilization of cardiopulmonary bypass or “on
pump versus off pump.” Initially, most cardiac surgeries were
performed on a beating heart, but with the development
of cardiopulmonary bypass and cardioplegia, most CABG
were performed on pump. However, interest in off-pump
coronary artery bypass (OPCAB) surgery had resurgence in
the 1990s. Benetti et al. [18] and Buffalo et al. [19] published
their results of nearly 2000 OPCAB patients showing oper-
ative safety. Reported benefits of OPCAB include lower end
organ damage, that is, renal failure, cerebrovascular accidents
(CVA), fewer cognitive deficits, less psychomotor defects,
lower transfusion rates, and reduced systemic inflammation
[20].

Recently, Afilalo et al. published a meta-analysis compar-
ing on-pumpCABGandOPCAB [21].The primary outcomes
were all-cause mortality, stroke, and myocardial infarction.
Fifty-nine trials were included with nearly 9000 patients.The
study population had a mean age of 63.4 and with a male
to female predominance of over 4 : 1. Postoperative CVA was
significantly reduced by 30% in the OPCAB group (risk ratio
(RR) 0.70, 95% CI: 0.49–0.99). Rate in mortality (RR: 0.90,
95% CI: 0.63–1.30) and myocardial infarction (pooled RR:
0.89, 95% CI: 0.69–1.13) were not different between groups.
In the metaregression analysis, clinical outcome was similar
regardless of mean age, proportion of females in the trial,
number of grafts per patient, and trial publication date.

Forouzannia et al. compared clinical and economic out-
comes of off-pump and on-pump coronary artery bypass
surgery [22]. They analyzed 304 patients undergoing coro-
nary artery bypass surgery and were randomized into con-
ventional on pump and off-pump groups. OPCAB sig-
nificantly reduced the need for postoperative transfusion
requirement (𝑃 < 0.05).Therewere no statistically significant
differences in surgical reexploration or length of stay. They
found that the mean cost for an on-pump surgery was signif-
icantly higher than an off-pump surgery.

Interestingly, Yadava et al. reviewed 3500 patients over 8
years. 14.6% of patients were women [23]. In-hospital mortal-
ity was higher in women as compared to men, 2.92% versus
1.8%.Themost common causes of mortality were low cardiac
output and renal failure. Use of OPCAB reduced mortality
(1.84% versus 4.5% on pump; 𝑃 = 0.01) in women. Blood
transfusions (2.5±1.2 units versus 4.3±1.4; units 𝑃 < 0.001);
ICU stay (29.4 ± 16.4 h versus 38.3 ± 17.3 h; 𝑃 < 0.0001); and
length of stay (6.81 ± 1.6 d versus 8.05 ± 2.1 d; 𝑃 < 0.0001)
were also reduced in the OPCAB female cohort.

In 2009, the results of the ROOBY (randomized on/off
bypass) trial were published, reporting the outcomes for 2.203
patients (99% men) at 18 Veterans Affairs Medical Centers

[24]. The primary short-term endpoint, a composite of death
or complications within 30 days of surgery, occurred with
similar frequency (5.6% for on-pump CABG; 7.0% for off-
pump CABG; 𝑃 = 0.19). The primary long-term endpoint, a
composite of death from any cause, a repeat revascularization
procedure, or a nonfatal myocardial infarction (MI) within 1
year of surgery, occurredmore often in those undergoing off-
pump CABG (9.9%) than in those having on-pump CABG
(7.4%; 𝑃 = 0.04). Neuropsychological outcomes were not
different between the groups, and graft patency was higher
in the on-pump group (87.8% versus 82.6%; 𝑃 = 0.01) at 12
months.

Minimally invasive and robotic assisted approaches have
also been developed.Minimally invasive cardiac surgery does
not use CPB and can be performed through smaller incisions.
This approach has gained popularity and is most often used
for LIMA to LAD grafts. Additional benefits may also include
reduced operative time, reduced recover time, decreased
need for blood transfusion, less time under anesthesia,
decreased length of ICU stay, less pain, and an estimated
40% savings over conventional CABG [25]. However, the
total number of bypassable vessels is reduced secondary to
exposuremaking these approaches useful for a select group of
patients.

3. Conduits

Multiple conduits may be employed to establish cardiac
revascularization. In the 2011 CCF/AHAGuidelines forCoro-
naryArtery BypassGraft Surgery advocated the use of arterial
grafts for anastomosis to the LAD [26]. The LIMA is the
vessel of first choice. IMAs usually are patent for many years
postoperatively (10-year patency >90%) [27] because of the
fact that <4% of IMAs develop atherosclerosis, and only 1%
have atherosclerotic stenoses of hemodynamic significance
[28].

Reversed saphenous vein grafts (SVGs) are commonly
used in patients undergoing CABG. Their disadvantage is a
declining patency with time: 10% to as many as 25% of them
occlude within 1 year of CABG [29]; an additional 1% to
2% occlude each year during the 1 to 5 years after surgery;
and 4% to 5% occlude each year between 6 and 10 years
postoperatively. Therefore, 10 years after CABG, 50% to 60%
of SVGs are patent, only half of which have no angiographic
evidence of atherosclerosis [30].

Other arterial conduits, such as the radial, gastroepiploic,
and inferior epigastric arteries, have been used in CABG.
Radial artery graft patency is best when used to graft a
left-sided coronary artery with high grade stenosis and
worst when utilized on the lower pressure right heart. The
gastroepiploic artery is most often used to bypass the right
coronary artery or its branches, but it is prone to spasm [31].
The 1-, 5-, and 10-year patency rates of the gastroepiploic
artery are reportedly 91%, 80%, and 62%, respectively [32].
Due to its length, the inferior epigastric artery is usually used
as a “Y” or “T” graft or may be used as free graft. It is also
prone to spasm. Its reported 1-year patency is about 90% [33].
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4. CABG versus Stenting

In April 2012, the results of the ASCERT trial were published
in the New England Journal of Medicine. This was a study
combining databases of the ACCF National Cardiovascular
Data Registry and the STS Adult Cardiac Surgery Database
to claims data from the Centers for Medicare and Medicaid
Services for the years 2004 through 2008 [34]. The study
reviewed the records of nearly 190.000 patients 65 years or
older with two- or three-vessel disease. 86.244 underwent
CABG and 103.549 underwent PCI. The median follow-up
period was 2.67 years. At 1 year, there was no significant
difference in mortality between the groups (6.24% CABG
versus 6.55% PCI; risk ratio, 0.95). At 4 years, there was lower
mortalitywithCABG thanwith PCI (16.4% versus 20.8%; risk
ratio, 0.79).

A systematic review of the 22 RCTs comparing CABG
with balloon angioplasty or stent implantation was per-
formed [35]. The authors concluded that survival was similar
for CABG and PCI at 1 and 5 years. Survival was the
same for single and multivessel CAD. The incidence of MI
was similar at 5 years after randomization. CVA occurred
more commonly with CABG than with PCI (1.2% versus
0.6%). Relief of angina was more frequently improved with
CABG than with PCI at 1 and 5 years. Repeat coronary
revascularizationwas required less after CABG than after PCI
at both 1 year (3.8% versus 26.5%) and 5 years of followup
(9.8% versus 46.1%).

5. Common Adverse Events

The incidence of postoperative CVA after CABG ranges from
1.4% to 3.8% [36]. Risk factors include age, previous stroke,
diabetes mellitus, hypertension [37], and female sex [38].
Hypoperfusion is also risk factor for postoperative stroke
[39]. Mortality rate is 10-fold higher among post-CABG
patients with prior stroke with longer lengths of hospital stay
[40]. Although off-pump CABG was introduced to reduce
adverse neurological outcomes associated with CPB, this has
not been proven in the literature. The incidence of post-
operative delirium after CABG is <10% [41]. Postoperative
delirium has been linked to functional decline at 1 month,
short-term cognitive decline, and risk of late mortality [42].
Short-term cognitive changes occur in some patients after
on-pump CABG. Risk factors for short-term postoperative
cognitive decline include preexisting risk cerebrovascular
disease, central nervous system disorders, and cognitive
impairment [43–45]. It is believed that nearly 30% of CABG
patients may have preoperative cognitive impairment.

Nosocomial infections occur in 10% to 20% of cardiac
surgery patients. To prevent surgical site infections in CABG
patients, a multimodality approach involving several periop-
erative interventionsmust be considered. Risk of deep sternal
wound infection is increased in diabetics, obese patients
(body mass index >30 kg/m2), and patients with COPD and
has also been associated with prolonged CPB time, prolonged
intubation time, and surgical reexploration [46–49].Infection
rates may be improved by smoking cessation, optimizing
nutritional status, tight glucose control, and weight loss.

Transfusion of homologous blood has been correlated,
in a dose-dependent manner, to an increased risk of post-
operative infection, morbidity, and both early and late death
[50]. They have been additionally associated with a higher
incidence of sternal wound infections [51]. In a retrospective
analysis of 15.592 cardiovascular patients, the risk of sepsis
and sternal wound infections increased with each unit of
blood transfused [52]. This finding correlates with a RCT
showing that leukocyte-depleted blood had reduced rates of
infection (17.9% versus 23.5%;𝑃 < 0.04) and 60-daymortality
(7.8% versus 3.6%; 𝑃 < 0.019) [53]. Transfusions have also
been identified as an independent risk factor for adverse out-
comes [54]. Commonly, postoperativemyocardial depression
is observed consistently after transfusion in a dose-dependent
manner. Survival rates after CABG are reduced in patients
requiring transfusion [55].

The reported incidence of acute renal failure (ARF) after
CABG is 2% to 3% with 1% of those patients requiring
dialysis [56]. There are multiple conditions that influence
postoperative renal failure. These risk factors include pre-
existing renal dysfunction, decreased cardiac output, as in
CHF or shock, insulin dependent diabetes, and concomitant
peripheral artery disease. Advanced age, black race, female
gender, and the need for emergent surgical intervention
or preoperative intraaortic balloon support have all been
implicated in increasing the risk of ARF [57–60].

Post-CABG myocardial dysfunction is another com-
monly seen adverse event. Intraaortic balloon counterpul-
sation has been shown to increase cardiac output and to
improve coronary blood flow [58]. Several studies have
shown that patients with a left ventricular ejection fraction
of <30% or with left main disease have a mortality benefit
with the perioperative use of an IABP. The PREVENT IV
trial suggests that cardiac serum biomarkers for myonecrosis
are elevated postoperatively even in roughly 10% of CABG
subjects. Furthermore, both the short (30-day) and long-
term (2-year) outcomes were worse in these patients, and this
correlated with the degree of biomarker elevation [61].

Postoperative atrial fibrillation (AF) is the most common
post-CABG adverse events and occurs in 20% to 50% of
patients. Mariscalco et al. published an observational study
of 1.878 consecutive subjects undergoing CABG. They noted
that post-CABG AF was associated with a 4-fold increased
risk of disabling CVA and 3-fold increased risk of cardiac-
related death [62]. There are multiple conditions which
predispose patients to postoperative AF. These include the
presence of peripheral artery disease, COPD, concomitant
valvular heart disease, previous cardiac surgery, preoperative
AF, and pericarditis. Male gender and advanced age are also
risk factors for AF. Postoperative AF almost always occurs
within 5 days of surgery peaking on postoperative day 2 [63].
Multiple pharmacologic interventions have been attempted,
but only perioperative beta blockade and amiodarone have
been shown to be effective in reducing AF [64]. Isolated
post-CABG AF usually resolves spontaneously within 6
weeks of surgery. As such, rate control with beta blockers
or conversion with amiodarone is the first line of treatment
[65]. Postoperative anticoagulation may be warranted in rate
controlled patients still in fibrillation.
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6. Future Directions

Advances in medical therapy and percutaneous interven-
tion have led to ever shrinking numbers of CABG being
performed each year. Furthermore, the patients undergoing
these procedures have a much more complicated combina-
tion of disease processes.The future of coronary artery bypass
grafting is making these difficult procedures better tolerated
by this complex subset of patients through smaller incisions
or without any incision.

Operative changes and challenges are trying to be
addressed. Minimally invasive procedures and approaches
will continue to be developed. Robotic intervention strives
for a totally endoscopic CABG. Anastomotic devices are
being researched to make this goal more feasible. However,
most of these devices are infrequently utilized and are in
the infancy of their potential development [66]. Additionally,
many of the patients have extensive coronary artery disease
with prior attempts at revascularization. The determination
of graft patency, intraoperatively, in these patients is vital.
For this reason, several techniques using transit-time flow
and intraoperative fluorescence imaging are being developed.
However, neither method has been proven to be adequate in
the assessment of small abnormalities in graft patency [67].

The development of “hybrid suites” that allows for simul-
taneous or staged CABG and stenting procedures is currently
being explored. These procedures combine grafting the LAD
with the LIMA and stenting of the non-LADarteries.This has
been proposed to decrease the morbidity rate of traditional
CABG in high-risk patients.TheNational Institutes of Health
has sponsored a randomized control trial to evaluate the
hybrid procedure versus CABG or stenting alone [66]. Addi-
tionally, nonoperative placement of substances known to
promote myocardial regeneration and angiogenesis is being
researched [68, 69]. With the success of stem cell therapy and
molecular medicine in other fields of science and medicine,
this has great potential for myocardial repair.

7. Summary

In a little over a century, heart surgery has gone from prohib-
itive to commonplace. Major advances have made the CABG
a much safer and more accepted procedure. Continued
research into different approaches, methods and medical
interventions may make cardiac surgery less invasive and
safer in the future. The benefits and risks for each patient
must be evaluated with a team approach to determine which
method is best for that patient. Even with paradigm shifts in
medical treatments and stenting, the continued development
of coronary surgery is vital for those patients who cannot be
managednonsurgically. As surgical interventions become rel-
atively less common, the issue of how many and how to train
future cardiac surgeons may become an issue. Furthermore,
as the procedures and patients become more complex, the
development of different specialized postoperative strategies
will need to be considered. Lastly, the field of cardiac surgery
will need to become more specialized as people are surviving
cardiac operations for longer period of time and may need
further interventions such as higher risk reinterventions.
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