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Preface

The book Coronary Artery Bypass Graft Surgery is an excellent update for health care profes-
sionals, taking care of patients who are being considered for or who have had coronary artery
bypass graft surgery. The 8 chapters in this book are all written by experts in their topics.

The first chapter discusses the role of computed tomography coronary angiography in the
evaluation of coronary artery bypass grafts. Graft patency assessment by computed tomog-
raphy coronary angiography is appropriate in symptomatic patients at risk for graft steno-
sis/occlusion and has high diagnostic accuracy in assessing graft patency. The use of the left
internal mammary artery improves long-term survival and is the gold standard in coronary
artery bypass grafting. The choice of second or third graft conduit is controversial. The sec-
ond chapter discusses the choice of graft conduits in coronary artery bypass grafting. The
third chapter discusses current treatment options for significant left main coronary artery
disease. Left main coronary disease with low SYNTAX scores (<22) can be treated with ei-
ther coronary artery bypass graft surgery or by percutaneous coronary intervention. Pa-
tients with a SYNTAX score >32 should only be treated by coronary artery bypass graft
surgery. Diabetes mellitus is a major risk factor for coronary artery disease. The fourth chap-
ter discusses the management of diabetes mellitus and other coronary risk factor control in
diabetics undergoing coronary revascularization. The fifth chapter discusses the incidence,
etiology, pathogenesis, and surgical strategies to prevent neurological complications in pa-
tients undergoing coronary artery bypass graft surgery.

Cardiac arrhythmias are common after coronary artery bypass graft surgery and contribute
to cardiovascular morbidity and mortality. Chapter 6 discusses the management of cardiac
arrhythmias after coronary artery bypass graft surgery. Exercise-based rehabilitation is a
very important adjunct treatment for secondary prevention of cardiovascular events and
mortality in patients with coronary artery disease and should be used in all patients after
coronary artery bypass graft surgery. Chapter 7 discusses physical training programs after
coronary artery bypass graft surgery. Coronary artery disease is the most common cause of
death in developed countries. Chapter 8 discusses in a very comprehensive manner the
medical and surgical management and outcomes for coronary artery disease.

In conclusion, this excellent book provides the practicing physician and other healthcare
personnel, who take care of patients with coronary artery disease, new information valuable
in his or her care of patients with coronary artery disease.

Wilbert S. Aronow, MD, FACC, FAHA, FCCP, FACP
Professor of Medicine and Director of Cardiology Research,
Westchester Medical Center and New York Medical College,
Valhalla, NY, USA
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Chapter 1

Evaluation of Coronary Artery Bypass by CT Coronary
Angiography

Ragab Hani Donkol, Zizi Saad Mahmoud and
Mohammed Elrawy

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70439

Abstract

Coronary computed tomography angiography (CCTA) is an accurate method for graft
imaging and assessment than invasive coronary angiography (ICA). CTA has excellent
sensitivity and specificity. The chapter describes the role of CTA in evaluation of coro-
nary bypass graft. It covers the appropriate indications for performing CTA after bypass
operation, patient preparation, as well as protocol and technique of CTA. The chapter
describes the post-examination processing of the images and how to interpret CTA
images for detection of graft patency or dysfunction as occlusion, partial thrombosis,
poor blood flow, and stealing flow from native artery. According to the American College
of Cardiology, the American College of Radiology, and the North American Society for
Cardiovascular Imaging, graft patency assessment with CTA is an appropriate approach
in symptomatic patients at risk for graft stenosis/occlusion. Cardiac CT can be used to
assess the patency of coronary artery bypass graft (CABG) with high diagnostic accuracy
compared with ICA and even with a better performance compared to the assessment of
native coronaries.

Keywords: CT coronary angiography, coronary artery bypass graft, arterial graft, venous
graft, coronary graft failure

1. Introduction

The standard of care for management of advanced coronary artery disease is coronary artery
bypass graft (CABG) surgery. The long-term clinical outcome after myocardial revasculariza-
tion depends on the patency of the coronary artery bypass grafts [1].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



4 Coronary Artery Bypass Graft Surgery

Percutaneous coronary angiography is the conventional diagnostic modality to evaluate the
coronary arteries and grafts. It is considered the gold standard tool to assess bypass graft sta-
tus in post-CABG surgery patients. However, invasive coronary angiography (ICA) is inva-
sive, risky, and costly procedure [1].

Advances in technology makes multidetector computed tomography (MDCT) a reliable imag-
ing modality for evaluation of coronary artery bypass graft. The coronary bypass grafts are
superior to native coronary arteries for imaging as they are less influenced by cardiac motion,
have a wider luminal diameter, and are less calcified. CT coronary angiography (CTA) is a
relatively painless noninvasive procedure when compared to invasive coronary angiography,
and it is well tolerated by most of the patients. All these causes make CTA a primary method
in evaluation graft patency and dysfunction.

2. Evaluation of coronary artery bypass by CT coronary angiography

2.1. Types of coronary bypass grafts

Depending on the approach used for revascularization, the surgeon can utilize different types
of arterial and venous grafts. The outcome of coronary artery bypass grafting is closely related
to the type of graft either venous or arterial. Arterial grafts are commonly used because of a
better patency rate than venous coronary artery bypass grafts [2].

2.1.1. Venous grafts

Venous bypass grafts still represent the majority of all grafts used for bypass surgery. Venous
bypass grafts are typically larger in diameter than the native large epicardial coronary arter-
ies (approximately 4-10 mm versus 2-5 mm), and they are less subjected to cardiac motion.
Although arterial grafts have better long-term patency rate and outcome, venous grafts, spe-
cifically saphenous vein grafts (SVGs), are more readily available. The great saphenous vein
(GSV) is usually directly anastomosed to the aorta to revascularize any coronary artery both
in a single graft (Figure 1) and in a sequential arrangement (Figure 2).

There are many causes of venous bypass graft dysfunction. According to the post-operative
period, very early after surgery till few weeks after surgery, technical deficiencies and throm-
botic activation lead to thrombotic occlusion in approximately 5-10% of the grafts. Then, the
two major causes of graft failure within the first year after surgery are intimal hyperplasia and
thrombosis, with an occlusion rate of 10-15% [3].

Finally, after the first year, atherosclerosis mechanisms predominate. After 5 years, athero-
thrombotic occlusion of venous grafts accounts for a reduced patency rate. It has traditionally
been estimated to range between 40 and 60% at 10-12 years [2, 4].

2.1.2. Arterial grafts.

As arule, arterial grafts are smaller in caliber than venous grafts. In the order of frequency of
use, graft arteries include the internal mammary arteries (IMAs), radial arteries (RAs), right
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Figure 1. An example of a patent single venous graft in a 63-year-old male patient who underwent saphenous vein graft
(SVG) to distal right coronary artery (RCA) with well-opacified distal branches; the posterior descending artery (PDA)
and right posterolateral branch (RPL). The figure shows maximum intensity projection images (MIP) of CTA in the
sagittal (panel A) and oblique (panel B) planes.

gastroepiploic artery, and inferior epigastric artery. The left internal mammary artery (LIMA)
is most often used in coronary bypass arterial grafts. The walls of the arterial graft vessels are
much better adapted to the high systemic blood pressure and shear stress mechanism than the

Figure 2. An example of a patent sequential venous graft in a 68-year-old male patient who underwent saphenous vein
graft (SVG) to the first and second obtuse marginal arteries (OM1 and OM2). The image is a 3D volume rendering of CTA
which was performed because of inconclusive stress test.
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walls of the veins, and this leads to improved patency rates of the arterial grafts. If IMA grafts
are patent at 1 week after surgery, they will have a 10-year patency rate of 88% [5].

The location and status of the recipient coronary artery influence the graft survival rate. Better
survival rate was demonstrated for LIMA bypass grafts and in the situations where the diam-
eter of the native coronary artery is 22 mm. However, internal mammary grafts to a recipient
vessel with <50% diameter stenosis may have a very high rate of occlusion, probably due to
competing flow through the native vessel [5].

Arterial grafts pose some limitations to CTA study, as is the presence of metallic clips in mam-
mary artery and, particularly, in radial artery grafts, which interfere with the visualization of
lesions. Also, the nondynamic nature of CTA makes the assessment of competitive flow or
vasospasm in the arterial graft difficult [2, 4, 6].

The arterial grafts are usually anastomosed as follows [7]:

* The left internal mammary artery is usually anastomosed to the left descending coronary
artery, diagonals, and/or obtuse marginal branches both in a single graft (Figure 3) and in
a sequential arrangement.

* The right internal mammary artery (RIMA) is usually anastomosed to the left anterior de-
scending coronary artery crossing the midline (Figure 4), to the proximal right coronary ar-
tery, to obtuse marginal branches or diagonals, via the transverse sinus (behind the aorta),
or to obtuse branches or diagonals.

* The radial artery is also used as free graft to all coronary arteries as a single graft or in
sequential arrangement. It is more frequently attached in a Y-configuration to left or right
internal mammary grafts and less commonly to the ascending aorta.

¢ The gastroepiploic artery is only rarely used to revascularize the posterior descending cor-
onary artery; sometimes, it is used as a free graft to extend a left internal mammary graft
anastomosed to the very distal part of left anterior descending coronary artery.

2.1.3. Planning for grafting

During CABG surgery, if multiple grafts are planned, during surgery they arranged
from above downward to avoid crossover of the grafts. Grafts arising from the right
side of the ascending aorta are arranged to the right coronary superiorly and poste-
rior descending artery inferiorly. While on the left side, grafts are arranged to circum-
flex, obtuse marginal, diagonal, and left descending arteries from above downward,
respectively.

2.2, Coronary CT angiography technical requirements and protocol
2.2.1. CT scanner

The advancement in the technology of computed tomography (CT) makes CT coronary angi-
ography a popular diagnostic modality for evaluation of coronary arteries and bypass grafts.
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Figure 3. A patent left internal mammary artery (LIMA) graft anastomosed to the left anterior descending (LAD)
coronary artery in a 62-year-old male patient who has inconclusive stress echo test.

CT is a noninvasive procedure and well tolerated by many patients. The recent multislice or
multidetector CT (MDCT) has a faster gantry rotation with high temporal and spatial resolu-
tions. Also, MDCT has a high X-ray tube potential and wide field of scan. Therefore, MDCT
gives a short scanning time, better image quality, and lower patient radiation dose. CT of
coronary artery bypass grafts requires a larger scan range (12.5-22.0 cm) and consequently
a longer breath hold. Sixty-four-row MDCT scanners or more make CTA of coronary artery
bypasses a practical approach with a short breath-hold duration (12-15 s) and thin-slice imag-
ing. Nowadays, for clinical routine, at least 64-row scanners are recommended for follow-up
of patients after coronary bypass surgery.

2.2.2. Patient preparation

For patients with high or irregular heart rate, beta-adrenergic blockers are given prior to CT
scan to prevent motion artifacts secondary to heart rate variability and tachycardia. It is better
to scan patient with low heart rate ranging from 60 to 70 beats per minute. To avoid respira-
tory motion artifacts, patients are scanned with breath-holding (mid-inspiration period). It is
better to scan patients while fasting for about 6 h before the study without dehydration. The
patients must have normal renal function and are free of adverse contrast media reaction dur-
ing any past radiological studies.
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Figure 4. Three-dimensional reconstructions of CAA in a 65-year-old male patient who underwent right internal
mammary artery (RIMA) to the left anterior descending (LAD) coronary artery and left internal mammary artery (LIMA)
grafting to an obtuse marginal (OM) branch. Both grafts are patent.

2.2.3. MDCT acquisition protocols

There are a variety of protocols for image acquisition in the evaluation of patients after CABG
surgery. In many respects, the protocols are similar to that for coronary CT angiography.

If the heart rate are slow and stable (less than 70 beats per minute), it is recommended to use
the protocol of sequential prospective ECG triggering with padding. This protocol has the
advances of reduction of the patient’s total radiation dose by about 80-90% compared to ret-
rospective scanning protocol. The drawbacks of prospective ECG-triggering acquisition are a
lack of flexibility in reconstructing image data across the cardiac cycle and the impossibility
to undertake functional analysis unless single-beat prospective triggering with tube current
modulation is used.

On the other hand, patients with previous bypass graft surgery often have irregular and high
heart rates. So, in those patients we use the retrospective spiral ECG-gating protocol which
has the advantage of potential flexibility in reconstructing image data at different cardiac
cycles to choose the best phase with the least cardiac motion. Also, retrospective protocol has
the advantage of performing cardiac functional analysis.
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2.2.4. Technical parameters of the scan

The scan range depends on both the modalities of grafting. For patients who have received
an internal mammary artery bypass graft, the scan should be extended superiorly to include
the origins of the internal mammary arteries from the subclavian arteries (at the middle of
the clavicle). The scan usually ends at the inferior border of the heart with the exception
of patients with a gastroepiploic artery graft, in whom the scan has to include the upper
abdomen.

During scanning, patients are placed in the CT table in the supine feet-first position. The dura-
tion of the scan ranges from 10 to 15 s. The images are acquired in a limited field of view with
axial images centered on the heart. Scanning is performed in a caudal-to-cranial direction
to obtain images of the main bulk of the heart and coronary arteries during the initial phase
of the acquisition when breath-holding is most effective. The tube potential is 100-120 kVp
according to the patient built with tube current of 800 mAs and pitch of 0.2.

2.2.5. Contrast media

Cardiac CTA technique requires rapid injection of nonionic, iodinated, low osmolar intrave-
nous contrast media. Right-sided injection of contrast is preferred to avoid venous contrast
crossing grafts. An amount of approximately 60-100 ml of contrast agent followed by a saline
flush is sufficient for bypass imaging using 64-MDCT using a dual-head injector.

To optimize the opacification of the coronary arteries, and bypass grafts, an anatomic, auto-
matic triggering method either bolus-tracking or timing bolus technique is used with 8-10 s
delay after injection. In the bolus-tracking technique, a threshold of 150 HU is preset at the
region of interest (ROI) in the descending aorta. In the timing bolus technique, the ROl in the
ascending aorta and scanning will be started immediately at the time of maximum density
of the curve. Bolus tracking is preferred for more consistent results and more homogeneous
contrast in the coronary arteries.

2.2.6. Post-processing reconstruction

An advanced diagnostic workstation is required for post-processing reconstruction of the
axial source images. Three-dimensional volume rendering (3DVRT) is particularly useful in
patients who underwent surgical revascularization because it allows a quick overview of arte-
rial and venous grafts and a quick evaluation of their anatomical condition. This should be
supplemented by oblique multiplanar reformations (MPR) and curved multiplanar reforma-
tions (cMPR) which allows quantification of percent diameter stenosis on cross sections along
the vessel. Significant stenoses are usually searched for by scrolling through axial images with
and without maximum intensity projection (MIP).

Analysis capabilities of the machine are required in cases examined by retrospective ECG
gating for assigning the cardiac anatomy and functions as well as valvular and wall motion
abnormalities. Sharp kernels are used for stent imaging and in heavily calcified vessels, which
are common in patients after bypass grafting.
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2.3. The value of CTA in the context of cardiovascular imaging for CABG assessment

Echocardiography and MRI have recognized weaknesses in terms direct visualization of the
coronary arteries or bypass grafts. CT coronary angiography is more sensitive and specific
than echocardiography and MRI in imaging of coronary arteries and bypass grafts [4].

Conventional coronary angiography has so far been considered the reference standard for
visualization of both native coronary arteries and bypass grafts. Evaluation by ICA in patients
with prior CABG can be challenging and exposes patients to large contrast volumes in addi-
tion to rare complications such as injury to the graft vessel during catheter engagement.

With its inherent advantages and good diagnostic accuracy, noninvasive coronary angiogra-
phy using CT is considered a viable alternative in symptomatic patients after coronary artery
bypass grafting. Coronary artery bypass grafts are more amenable to CTA imaging, due to
their larger diameter and lower pulsatile movements along the cardiac cycle than native arter-
ies and their relative freedom from calcification. CT was first proposed for noninvasive imag-
ing of coronary artery venous bypass grafts by Brundage et al. in 1980 [8]. However, at that
time the detection of flow-limiting stenoses was not possible. Improved CT technology has
since greatly improved, which has important implications for the diagnostic evaluation of
bypass grafts. A relevant aspect of MDCT study of CABG is its ability to readily define the
status of patency or occlusion of the graft, being in this sense equal or even superior to inva-
sive angiography. However, applicability of CT to all patients is limited by premature atrial
or ventricular contractions, which can reduce image quality when occurring during scanning.
Moreover, in patients with coronary artery bypass grafts, the investigation of the native ves-
sels can pose a challenge because of the severe coronary calcifications present.

CT coronary angiography has a very important role for CABG assessment and to avoid inva-
sive coronary angiography. This role is termed as the potential “gatekeeper” role of CTA in
the meta-analysis study performed by Barbero et al. They concluded that ICA has a higher
cost compared to CTA, and it is inconvenient for most of the patients due to the need for seda-
tion with resultant driving restrictions, as well as a low risk of stroke, infarction, dissection,
arrhythmia, or death. On the other hand, CTA is a noninvasive procedure, and it is highly
accepted by patients [9].

2.4. Accuracy of different generations of CT in coronary bypass graft assessment

Initial investigation of bypass grafts was done with single-slice scanners, and electron beam
CT in1997 by Achenbach et al., who evaluated hemodynamically relevant stenosis, was pos-
sible in 84% of the cases with some limitation in the scan due to breathing artifacts and mis-
placement of the imaging volume [2].

Subsequently, the addition of electrocardiographic (ECG) gating and the improved capabili-
ties available with 4- or 16-slice MDCT scanners for rapid scanning of the area of interest led
to promising results in the imaging of bypass grafts.

Four-row CT provided an anisotropic resolution, which oftentimes did not depict the dis-
tal anastomosis, and 38% of the patent grafts could not be evaluated because of respiratory/



Evaluation of Coronary Artery Bypass by CT Coronary Angiography
http://dx.doi.org/10.5772/intechopen.70439

motion/metallic clip artifacts [10, 11]. Sixteen-row CT scanners improved assessment of occlu-
sion/significant stenosis; however, about 20% were not assessable because of artifacts [12, 13].

The introduction of 64-slice MDCT and dual-source CT permitted improved temporal resolu-
tion (up to 83 ms), spatial resolution (0.4 x 0.4 x 0.4 mm?), and reduction of both cardiac and
respiratory motion, leading to improved assessment of arterial and venous graft stenosis and
occlusion. Reports on diagnostic accuracy of MDCT in CABG have shown values of sensitiv-
ity and specificity over 95% for the presence of lesions in these vessels. However, the investi-
gation of native vessels showed that sensitivity and specificity are significantly lower than in
patients with suspected coronary artery disease [14-18].

In the meta-analysis study performed by Dr. Barbero and colleagues, they reviewed 10 dif-
ferent studies of 959 patients post coronary bypass operations with 1586 arterial and venous
grafts. These patents were evaluated using 64-multidector CT scanners of different vendors.
The overall sensitivity and specificity of CT coronary angiography in detecting complete graft
occlusions were 99 and 99%, respectively, as compared to invasive coronary angiography.
They also performed meta-analysis of 12 different studies of 2482 bypass grafts and found
that the sensitivity and specificity of CTA in detecting significant graft stenosis (with more
than 50% diameter reduction) was 98% regardless the age of patients or the post-operative
period after CABG surgery [13].

The introduction of 128-, 256-, and 320-multislice CT gave high temporal and spatial res-
olution with a less cardiac and respiratory motion, improving assessment of bypass graft
patency, stenosis, or occlusion with a promising results. This improvement in image quality
allows a comprehensive assessment of the grafts and the native vessels [19-21].

2.5. The appropriate indications of CTCA in CABG assessment

One of the appropriate indications of CTA is imaging and follow-up of symptomatic patients
with coronary artery bypass grafts (e.g., recurrent chest pain). In cases of suspected graft fail-
ure, post-CABG recurrent symptoms may be due to disease progression, commonly in native
coronary arteries, in the venous grafts, or less commonly in an arterial grafts.

There are specific clinical conditions which may favor the use of CT angiography over inva-
sive coronary angiography for graft evaluation as in patients with a positive cardiac test sug-
gesting possible ischemic disease in the territory of a specific coronary bypass graft when
disease distal to the graft anastomosis seems less likely. Also, CT coronary angiography is
helpful in some patients where an anatomic correlation may be required following an equivo-
cal functional cardiac test. Another clinical situation in evaluation of cases showed borderline
graft stenosis or change in symptoms. CTA may be helpful in assessment of patients when the
proximal grafts may be affected by other vascular diseases as vasculitis or formation of true
or false aneurysms of the bypass graft [22].

Another appropriate indication is to know the course of previously grafted IMA prior to redo-
CABG. CTA evaluates patients with unknown previous CABG surgical details to know the
number, location, and pathways of grafts before planning management by invasive coronary
angiography. CT coronary angiography before invasive coronary angiography has the potential

11
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to the procedure faster and more efficient due to an improved understanding of topography
of graft anatomy before attempting to engage graft ostia and evaluate graft body and distal
coronary perfusion by percutaneous coronary catheter. However, the combined approach to
evaluate CABG by both CTA and ICA results in a higher radiation and contrast dose [22, 23].

2.6. The limitations of CTCA in CABG assessment

Patients with significant obesity (e.g., body mass index >40 kg/m?) or who have irregular heart
rhythms may not be ideal candidates for CTA. In addition those with stage 4 chronic kidney
disease (CKD) with glomerular filtration rate below 30 mL/min are also not good candidates
for CTA. CTA has limitation in scanning individuals with a large number of metallic surgical
clips as clips may interfere in assessment degree of stenosis of the graft itself and the distal
anastomosis [4, 24].

2.7. Systematic approach for graft assessment

Before starting CT image interpretation, the surgical report and last cardiac catheter report
showed be reviewed. Then, the images are preferred to be read according to the following
systemic sequences for complete and accurate image interpretation:

¢ Check the axial, sagittal, and coronal views of the chest wall to know if RIMA and LIMA
are present or not, also the status of the surgical wires (intact or ruptured ) and the sternum
for dehiscence and infection (Figure 5).

* Volume-rendered images: for a rapid overview of graft anatomy to identify the type and
course of the venous and arterial grafts as well as the presence of stumps and pledgets
(Figure 6).

¢ Comprehensive graft evaluation by scrolling the axial images and MPR images to assess
patency of the bypass grafts and run-off, proximal, and distal graft anastomoses. In par-
ticular, curved planar images (cMPR) with centerlines through the bypass grafts using
rotation tool to attempt elimination of clip effect (Figure 7).

¢ If possible assess the native coronary arteries.
¢ Examine anatomy of the thoracic aorta and left ventricle (diastolic dimensions).

o If the study is retrospective spiral CT, assess left ventricular and valve functions.

2.8. Imaging findings and interpretation
2.8.1. Bypass graft patency

Interpretation of CTA following CABG surgery is started first by assessing the morphology
and size of the ascending aorta and the origin of the in situ vessel (in the case of an in situ
vessel, such as the IMA). Then, graft patency is assessed along its whole length. Diagnosis of
graft patency can be diagnosed if there is uniform homogeneous enhancement of the graft
lumen by injecting contrast with smooth outline of the wall of the graft wall. For systematic
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Figure 5. Coronal and sagittal reconstructed images of CTA of post-CABG surgery showing the status of the chest wall. The
images show good healed sternum with intact wires. The left internal mammary artery (LIMA) is not in its normal position
(repositioned for arterial graft), while the right internal mammary artery (RIMA) is present in its place.

evaluation of the graft, it is divided into three different segments: the origin or proximal anas-
tomosis, the body, and the distal anastomosis of the graft. Usually, the proximal anastomosis
of the graft is accurately assessed than the distal anastomosis due to its better visualization
by CTA. In some cases where the distal anastomosis is not well visualized, the bypass graft is
considered patent if there is homogeneous contrast enhancement of its lumen.

Figure 6. Volume-rendering reconstructed images of CTA of post-CABG showing the type and course of multiple different
bypass grafts. The images show grafted saphenous vein graft (SVG) to posterior descending artery (PDA), left internal
mammary artery (LIMA) to left anterior descending artery (LAD), and SVG to first obtuse marginal (OM1) artery. The
three grafts are patent, and the native coronary arteries show different grades of stenosis. A high-attenuation felt pledget is
depicted at the distal portion of the ascending aorta. Note that the high-attenuation focus is located external to the aortic wall.

13
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Figure 7. The comprehensive approach to track a saphenous vein graft to the posterior descending artery in 3D virtual
reconstruction (VRT) and axial and curved multiplanar reconstruction images (cMPR). The tracking line in the VRT
images delineates the graft from its origin to the distal anastomosis. Axial images show the cross section of the graft
lumen to determine the degree of diameter reduction and status of the wall. cMPR images are rotating through the
bypass graft to eliminate the blooming effect of clips. Note that the graft is patent with a normal distal anastomosis.

Outcome of the graft patency differs according to its type and anastomosis. General patency
of IMA grafts was better than for SVGs, and patency of SVG graft in LAD or D1 was better
than its placement in PDA or OM artery. The patency of the grafts and presence of signifi-
cant stenosis (>50% reduction in graft diameter at any point along its length by visual esti-
mation) were evaluated. Recognize artifacts associated with surgical clips as blooming and
beam hardening. The nonrevascularized native coronary arteries and those with incomplete
revascularization were assessed by segments, following the 17-segment American College of
Cardiology/American Heart Association (ACC/AHA) model 17 [25].

2.8.2. Bypass graft failure

Recognizing the appearances of graft complications is an essential part of the radiologist’s
interpretation of post-bypass CTA imaging.

2.8.2.1. Stenosis and occlusion of the graft

Failures of the graft can occur early or late after CABG surgery.

Early graft failure usually occurs within 1 month after surgery, and its main reason is vessel
thrombosis from platelet dysfunction at the site of focal damage of the lining endothelium
during surgical intervention. There are other factors that also initiate early venous graft failure
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such as the hypercoagulability state of the patient and the high-pressure distension or stretch-
ing of the venous graft, with its intrinsically weaker antithrombotic features. These factors
contribute for 3-12% occlusion rate within the first post-operative month [26].

The cause of delayed venous graft failure is due to progressive physiopathological changes
related to the exposure of their wall to the systemic blood pressure which results in neointimal
hyperplasia. By itself neointimal hyperplasia does not produce luminal occlusion or stenosis.
But later on it will be the seat for development of atheroma and thrombosis of the venous
graft. One year after surgery, the main cause of graft failure is atherosclerosis. The arterial
grafts, specifically IMA grafts, are more resistant to formation of atheroma than the venous
grafts. However, the main reason for late IMA graft failure is progression of atherosclerotic
disease in the native coronary artery distal to the graft anastomosis [26].

Univariate analysis was performed in the study of Esam et al. in 2016 to find out the probable
risk factors for graft occlusion such as age (>65 years), post-CABG duration >5 years, hyper-
tension, diabetes, dyslipidemia, smoking, diffuse CAD, and LV dysfunction. Surprisingly, the
statistical analysis could not demonstrate any cardiac risk factors which could significantly be
associated with graft patency or occlusion [27].

The imaging findings associated with graft stenosis and occlusion can be easily diagnosed by
CTA as the presence of calcified, mixed, and noncalcified atherosclerotic plaques. The estima-
tion of the extent and degree of diameter reduction can be easily performed by post-processing
images of CTA. Graft occlusion can be easily diagnosed by nonvisualization of the lumen of the
graft after revision of the previous grafting surgical report (Figure 8).

Figure 8. A 72-year-old male patient who was operated 10 years earlier with four grafts: left internal mammary artery
graft to left anterior descending artery (LIMA to LAD), saphenous vein graft to right coronary artery (SVG to RCA),
radial graft to left circumflex artery (RA to LCx), and SVG to first obtuse marginal (SVG to OM1). Because of an occlusion
of LIMA to LAD graft and typical chest pain, redo-bypass graft surgery was performed 4 years ago with SVG to LAD
to revascularize LAD. Post second operation CTA was performed because of atypical chest pain. Carnal (panel A) and
axial (panel B) images showed absent LIMA with occlusion of the old LIMA to LAD graft (curved arrow). VRT image
(panel C) showed patent all old and new venous grafts, but the arterial graft (RA to LCx) is occluded midway between
its origin and distal anastomosis.



16 Coronary Artery Bypass Graft Surgery

;f— LIMAto LAD

Mubbin sign

&

Figure 9. A 65-year-old male patient who underwent left internal mammary artery to left anterior descending artery
graft (LIMA to LAD) as well as two venous grafts, saphenous vein graft to right coronary artery (SVG to RCA), and SVG
to first obtuse marginal branch (SVG to OM1) 7 years ago. CTA was performed because of recurrence of atypical angina.
Volume-rendering images showed that the LIMA to LAD and SVG to OM1 grafts are patent. The image showed the
nubbin sign along the right anterolateral ascending aorta, indicating an occluded SVG to RCA. Additionally, occlusion
of the native RCA is seen as well.

In many cases of proximal graft occlusion, the most proximal part of an occluded aortocoro-
nary graft fills with contrast, creating a small contrast-filled outpouching from the ascending
aorta known as nubbin sign (Figure 9). In some cases a “ghost” of the occluded part of the
graft may be visible [1].

In some cases, a felt pledget can be seen in the aorta prior to cannulation sites. The holes
are closed with stitching or suturing, which may then be reinforced with prosthetic mate-
rial such as polytetrafluoroethylene (PTFE) sutures to reinforce suture sites and reduce
the tearing of vessels. This hemostatic technique is most often used in elderly patients
(>80 years old), who have fragile tissue. The use of felt pledgets increases susceptibility
to local bacterial seeding. At CT, felt pledgets are depicted as high-attenuation material
(Figure 7). It is important to distinguish this nonsignificant post-operative finding from
the appearance of other significant findings as a calcified atherosclerotic plaque, a contrast
leak, a calcified mediastinal lymph node, or pericardial calcification. The atherosclerotic
plaques can be differentiated from the felt pledgets as the later are located on the extralu-
minal surface of the aorta. Differentiating between a felt pledget and a focal contrast leak
can be difficult on the post-contrast CT because the CT attenuation of a felt pledget mea-
sured in Hounsfield units can be similar to that of contrast-enhanced blood. This difficulty
can be resolved with examination of the nonenhanced CT images, on which the felt pledget
remains hyperdense [28].
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Acute or chronic graft occlusion can sometimes be differentiated by the diameter of the bypass
graft. In chronic occlusion, the diameter is usually reduced from scarring, as compared with
acute occlusion in which the diameter is usually enlarged. If graft occluded, carefully examine
proximal vessel for severe disease or competitive flow.

2.8.2.2. Evaluation of native coronary arteries

In patients who underwent coronary artery bypass grafting, recurrence of symptoms can be
due to graft failure or progression of atherosclerosis in the native vessels. While CTA offers
excellent accuracy for the detection of bypass graft stenosis or graft occlusion, this test is more
limited for evaluating native coronary arteries. The native coronary arteries in patients after
bypass grafting are not as easily assessed as are the bypasses themselves, and only a few stud-
ies have addressed the combined reading of coronaries and bypasses. The native arteries are
very difficult to assess by CT as they often have severe atherosclerosis, including pronounced
calcification, and frequently are of small caliber, which makes their evaluation challenging. So
if the clinical situation requires assessment of the native coronary artery system only, the value
of CTA is limited. However, recent scanner with 128 and 256 MDCT has higher temporal and
spatial resolution and may thus allow more reliable assessment of the native coronary system
in patients with bypass grafts. There are few studies reporting accuracy of CTA to diagnose
stenosis in native ungrafted coronary arteries. Using a 64-MDCT, the reported sensitivity and
specificity of CTA in diagnosis of native coronaries were 86-97% and 76-92%, respectively.
Despite these results, functional imaging is more practical than CTA in evaluation of the sta-
tus of the native coronary arteries in patients after coronary bypass surgeries [29].

2.8.2.3. Graft malposition

Malposition of the bypass graft is one of the rare causes of early graft failure. If the graft is
too long, it may twist or kink. If the graft is too short, it may stretch, a particular problem in
severe chronic obstructive lung disease patients. Also, the aortic connector can also play a role
in kinking the bypass graft if the vessel is not supported adequately.

2.8.2.4. Vasospasm of the radial artery graft

One of the very early post-operative radial artery bypass graft failures is vasospasm of the
grafted radial artery. The appearance is similar to severe graft stenosis, although the length
of the narrow segment is much longer. This can be avoided by the administration of intraop-
erative alpha-adrenergic blocking agents or post-operative calcium channel blockers which
can overcome many cases of graft vasospasm postoperatively. Arterial spasm is not a late
complication for graft failure as the patency rate for radial artery grafts is approximately 92%
at 10 years, similar to IMA grafts [30].

2.8.2.5. Formation of bypass graft aneurysm

One of the rare complications that can occur after bypass graft surgery is the formation of
pseudo or true graft aneurysm.
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In the early post-operative period, pseudoaneurysm may be occurred at the anastomosis
secondary to infection or tension at these sites, resulting in suture rupture. Late-onset graft
aneurysms can be either true or pseudoaneurysms. They are found 5-7 years after surgery
and are related to atherosclerotic changes. Graft aneurysms can lead to various complications,
including compression on adjacent structures, thrombosis of their lumens, distal embolization
of the bypass graft, or the coronaries leading to an acute coronary event and formation of the
right atrium or ventricle. One of the risky complications is rupture of the aneurysm leading
to massive hemothorax, hemopericardium, or sudden death. Management of graft aneurysm
is by surgery however there is no a clear guideline for the critical size of the graft aneurysm
before surgical intervention, but a size more than 2 cm has been a cause for concern [4].

2.8.2.6. Formation of pericardial and pleural effusions

Pericardial effusion is a common post-operative complication and can be occurred in about
75% of the patients after CABG surgery. Risk factors for formation of pericardial effusions
are post-operative coagulopathy or the use of anticoagulation agents. Pericardial effusions
are early complications and occur between 5 and 10 days postoperatively. Most of pericardial
effusions are mild and resolve within a month. But in 0.3% of the patients may develop mas-
sive pericardial effusion which progresses to cardiac tamponade. Post-CABG surgery pleural
effusions are even more common than pericardial effusion and occurred in 89% of the patients
in the first week after surgery. These pleural effusions are usually unilateral, mainly left-
sided, small in amount, and with no clinical significance [4].

2.8.2.7. Sternal dehiscence and infection

Disruption and infection of median sternotomy wounds are grave complications. It occurs in
0.3-5% of the cases. This problem is associated with a high mortality rate between 14 and 47%.

Diagnosis of sterna dehiscence is usually made clinically; imaging plays an important role
to confirm diagnosis. A midline vertical lucency over the sternum of greater than 3 mm is
usually abnormal and should raise the suspicion for dehiscence. X-ray examination of the
sternum can demonstrate ruptured wires and sternal dehiscence, wire malposition, fracture,
and pseudoarthrosis. Displacement of sternal wires can be seen in about 85% of the cases of
dehiscence. CT can diagnose normally united sternum by the presence of new bone formation
at the sternotomy site without definite bone remodeling in both the anterior and posterior
plates. On the other hand, complete sterna nonunion can appear as definite visible sternal
separation of both the anterior and posterior plates of the sternum, while incomplete sterna
fusion was defined as fusion of one plate and separation of the other.

Risk factors for post-coronary artery bypass graft infection include diabetes mellitus, obesity,
complexity of surgery, length of surgical time, and blood transfusion. Three different compart-
ments may be affected by sterna infection: the presternal (cellulitis, sinus tracts, abscess), ster-
nal (osteomyelitis, dehiscence), and retrosternal (mediastinitis, hematoma, abscess). MDCT
allows multiplanar reconstruction and windowing, contributing particularly to the evaluation
of the sternum. The sagittal plane is useful for determining the disease extent. Sternal wire
abnormalities precede clinical detection of dehiscence by a mean of 3 days in 70% of the cases.
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CT scan delineates changes in bone configuration, distinguishes insignificant from major infec-
tion, and accurately depicts extent of infection. If there is any persistent or recurrent collection,
CT-guided needle aspiration can help determine whether a fluid collection is infected or not.

Post-contrast CT scan is important in diagnosis of the extension of infection and help in guid-
ance of treatment. The detection of clear fat planes of the mediastinal structures in CT scan
excludes the presence of infection. Mediastinitis can be diagnosed by the presence of diffuse
soft tissue infiltrations with or without gas loculi, obliteration of mediastinal fat planes, and
formation of hypodense fluid collections. CT is a useful prognostic tool as it can be used for
follow-up of patients after medical and surgical management. CT can also help in guidance of
percutaneous drainage of intrathoracic abscess or significant fluid collections [31].

2.8.2.8. Noncardiac complications and incidental findings

Although the intent of CTA after CABG surgery is to assess bypass graft patency and surgi-
cal complications, incidental findings are also frequently detected. 13.1% of the patients in
the immediate post-operative period had unsuspected noncardiac findings, including pul-
monary embolism, pulmonary nodules, pneumonia, mucous plugging, and pneumothorax.
Therefore, radiologists need to be aware of clinically significant findings with possible life-
threatening consequences [32].

2.9. Future researches

CT coronary angiography has high sensitivity and specificity for diagnosis of significant stenosis
or occlusion of coronary bypass grafts. However, the functional and clinical significance of these
lesions needs further cardiac tests. Further studies are needed to determine which CABG patient
may be a suitable candidate for CTA to get the best benefits of coronary revascularization. These
functional information could be derived in the future from CTA using mathematically modeled
Fractional Flow Reserve CT (FFRCT) which still has not undergone validation among patients
after CABG surgery. The current limitations of this technology are the cost nonavailability in
most cardiac imaging centers and complexity of the post-processing modeling techniques of
coronary physiology to get FFRCT. The added value of FFRCT can make CTA a stand-alone test
for evaluation of post-CABG patients and to avoid unnecessary invasive diagnostic tests.

Future studies are also needed to address the cost-effectiveness of different cardiac diagnostic
tests and resulting coronary intervention to improve post-operative chest pain and reduce
future risk of myocardial infarction and death.

It will take long-term follow-up studies with CTA versus invasive angiography to demon-
strate net cost savings in terms of total healthcare expenditures and quality of life years saved
as a result of making such interventions.

Future researches may also be needed to explore the potential use of CTA to screen patients
for early graft failure immediately following CABG or at different time intervals as iden-
tifying candidates for intervention earlier may improve longer-term outcomes. This would
require further investigation via a prospective trial that would need to assess patient out-
comes in addition to downstream costs and resource utilization.
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Subclinical occlusion of the bypass graft may exist for years, because of competitive antegrade
or collateral flow; however, CTA does not have the ability to determine the hemodynamic sig-
nificance of such lesions, which may be unpredictable in the presence of collateral perfusion of
the myocardium. So, the assessment of the significance of subclinical occlusion of the graft may
require some kind of stress myocardial perfusion by CTA alone or combined with other stress
tests.

2.10. Conclusions

CT angiography has a high accuracy for the detection of bypass graft stenosis and occlu-
sion. In recent years, advanced technology of CTA allows cardiovascular imaging physician
to evaluate bypass graft patency and malfunction noninvasively with greater confidence. In
addition, bypass grafts themselves have a larger caliber than native coronary arteries, and
they are subjected to less motion artifacts which favorably influences image quality. Post-
contrast CT can also help in diagnosis of other noncoronary complications that may cause
post-operative chest pain. Thus, it is very important that every cardiovascular imaging radi-
ologist or cardiologist must be familiar with the different types of coronary bypass grafts,
possible early and late post-operative complications, and other incidental imaging findings to
maximize the effectiveness of CTA in evaluation of patients after CABG surgery.
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Abstract

The use of the left internal mammary artery (IMA) has been shown to improve long-
term survival and has been a gold standard in coronary artery bypass grafting (CABG).
However, the choice of second or third graft conduit is still controversial. Multiple stud-
ies demonstrated the benefit of using multiple arterial grafts such as right IMA and radial
artery in addition to left IMA in terms of long-term survival and graft patency. However,
most of the centers still perform CABG with one IMA and vein grafts in a real world.
The challenges for bilateral IMA utilization include longer operative time and concerns
for higher rates of perioperative morbidity and mortality associated with increased ster-
nal wound infection. Several studies reported that skeletonization technique can reduce
the risk of sternal wound infection. Radial artery is another arterial conduit, which does
not increase the risk of sternal wound infection and is easy to harvest. The superiority
between radial artery and right IMA has been controversial. In the meantime, multiple
trials have been made to improve the patency of vein grafts. The choice of graft conduits
in CABG should be well considered preoperatively based on each patient’s backgrounds.

Keywords: graft, conduit, coronary artery bypass grafting, internal mammary artery,
greater saphenous vein, radial artery

1. Introduction

Coronary artery bypass grafting (CABG) is one of the most common operations performed in
the United States [1], and it has been established as an effective treatment for severe coronary
artery disease [2]. In fact, despite the increasing use of percutaneous coronary intervention
(PCI) for coronary artery disease during the past decade [3], CABG remains the gold standard
for multivessel coronary artery disease or left main disease [4, 5]. A number of major trials
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such as SYNTAX [6], ASCERT [7], and FREEDOM [8] reported superior long-term survival
rates of CABG compared to PCL

The main factor of the superiority of CABG over PCI is the use of internal mammary artery
(IMA) to left anterior descending (LAD) artery [9, 10]. The excellent long-term patency of left
IMA (LIMA) to LAD graft has been established [11-14] and the use of an IMA graft seems to
improve long-term survival [15].

On the other hand, the long-term outcomes of other conduits such as saphenous vein graft,
radial artery, and right gastroepiploic artery have been reported to be poorer than those of
IMA. The patency rates of saphenous vein grafts were 71-87% at 1 year after surgery in previ-
ous studies [16-18] and up to 50% at 10 years [16-21].

Patients often require more than one bypass graft at the time of CABG. Unfortunately, there
has been a lack of evidence for selecting bypass conduits beyond great confidence in the supe-
riority of LIMA to LAD grafting. Therefore, the second best conduit for CABG is still unknown.

2. CABG with bilateral internal mammary arteries (BIMA)

2.1. Rationale for BIMA use

The advantages of arterial grafts over vein grafts include the inherent characteristics of the
arterial endothelium of the left IMA graft [22-24]. The excellent long-term outcomes of single
IMA graft have stimulated the use of a bilateral IMA approach [25]. A number of previous
studies have reported the superiority of BIMA use over single IMA use (Table 1) [41-43].

Despite these evidences, BIMA use still appears to remain underutilized in the modern era. The
challenges for BIMA utilization include longer operative time and concerns for higher rates
of perioperative morbidity and mortality associated with increased sternal wound infection.
LaPar and colleagues reviewed a total of 43,823 primary, isolated CABG patients in a Society
of Thoracic Surgeons Database [44]. They found that the overall BIMA use was 3%, and even
in low-risk patients, BIMA was used only in 6%. Importantly, BIMA use was not associated
with increased postoperative mortality, morbidity, or hospital length of stay. However, hospi-
tal readmission rate was greater in BIMA patients compared with that in single IMA patients.

The configuration of BIMA grafts has also been controversial. Glineur et al. performed a pro-
spective randomized trial that showed that the graft patency of BIMA grafts was similar between
in-situ and Y-grafting configuration, whereas the use of BIMA in a Y-grafting configuration was
associated in lower rates of major adverse cardiovascular and cerebrovascular events [45].

2.2. A randomized trial of BIMA use

A randomized trial of BIMA use for CABG, the arterial revascularization trial (ART) has been
ongoing [46]. The patients were randomly scheduled for CABG to undergo single IMA or
BIMA grafting in 28 cardiac surgical centers in 7 countries. A total of more than 3000 patients
were enrolled in this study. Their results demonstrated no difference between single IMA use
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Study

Year

Number of pts  Follow-up
(years)

Key outcomes

Endo et al. [26]

Endo et al. [27]

Lytle et al. [28]

Calafiore et al. [29]

Stevens et al. [30]

Di Mauro et al. [31]

Rankin et al. [32]

Mohammadi et al. [33]

Kurlansky et al. [34]

Kieser et al. [35]

Grau et al. [36]

2001

2003

2004

2004

2005

2005

2007

2008

2010

2011

2012

BIMA 443, 6.15
SIMA 688

BIMA 190, 8.1
SIMA 27

BIMA 2001, 16.5
SIMA 8123

BIMA 1026, 73+4.8
SIMA 576

BIMA 214, 11+£3
SIMA 419

Matched; BIMA 8.8+4.0
476, SIMA 476

BIMA 377, up to 20
SIMA 490 years

BIMA 1338, 57+37
SIMA 9566

BIMA 2215, 11.1-12.7
SIMA 2369

BIMA 1038, 7.1
SIMA 4029

Matched; BIMA 9.0+5
928 and SIMA
928

Graft patency was 97.3% in the BIMA group and
94.3% in the SIMA group (p < 0.0001).

10-year survival rate was significantly better in
BIMA group than in SIMA group (87.8 3.5 vs
75.2 +3.4%, p = 0.04), and 10-year all death—free
or repeat CABG or recurrent MI-free rate was
significantly better in BIMA group than in SIMA
group (86.6 3.6 vs 69.0 + 3.7%,

p=0.0086).

Survival of BIMA and SIMA groups at 7, 10, 15,
and 20 years was 89 vs 87%, 81 vs 78%, 67 vs
58%, and 50 vs 37%, respectively

(p <0.0001).

BIMA group had better freedom from cardiac
death at 10 years (96.5+ 0.8 vs 91.3 + 1.4,
p=0.0288), late MI (98.0 + 0.6 vs 94.3 + 1.2,

p =0.0180), late MI in a grafted area (98.4 + 0.6
vs 94.7 £ 1.1, p = 0.0057), and late cardiac events
(93.9+1.1vs 86.3 1.8, p=0.0388).

BIMA grafting decreased the risk of death
(Hazard Ratio = 0.72 [0.57-0.91, 95% CI]) and
coronary reoperation (HR = 0.38 [0.19-0.77]) in
both diabetic and nondiabetic patients.

BIMA group showed a better 10-year freedom
from all-cause death (92.4 + 2.1 vs 87.5 + 3.5%,

p =0.0216), cardiac death (97.4 +0.9 vs 91.9 +
1.4%, p = 0.0042), MI (98.7 + 0.5 vs 94.2 + 1.2%,
p=0.0034), Ml in a grafted area (98.9 + 0.5 vs 94.7
+1.3%, p=0.0017), cardiac events (95.4 + 1.2 vs
86.8 + 1.8%, p = 0.0026), and any events (88.8 + 2.2
vs 80.7 £2.1%, p = 0.0124).

The composite of mortality, MI, PCI, and redo
CABG was lower in BIMA group than in SIMA
group (p =0.013).

Survival rates at 5, 7, and 10 years were 98.4,
97.8, and 96.5%, respectively, for patients with
BIMA use, which were significantly higher

(p <0.0001) compared to the patients with SIMA
use (96.6, 94.3, and 88.9%, respectively).

At 15 years, survival for SIMA and BIMA
patients was 37.5 + 1.1% and 53.5 + 1.2%,
respectively; at 25 years, it was 15.7 + 2.0% for
SIMA patients and 28.6 + 2.2% for BIMA patients
(p<0.001).

Patients undergoing BIMA grafting had the
lowest 1-year mortality (2.4 vs 4.3% SIMA
grafting and 8.2% vein-only grafting;

p <0.0001).

10-year survival for BIMA was 89% and for
LIMA was 79% (p < 0.001).
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Study Year Number of pts  Follow-up Key outcomes
(years)

Galbut et al. [37] 2012 Matched; 7.0-13 10- and 20-year survival, SIMA vs BIMA, in EF
BIMA 87 and 30-50% group was 57.7 + 0.3 and 19 + 2.5 vs 62.0
SIMA 87 in EF +2.3 and 33.1 + 3.4%, respectively,
<30% group, p=0.016; and in EF >50% group, it was 67.1 +
BIMA 448 and 1.4 and 35.8 +1.7 vs 74.6 + 1.3 and 38.1 + 2.1%,
SIMA 448 in EF respectively, p = 0.012.
30-50% group,
BIMA 1137 and
SIMA 1137 in EF
>50% group

Locker et al. [38] 2012 BIMA/SVG 589, 7.6+4.6 BIMA/SVG and BIMA only had improved
BIMA only 271, survival (86 and 76%; 82 and 75% at 10 and 15
BIMA-RA 147, years [p < 0.001]), and patients with BIMA/RA
LIMA/SVG 7435 and LIMA/RA had greater 10-year survival (84

and 78%; p <0.001) vs LIMA/SVG.

Kinoshita et al. [39] 2012 BIMA 244, 43+1.6 The 5-year estimated freedom rate from overall

SIMA 247 death and cardiac event was higher in the BIMA

group than in the SIMA group: 86.4 + 3.2 vs 73.5
+3.9% (p=0.01) and 93.2 + 2.7 vs 87.5 + 3.0%
(p=0.01), respectively.

Puskas et al. [40] 2012 BIMA 812, n.a. BIMA was associated with a significant overall
SIMA 2715 survival advantage at 8 years of follow-up of
89.3% compared with 68.3% with use of SIMA
(p<0.001).

MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; EF, ejection
fraction; SVG, saphenous vein graft; RA, radial artery.

Table 1. Previous studies that reported the superiority of bilateral internal mammary artery (BIMA) use over single
internal mammary artery (SIMA) use.

and BIMA use in terms of mortality or the rates of cardiovascular events at 5 years of follow-
up [47]. Rates of major bleeding events and the need for repeat revascularization, angina sta-
tus, and quality-of-life measures did not differ between the two groups, either. On the other
hand, there were more sternal wound complications with BIMA use than with single IMA
use. The ten-year outcomes are pending.

2.3. Sternal wound infection

One of the reasons of reluctant use of BIMA is a concern for potential sternal wound infection.
There are basically two techniques for harvesting IMA: pedicled and skeletonized. Harvesting
an ITA with a pedicled fashion can potentially lead to sternal devascularisation; however,
Kamiya et al. reported that the damage can be minimized with skeletonization by preserv-
ing sternal and intercostal branches of IMA [48]. Boodhwani et al. reported that skeletoniza-
tion resulted in reduced postoperative pain and increased sternal perfusion [49]. However,
skeletonization is more technically demanding and time-consuming, and there is a concern
of increased risk of injury of IMA during harvesting. Therefore, there is still a controversy
regarding superiority between the two techniques.
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Several previous studies reported that the skeletonization technique has a benefit over ped-
icled technique in terms of the incidence of sternal wound complication. Benedetto et al.
reported that the risk of sternal wound infection was similar between skeletonized BIMA and
pedicled single IMA [50]. Kai et al. reported that off-pump CABG with skeletonized BMA
use resulted in a low incidence of sternal wound infection (0.6%) even in insulin-dependent
diabetes patients [51].

3. CABG using radial artery graft

Due to the complexity of BIMA use, radial artery (RA) has been a preferred arterial graft over
right IMA. RA is easier to harvest than IMA and not associated with sternal wound infection.
Multiple previous studies reported improved long-term survival and patency rates for patients
receiving RA as a second arterial graft compared with patients receiving vein grafts only [52-55].

However, RA is muscular and vulnerable to spasm and competitive flow. A previous study
reported that the lower capacity of nitric oxide release may contribute to the susceptibility of
RA to the vasospasm and may have an impact on the long-term patency [56].

There is a big controversy about which is the second best arterial graft between RA
and right IMA [57] (Table 2). Tranbaugh et al. conducted a propensity matched study
comparing RA and right IMA grafts to bypass the left circumflex coronary artery [58].
They concluded RA had fewer major adverse events, a similar patency to right IMA, and
improved survival in older and chronic obstructive pulmonary disease patients. Caputo et al.
reported that RA provided better early and mid-term outcomes compared to right IMA [59].

Study Year  Number of pts Survival Graft patency Conclusions
Tranbaugh 2014  Matched 528 10 year: 85% for RA and 80% 83.9% for RA and 87.4% RA >RIMA
etal. [58] for RIMA (p = 0.060) for RIMA at 5.1 +3.8

years (p = 0.155)
Caputo 2003 325 for RA, 336 for 18 months: 99.7% for RA and n.a. RA >RIMA
etal. [59] RIMA 98.4% for RIMA (p = 0.07)
Hayward 2007 198 for RA, 196 for Mean of 6.0 years follow-up: n.a. RA =RIMA
et al. [60] RIMA 13 deaths in RA and 18

deaths in RIMA (p = 0.36)

Hayward 2010 198 for RA, 196 for n.a. 5-years; 89.8% for RA, RA =RIMA
etal. [61] RIMA 83.2% for RIMA

(p=0.06)
Ruttman 2011 724 for RA, 277 for 5 years: 93.0% for RA and RA occlusion was RA <RIMA
etal. [62] RIMA 98.9% for RIMA (p = 0.022) found in 37.9%; IMA

occlusion was found in

10.2% (p < 0.001)
Rajaetal. 2015  Matched; 779 for RA 10 years: 87.8% for RA and n.a. RA <RIMA
[63] and 747 for RIMA 93.4% for RIMA (p =-0.008)

Table 2. Previous studies that compared right internal mammary artery (RIMA) and radial artery (RA).
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Hayward et al. conducted a randomized study and concluded that, when patients receive
a left IMA graft to the LAD, the next target may be grafted with a RA or a free right IMA
to achieve similar clinical outcomes based on a mean of 6-year follow-up [60]. To the con-
trary, Ruttman et al. reported a superiority of right IMA graft compared to RA in terms of
both survival and cardiac-related morbidity [62]. Raja et al. also reported the superiority
of RIMA over RA [63].

4. CABG using saphenous vein grafts

Despite the potential benefits of multiple arterial grafts [41], saphenous vein graft (SVG) is
still the most frequently used conduit in CABG. However, the long-term patency of SVG
is reported to be poor [16-21]. The late-term SVG failure is mainly due to atherosclerotic
obstruction occurring on a foundation of neointimal hyperplasia [64]. Attempts to mitigate
intimal hyperplasia and SVG failure have been made; however, only persistent use of statin
therapy and beta-blockers have been shown to reduce intimal hyperplasia in vein grafts [65].
Edifoligide [16] and aspirin plus clopidogrel have failed to reduce the process of SVG intimal
hyperplasia [66].

Mechanical external stenting with polyester has shown potential benefits in preclinical test-
ing with reduction of both neointima formation and early atherosclerosis, both of which are
key aspects of SVG disease [67, 68]. The outcomes of initial trials of external stents for SVG
were poor. Murphy et al. reported 100% occlusion of external stented SVG at 6 months [69].
Schoettler et al. reported that the patency rate of mesh-supported SVG was 27.8% at 9 months,
whereas conventional SVG showed 85.7% patency [70]. Rescigno et al. reported 66.9% occlu-
sion at 12 months of SVG supported with nitinol mesh [71]. Taggart et al. performed a ran-
domized study comparing the one-year patency rate of stented SVG vs nonstented SVG [72].
They reported that the overall SVG failure rates did not differ between the stented SVG and
nonstented SVG (30 vs 28.2%); however, stented SVG had less intimal hyperplasia and better
lumen uniformity.

On the other hand, a previous study showed that the “nontouch technique,” in which SVG
is harvested with a pedicle of surrounding tissue, was associated with a decreased vascu-
lar smooth muscle cell activation, which affects long-term patency of SVG [73]. Souza et al.
conducted a randomized study comparing graft patency of SVGs using nontouch technique
and those using conventional technique [74]. They concluded that harvesting SVG with sur-
rounding tissue provided excellent short- and long-term patency, which was comparable to
the IMA [75].

5. CABG using right gastroepiploic artery

The successful use of right gastroepiploic artery (GEA) in CABG was reported in 1980s [76-78].
Histologically, GEA contains many smooth muscle cells in the media, whereas IMA has rich
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elastic fibers in the media [79]. Therefore, GEA is considered as a muscular artery, whereas
IMA is an elastic artery. This difference becomes important when harvesting a graft, because
GEA is more vulnerable to spasm than IMA.

GEA is most suitable for grafting to the distal right coronary artery and the posterior descend-
ing artery because this site is the nearest for the in-situ GEA graft and the most distant from
the in-situ right IMA graft. In addition, in-situ GEA grafting can avoid manipulation of the
aorta and can result in less neurological complications [80, 81].

Suma et al. reported that the cumulative patency rate of GEA graft was 92.3% at 1 year, 85.5%
at 5 years, and 66.5% at 10 years after surgery, and skeletonization technique can improve the
graft patency [82]. Suzuki et al. reported that skeletonized GEA grafting to the right coronary
artery provided better survival and lower adverse cardiac events than SVG grafting [83].

In a real world, although multiple studies also demonstrated excellent surgical outcomes of
CABG using GEA graft [84-87], GEA is rarely used in the United States mainly due to techni-
cal complexity.

6. Conclusions

CABG has been a gold standard for severe multivessel coronary artery disease. There is a
conclusive evidence of a benefit of using IMA in CABG surgery. Therefore, arterial grafts are
thought to provide better outcomes than vein grafts. In a real world, however, multiple arte-
rial revascularization is still underutilized. There are multiple studies that showed a survival
benefit of using right IMA or radial artery as a second arterial graft compared to using vein
grafts. The superiority of right IMA vs radial artery is still controversial. Some studies sug-
gested skeletonization technique can minimize the risk of sternal wound infection, which is
the main concern for using bilateral IMAs. In the meantime, multiple trials or techniques have
been tried to improve the long-term patency of vein grafts.
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Abstract

Significant left main coronary artery disease is defined as a greater than 50% angio-
graphic narrowing of the vessel. In general, there are three options for the treatment of
LMCA disease which include optimal medical therapy, percutaneous revascularization,
or surgical revascularization, either off-pump or on-pump. It is the highest-risk lesion
subset of ischemic heart disease and until recent years, coronary artery bypass grafting
was the major choice of treatment. Although there is a marked increase in use of percu-
taneous coronary intervention in left main disease, there are still some questions about
its efficacy when compared with surgery. Although bypass surgery is the gold standard,
current treatment guideline recommendations canalized the treatment of this potentially
lethal disease into percutaneous interventions in selected patients who had low to inter-
mediate anatomic complexity. Left main disease with low SYNTAX scores (<22) can be
treated either by bypass surgery or percutaneously, whereas SYNTAX score > 32 is an
indication for only coronary artery bypass surgery. The heart team should always be in
collaboration, give therapeutic options to patients and decide the best treatment strategy
for the welfare of the patient.

Keywords: coronary artery disease, left main coronary artery disease, coronary artery
bypass surgery, percutaneous intervention, PCI, CABG, SYNTAX score

1. Introduction

Despite its short length, the left main coronary artery (LMCA) is still one of the most chal-
lenging areas of disease for both cardiovascular surgeons and interventional cardiologists
today. Significant LMCA disease is defined as a greater than 50% angiographic narrowing of
the vessel. LMCA disease is the highest-risk lesion subset of ischemic heart disease and until
recent years, coronary artery bypass grafting (CABG) was the major choice of treatment.
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Although there is a marked increase in use of percutaneous coronary intervention (PCI)
in LMCA disease, there are still some questions about its efficacy when compared with
CABG operations. Starting from the traditional treatment options in LMCA disease, current
treatment guideline recommendations canalized the treatment of this potentially lethal dis-
ease into PCI in selected patients who had low to intermediate anatomic complexity based
on some scoring systems. Patient selection for both techniques is important and directly
affects the clinical outcome. In this chapter, basic characteristics of the LMCA will be dis-
cussed with recommendations of treatment options under the highlights of recent studies
and guidelines.

2. Importance of LMCA

The LMCA emerges from the aorta within the sinus of Valsalva through the ostia of the left
aortic cusp. It passes between the pulmonary trunk and the left atrial appendage and just
under the appendage; the artery divides into the left anterior descending (LAD) and the left
circumflex coronary arteries (LCx). In one third of the patients, LMCA bifurcates into LAD,
LCx and ramus intermedius branches [1]. The LMCA is responsible for supplying about 75%
of the left ventricular (LV) cardiac mass in patients with right dominant type and 100% in
the case of left dominant type, and as a result, severe LMCA disease will significantly reduce
blood flow to a large portion of the myocardium and place the patient at high risk for life-
threatening events, such as LV dysfunction and arrhythmias [2].

Significant LMCA disease is defined as greater than 50% angiographic narrowing of the artery
and was shown to be present in about 4-6% of all patients who underwent coronary angiogra-
phy [3]. Besides, patients with unprotected LMCA (ULMCA) disease treated medically have a
3-year mortality rate of about 50% [4].

The LMCA is anatomically divided into three portions: origin of LMCA from the aorta
(ostium), mid portion and the distal portion. The LMCA is different from the other coronary
arteries because it has relatively greater elastic tissue content; this feature explains the elastic
recoil and its high restenosis rate, following balloon angioplasty procedures [5]. Since one-
third of patients have trifurcated LMCA, this anatomical feature is important because in distal
LMCA stenosis, PCI is much more difficult in trifurcated lesions than the bifurcated ones [6].
In 1% of the population, the LMCA is absent, and the LAD and LCx arteries originate directly
from the aorta via separate ostia.

As with other coronary artery disease, the most common cause of LMCA disease is athero-
sclerosis. Non-atherosclerotic causes of LMCA lesions are rare. Other reasons may be either
obstructive or nonobstructive. Since it is originated directly from the aorta, any disease affect-
ing the ascending aorta can also cause LMCA obstruction such as aortic dissection, external
compression resulting from aortic aneurysm or tumor, iatrogenic injury resulting from coro-
nary interventions or vasospasm, irradiation, syphilitic aortitis, Takayasu’s arteritis, rheuma-
toid arthritis, aortic valve disease including malposition of prosthesis, aneurismal dilatations
such as Kawasaki disease and atherosclerotic aneurysms.
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There is a relationship between the length of LMCA and the LMCA segment that is diseased.
In short LMCAs (<10 mm), the stenosis are more frequently localized at the ostium and then
at the distal bifurcation (55 vs. 38%), in contrast to long LMCA that develops stenosis more
frequently near the distal bifurcation compared to near the ostium (77 vs. 18%). The mid seg-
ment of LMS is rarely affected (5-7% of patients). Ostial LMCA stenoses are more common in
women (44 vs. 20%) [7].

3. Diagnosis of LMCA disease

Most patients with LMCA disease are symptomatic. Since occlusion of this vessel compro-
mises about 75% of blood flow to the LV, patients are at high risk of major cardiovascular
events unless protected by a collateral flow. The diagnosis of LMCA disease is usually made
by coronary angiography. The use of noninvasive imaging studies does not specifically distin-
guish LMCA from other types of coronary artery disease. Certain findings on exercise testing
or, in patients with acute coronary syndromes on the electrocardiogram (ECG), are suggestive
of LMCA disease. These include diffuse and severe ST-segment deviation or significant ven-
tricular arrhythmias on ECG monitoring or hypotension during exercise [8].

Coronary angiography remains the gold standard diagnostic technique for the diagnosis
of clinically important LMCA disease, although small but significant number of false-
positive and false-negative results is present with inter-observer variabilities. In order to
avoid precipitating myocardial ischaemia in patients with severe LMCA disease, opera-
tors try to limit the number of angiographic shots, as well as keep dye injections to a
minimum: this may have an impact on diagnostic accuracy of less experienced operators.
Ostial LMCA stenosis is not well shown angiographically; the diagnosis relies on detec-
tion of pressure damping on engagement of the ostia with the catheter tip and the absence
of reflux of dye into the coronary sinus on injection. Detecting and quantifying stenosis
of the LMCA and bifurcation rely on a normal segment for comparison: the severity of
concentric stenoses of the entire LMCA may therefore be underestimated. Angiography
is also poor at assessing lesion calcification. This is important firstly because where visual
assessment is inaccurate, it is often because of the presence of calcification, and secondly
because the presence of calcification is an important risk factor for dissection following
PCI [9]. Coronary angiographic views of some patients with diagnosis of LMCA disease
is shown in Figure 1.

In some cases, additional studies including intravascular ultrasound imaging (IVUS), frac-
tional flow reserve (FFR) and coronary vasodilatory reserve (CVR) may be helpful for increas-
ing diagnostic accuracy and decision-making.

IVUS is an intracoronary imaging modality that facilitates the anatomic visualization of the
vessel lumen and characterizes plaques. It provides a 360° sagittal scan of the vessel from
the lumen through the media to the vessel wall. It provides additional information such as
minimal and maximal diameters, cross-sectional area and plaque area compared with coro-
nary angiography alone [9]. IVUS detects calcification twice as often as angiography and is
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Figure 1. (a-b) Proximal LMCA stenosis at the level of aorto-ostial junction (in circles). (c-d) Acute MI patient with
distal LMCA stenosis at the level of bifurcation and proximal part of LAD (in circle) and thrombosis of the RCA (arrow).
(e) After thrombolytic infusion and balloon angioplasty flow in RCA is restored, patient is operated in elective conditions
for left main disease.

more sensitive at detecting significant LMCA stenosis than angiography alone. IVUS may
have a role in the assessment of high-risk patients and in deciding whether patients with
angiographically indeterminate LMCA lesions should undergo PCI or surgery [10]. Since
IVUS is an effective method to examine the coronary architecture and extent of atheroscle-
rotic plaque with changes in vessel dimensions, it should be considered in angiographically
borderline lesions as a complimentary method.

FFR is the ratio of distal coronary pressure to aortic pressure measured during maximal
hyperemia which represents fraction of normal blood flow through a stenotic artery. The
normal FFR for all vessels under all hemodynamic conditions, regardless of the status of the
microcirculation, is 1.0. FFR values <0.75 are associated with abnormal stress tests [10]. FFR
may have a role in deciding whether patients with angiographically mild or moderate LMCA
disease should undergo revascularization: 56% of patients with FFR <0.75 in one study had
significant LMCA stenoses [11].

CVR is the ratio of hyperemic to basal flow and reflects flow resistance through the epicardial
artery and the corresponding myocardial bed. Unlike FFR, the value is affected by the coro-
nary microcirculation and hemodynamic conditions. Although of use in the further assess-
ment of angiographically indeterminate lesions, no studies have specifically addressed the
use of this diagnostic adjunct in assessment of LMCA disease [10].

A LM pattern on exercise nuclear testing is characterized by perfusion defects in the LAD and
LCx territories (i.e., reduced nuclear tracer uptake in the septal, anterior and lateral walls). It
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may also be associated with a picture of “balanced” ischemia where there is uniform diminu-
tion of tracer uptake with stress, often indicative of LM with three-vessel disease. This may
be accompanied by transient ischemic dilation (TID), which is considered present when the
image of the left ventricular cavity appears to be significantly greater after stress as compared
with that at rest [12].

More recently cardiac CT and MRI have been shown to have a high correlation with angiogra-
phy for the diagnosis of LM disease. This may be particularly useful in surveillance imaging
after revascularization of the LM often performed after stenting [12]. Multislice computed
tomography (MSCT), also called multidetector coronary angiography, has rapidly gained
in popularity and applicability. MSCT has a good diagnostic accuracy for detecting more
than 50% luminal stenosis with a sensitivity of 97% (CI: 94-98%) and specificity of 86% (Cl:
78-90%) compared with quantitative conventional coronary angiography [13, 14].

Cardiovascular magnetic resonance imaging (CMRI) has some advantages and limitations
compared with cardiac CT imaging. Advantages of CMRI include the absence of ionizing
radiation and contrast media, as well as no requirement for heart rate control with b-blockers
[12]. Detection of coronary lesions in heavily calcified coronary segments by CMRI can be
more reliable than by cardiac CT [15].

There is a strong association between LMCA disease and carotid artery stenosis. Carotid
artery disease is present in almost 40% of patients undergoing angiography for evaluation of
angina, with significant left main stem disease, compared with just 5% with single-vessel dis-
ease [16]. The AHA guidelines recommend screening all patients undergoing bypass surgery
for left main stem disease to identify carotid artery disease [17].

4. Preventive and medical therapies

There are three options for treating LMCA disease: optimal medical therapy, PCI, or surgical
revascularization (CABG). All patients with LMCA disease should receive preventive thera-
pies to decrease the risk of subsequent cardiovascular events. Preventive therapies include
smoking cessation, exercise, lipid lowering therapy with stains, management of diabetes
mellitus with proper oral antidiabetics or insulin and achievement of target blood pressure
goals with suitable antihypertensive medications. In the 1970s and 1980s, three randomized
controlled trials (the Veterans Affairs Cooperative Study [18], European Coronary Surgery
Study [19], and CASS (Coronary Artery Surgery Study) [20]) established the survival ben-
efit of CABG compared with contemporaneous medical therapy without revascularization
in certain subjects with stable angina. They reported a survival rate of 80-88% for CABG
and 63-68% for medical treatment only. Subsequently, a 1994 meta-analysis of 7 studies that
randomized a total of 2649 patients to medical therapy for CABG showed that CABG offered
a survival advantage over medical therapy for patients with LMCA disease or three-vessel
coronary artery disease (CAD) [21]. The studies also established that CABG is more effective
than medical therapy at relieving anginal symptoms.
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5. Treatment of significant LMCA disease

In general, there are three options for the treatment of LMCA disease, which include optimal
medical therapy, percutaneous revascularization, or surgical revascularization, either off-
pump or on-pump. Hybrid procedures may also be applied according to patient’s clinical
status or clinician’s choice for different scenarios.

As stated above, CABG offers a survival advantage over medical therapy for significant
LMCA disease since medical therapy alone has been associated with poor outcomes. CABG
surgery has been accepted as the standard revascularization method for LMCA disease for
several decades. In the last decade, several randomized controlled trials have shown favor-
able results for PCI with drug-eluting stents (DES) compared with CABG. In this title of the
chapter, scoring systems for decision making and treatment strategies for LMCA disease will
be discussed, mainly focusing on the surgical treatment of LMCA disease.

Compared with the early days, contemporary bypass surgery has been greatly refined. Cardio-
preservation techniques have improved and nearly all patients with LMCA disease receive an
internal mammary artery (IMA) graft. In addition, patients undergoing surgery are more aggres-
sively treated medically. The outcomes are excellent. When comparing the results of CABG with
PCI, the coronary stents must perform at least as well as surgery in terms of outcomes [22].

A percutaneous approach for revascularization in LMCA disease has both attractive and
undesirable features. Surgery needs a long recovery period with significant potential mor-
bidities including postsurgical atrial fibrillation, pleural effusions, infections, delayed wound
healing, anemia and depression which have negative effects on patient’'s quality of life. A
percutaneous approach is clearly more palatable to patients than surgery. For the physician,
LM stem is large and easily accessible for PCI techniques. However, especially for the patients
with absent collateral vasculature, balloon inflation may lead to cardiovascular collapse with
ischemia. Abrupt vessel closure or subsequent stent thrombosis involving the LM stem may
be a fatal event. All of these factors must be taken into account and their effect clearly under-
stood when comparing the two revascularization methods [22].

6. Scoring systems for decision-making in LMCA disease

The assessment of patients with LMCA disease both as a candidate for surgery or PCI is often
a complex procedure and best achieved by the “Heart Team” approach. When one method of
revascularization is preferred over the other for improved survival, this consideration takes
precedence over improved symptoms. ACCF/AHA guideline suggests that a Heart Team
approach to revascularization is recommended in patients with unprotected LM or complex
CAD (Class I recommendation, Level of evidence; C) [17].

Several risk stratification scores, based on either angiographic or clinical parameters, have
been developed to evaluate outcomes in patients with LMCA disease who undergo bypass
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surgery. Despite the use of various objective scoring systems derived from hundreds of thou-
sands of patients, an experienced surgeon who spends time evaluating the coronary angio-
gram, taking a detailed history and examining the patient may provide the most accurate
assessment of operative risk [22].

The Synergy between PCI with TAXUS and Cardiac Surgery (SYNTAX) score includes factors
of coronary angiographic complexity rather than clinical factors. Although the limitations of
using the SYNTAX score for certain revascularization recommendations are recognized, the
SYNTAX score is a reasonable surrogate for the extent of CAD and its complexity and serves
as important information that should be considered when making revascularization deci-
sions. Recommendations that refer to SYNTAX scores use them as surrogates for the extent
and complexity of CAD [17].

ACCF/AHA guideline suggests that calculation of the SYNTAX and STS (The Society of
Thoracic Surgeons) scores is reasonable in patients with unprotected LM and complex CAD
(Class Ila recommendation, level of evidence; B). Variables which contribute to the determi-
nation of the score include dominance of the coronary artery system, number of lesions, seg-
ment involved per lesions and presence of chronic total occlusions, trifurcation, bifurcation,
aorto-ostial lesions, tortuosity, calcification, thrombi, long lesions and/or diffuse disease. By
the highlights of these variables, a separate number is calculated for each lesion. Then, these
values are summed up to generate the total SYNTAX score. An online tool for easy calculation
of the score may be found online at http://www.syntaxscore.com. Some of the steps illustrat-
ing the scoring are shown in Figure 2.

SYNTAX trial is the largest, single published study to date, comparing the outcome of PCI
vs. CABG in patients with 3-vessel coronary disease and LMCA disease [23]. The higher the
score, the greater is the extent and the complexity of the disease. The SYNTAX trial strati-
fied the entire randomized population (i.e., both patients with 3-vessel and patients with left
main coronary artery disease) by tercile of SYNTAX score and found that the patients in the
lowest tercile (score:0-22) fared just as well with PCI as surgery, whereas those in the high-
est tercile (score > 33) clearly did better with surgery [22, 23]. Capodanno et al. applied the
SYNTAX score to a registry of 819 patients undergoing LM PCI or surgery and found that the
outcomes of patients with SYNTAX score > 34 was better with surgery as compared with PCI
but patients with SYNTAX score < 34 had similar outcomes with surgery or PCI in terms of
2-year mortality rates [24]. They concluded that a SYNTAX score threshold of 34 may usefully
identify a cohort of patients with LMCA disease who benefit most from surgical revascular-
ization in terms of mortality.

The SYNTAX study included a subset of 705 patients with LM stem disease and their 5-year
outcomes have been published [25, 26]. For the overall group with LMCA disease, there
was no significant difference in the rate of major adverse cardiac and cardiovascular events
(MACCE), M, or death at 5 years in patients treated with PCI compared with those treated
with surgery [26]. The rate of stroke was lower in patients treated with PCI, and the rate of
repeat revascularization was lower in patients treated with surgery. When the LM cohort
was divided into two groups based on the SYNTAX score, striking differences between the
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Figure 2. Some of the steps illustrating the SYNTAX scoring system; available online at: http://www.syntaxscore.com.

treatment strategies became apparent. For the high SYNTAX score group (233), the rate of
MACCE was significantly greater in the PCI group compared with surgery. Although not sta-
tistically powered for mortality, the rate of death trended alarmingly higher in the PCI group.
By contrast, for patients with scores <33, there was no difference in MACCE. Interestingly,

in this group with low or intermediate scores, there was actually a lower mortality rate with
PCI [22, 25, 26].

By-time, not only the anatomical assessment, but also the clinical status of the patients was
added for better evaluation of the risk stratification, mainly on the SYNTAX score. The clinical
SYNTAX score is a combination of age, creatinine and ejection fraction (ACEF) model and
SYNTAX scores, and subsequent development of a logistic model has provided better risk
assessment [27]. The SYNTAX II score is a combination of anatomical and clinical factors (age,
creatinine clearance, LV function, gender, chronic obstructive pulmonary disease, and periph-
eral vascular disease) and predicts long-term mortality in patients with complex three-vessel
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Recommendations according to extent of coronary artery ~ CABG PCI
disease Class Level of Class Level of
evidence evidence

Left main disease with a SYNTAX score <22. I B I B

Left main disease with a SYNTAX score 23-32. I B Ia B

Left main disease with a SYNTAX score > 32. I B i B

Three vessel disease with a SYNTAX score < 22. I A I B

Three vessel disease with a SYNTAX score 23-32. I A 11 B

Three vessel disease with a SYNTAX score > 32. I A i B

Table 1. ESC/EACTS recommendations for the type of revascularization in patients with left main coronary artery
disease [30].

or LMCA disease [28]. It was found to be superior to the conventional SYNTAX score in guid-
ing decision-making between CABG and PCl in the SYNTAX trial and subsequently validated
in the drug-eluting stent for LMCA disease DELTA registry.

The STS score is a risk-prediction model, validated in patients undergoing cardiac surgery,
with a specific model for CABG and combined CABG and valve surgery. It can be used to
predict in-hospital or 30-day mortality and in-hospital morbidity [29]. ESC/EACTS guidelines
on myocardial revascularization suggest STS score for CABG to assess short-term outcomes
for CABG (Class IB recommendation) and SYNTAX score for both CABG and PCI to assess
medium- to long-term (=1 year) outcomes (Class IB recommendation) [30]. LMCA disease
with low SYNTAX scores (<22) should be treated either by CABG or PCI, whereas SYNTAX
score > 32 is a contraindication for PCI. Recommendations of the ESC/EACTS guidelines for
LMCA disease are summarized in Table 1.

7. Treatment of LM CA disease with PCI

Although surgery was and still is the main treatment option for unprotected LMCA disease,
the emerging practice in PCI techniques and new materials has led to almost routine thera-
peutic option for a subset group of patients with LMCA disease. PCI for treatment of unpro-
tected LMCA disease has passed through several phases. The early published experiences of
balloon angioplasty for LMCA disease were associated with a high procedural mortality and
poor long-term survival. In the 1980s, O'Keefe et al. reported 9.1% procedural mortality and
36% 3-year survival rate for 127 acute and elective cases with LMCA disease for coronary
angioplasty [31]. In the following years, coronary stents improved the safety of PCI and also
reduced the incidence of restenosis and abrupt vessel closure. As a result, these techniques
were also used for a subset group of patients with LMCA disease. Initial experiences were
performed with bare-metal stents and highly variable results were demonstrated according
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to studied patient population. Worse outcomes were published with cardiogenic shock and
who were not surgical candidates, whereas god results were obtained in elective patients who
were good surgical candidates. The bare-metal stent era was characterized by high restenosis
and repeat revascularization rates, and restenosis of the LM stents resulted in sudden cardiac
deaths [22].

After clinical use of drug-eluting stents, a reduction in restenosis rates renewed enthusiasm
for PCI in LMCA disease. At first, different series reported better outcomes with drug-eluting
stents for LMCA disease but their results were limited by selection bias regarding the patient
characteristics and the anatomical features of LM stem [32]. For better understanding of the
results, finally properly designed, large-scale randomized controlled trials comparing PCI
with drug-eluting stents to CABG surgery emerged and they provided important answers to
the question of PCI vs. CABG surgery for LMCA disease [22].

PCI for LMCA may exist with a broad spectrum of clinical scenarios. The LM stem may
eventually be injured and closed as a complication of diagnostic cardiac catheterization. This
iatrogenic injury might not be suitable for emergency operation and this patient may sud-
denly become a candidate for PCI. In a similar fashion, coronary flow of the patient in the
cath lab for acute MI who has an occluded LM stem may rapidly be restored by PCI rather
than surgery and this may be life-saving. Different preoperative risk assessment and scor-
ing systems may demonstrate high operative risk for the patient, or the patient himself may
simply refuse the operation, which automatically puts the patient in the PCI group. The most
controversial group is the group of patients who are good surgical candidates and willing
to be operated. Currently, surgery is considered the standard of care for this group. Many
clinicians feel that PCI should not yet be offered to this group until the results of properly
performed clinical trials comparing the outcomes of surgery vs. PCI are available and show
that PCI outcomes are at least equal to those with surgery [22]. If left main PCI is being con-
sidered, it should not be performed immediately after coronary arteriography. The patient
should hear opinions from a multidisciplinary team prior to deciding on a revascularization
strategy. Exceptions to this principle include patients who are unstable and need immediate
revascularization in the catheterization laboratory or those in whom CABG is not an option
for any reason [8].

In a study designed by Erglis et al. comparing drug eluting stents and bare metal stents for
the treatment of unprotected LMCA disease, 103 patients with stable angina were assigned
to receive either paclitaxel-eluting stent or bare-metal stent. All interventions were IVUS
guided and CB pre-treated before stenting was performed in all patients. All patients were
scheduled for 6-month follow-up. Follow-up analysis showed binary restenosis in 11 (22%)
bare-metal stent and in 3 (6%) paclitaxel-eluting stent patients (p = 0.021). The findings
demonstrated that implantation of paclitaxel-eluting stents was superior to bare-metal
stent in the large-diameter LM vessel at 6 months [33]. By the highlights of studies and
improving stent technology, drug-eluting stents are preferred in general use for LMCA
disease.

In the LMCA disease, the results for distal LM were worse when compared to ostial or mid-
shaft lesions. Although long-term outcomes in patients with ostial/shaft unprotected LMCA
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lesions were favorable, outcomes in patients with bifurcation lesions treated with stenting of
both the main and side branches appeared unacceptable [34]. The distal LMCA is the usual
site of restenosis and the circumflex origin is especially vulnerable to restenosis.

In the ostial involvement, delineating the aorto-ostium by coronary angiography may be dif-
ficult and optimal stent decision may be tricky. The implantation of the stent for ostial LMS
stenosis must be done with a small protrusion into the aorta to ensure adequate ostium cover-
age. The aorto-ostium may be very rigid due to calcium and has a tendency to recoil. In case of
heavy calcification, rotational thrombectomy may help reducing calcium load, so that it helps
balloon and stent expansion and prevents recoil. In most cases of ostial disease, IVUS proves
very helpful to ensure coverage and proper stent expansion [22].

Distal LMS stenosis can be treated by a single-stent or by a two-stent strategy. The choice
of the strategy is based on: plaque distribution, the angle between the two branches, the
diameter of LAD and LCx and the presence of side branch stenosis [6]. Although the data
are challenging, patients with distal LM stenosis treated with single-stent strategy have a
TVR rate relatively low (<5%), nearly equivalent to patients with ostial or mid-shaft LM
stenosis treated by the same strategy [35]. Provisional T-stenting is the most frequent used
strategy for single-stent strategy. It consists of the deployment of a single stent from LMCA
to the LAD or LCx, whichever has the highest diameter. T-stenting has an advantage that
it allows placement of a second stent into the side branch if it is severely narrowed. In
two-stent strategy, two stents are planned and deployed in one of several different ways
(culotte method, double kissing crush, etc.) to treat both the main branch and the side
branch. The lack of randomized data in this area makes it difficult to advocate one strategy
over another.

In the “Intracoronary Stenting and Angiographic Results: Drug-eluting Stents for Unprotected
LM Lesions” (ISAR-LM) randomized trial, comparing PCI with sirolimus-eluting stent vs.
paclitaxel-eluting stent, no significant differences were reported in the composite outcome of
death, ML, and TLR at 12-month follow-up. No difference was reported also in restenosis and
2-year LM-specific revascularization [36].

The best available data for long-term outcomes with stenting of LMCAD come from the
EXCEL and NOBLE randomized trials. EXCEL trial assigned 1905 patients with LMCA dis-
ease of low or intermediate complexity (SYNTAX score < 32) to either PCI with everolimus-
eluting stents or CABG [37]. The primary endpoint, a composite of death from any cause,
stroke, or MI at 3 years, occurred at a similar rate in both groups. There were no significant
between-group differences in the three-year rates of the components of the primary endpoint.
The secondary endpoint of death, stroke, or MI at 30 days occurred less often in patients in
the PCI group due mainly to a lower rate of MI. The secondary endpoint of death, stroke,
M, or ischemia driven revascularization at 3 years occurred more often with PCI. PCI with
everolimus-eluting stents was noninferior to CABG with respect to the rate of the composite
endpoint of death, stroke, or myocardial infarction at 3 years.

The NOBLE trial randomly assigned 1201 patients (without ST-elevation MI) to complete
revascularization with either PCI, using a biolimus-eluting stent, or CABG [38]. The primary
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endpoint of major adverse cardiac or cerebrovascular events (a composite of all-cause mor-
tality, nonprocedural MI, any repeat coronary revascularization, and stroke) at 5 years
occurred more often with PCI attributable mainly to more frequent revascularization in the
PCI group and a higher rate of stroke, the latter of which is not consistent with all other tri-
als. The findings of this study suggest that CABG might be better than PCI for treatment of
LM stem CAD.

Sometimes, a patient with acute MI and demonstrated three-vessel disease with involvement
of LMCA disease may benefit from emergency coronary angioplasty. If the responsible vessel
for acute Ml is the RCA and complicated with cardiogenic shock, direct PTCA for RCA may
significantly reduce in-hospital mortality and the patient may become a surgical candidate
for LMCA after evaluation of the mitral valve for ischemic mitral insufficiency for possible
interventions in a more stable status.

Most of the LM PCI does not require hemodynamic support, but during PCI for LMCA dis-
ease, the operator should be ready for any hemodynamic compromise, slow or no reflow or
other procedural complications and take necessary precautions. These precautions include
the placement of intraaortic balloon pump (IABP) or sometimes the support of percutane-
ous LV assist devices in poor LV functions, such as the Impella. Patients more likely to need
support include those with severe LV dysfunction, occlusion of the right coronary artery, a
left dominant circulation, and patients in whom the PCI procedure is likely to be complex
and difficult, thus increasing the ischemic time [22]. In general, careful attention to patient’s
baseline hemodynamic status before and during the procedure is necessary. Patient with
instable hemodynamic status or those in whom even brief balloon inflations result in hemo-
dynamic compromise may benefit from the support. As a member of the heart team, a car-
diac surgeon should always be informed before the implementation of PCI for unprotected
LMCA and the surgical team should be ready for any potential complications and eventu-
ally for emergency CABG.

Patients with a patent bypass graft to either the LAD or LCx, who are considered to be “pro-
tected,” may require LM intervention because of recurrent ischemia. Protected lesions are
anatomically similar to those that are not previously bypassed. However, their physiology
during treatment and the consequences of abrupt closure and restenosis are much more for-
giving because of continued flow to the protected territory [8].

8. Surgical treatment of LMCA disease

LMCA disease is an important independent risk factor for increased mortality and morbidity
at all stages of diagnosis and treatment of CAD. For several decades, CABG was regarded
as the standard of care for significant LMCA disease in patients eligible for surgery. More
recently, PCI has emerged as a possible alternative method of treatment for revascularization
in specifically selected, especially low risk group of patients, except for the life-saving emer-
gency high-risk groups. Besides patient characteristics, lesion location is an important factor
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for the determination of treatment of choice as well as operator’s experience and technical
considerations. Stenting of distal stem or bifurcation lesions is technically challenging and
most of the patients are presented with three-vessel disease which makes them good surgical
candidates. Although the improvement in stent technology and increased experience of PCI
techniques by the operators sometimes make the surgery questionable, surgery is still the
“gold standard” for treatment of LMCA disease [24]. The outcomes of patients with SYNTAX
score > 34 was better with surgery as compared with PCI CABG surgery, which improves
survival in patients with significant LMCA disease, three-vessel (and possibly two-vessel)
disease, or reduced ventricular function, and prolongs and improves the quality of life in
patients with LM equivalent disease (proximal LAD and proximal LCx), but does not protects
them from the risk of subsequent MI. In this section, patient selection and CABG methods,
as well as technical considerations, will be discussed for surgical treatment of LMCA disease.
Indications of surgery for LMCA disease in ACCF/AHA guideline is summarized in Table 2.

By far, the most common known etiology of LMCA disease is atherosclerosis. Non-atherosclerotic
causes of LMCA lesions are rare. Since atherosclerosis is a generalized disease affecting the
whole arterial system in the body, its association should always be kept in mind such as carotid
artery disease, cerebrovascular disease and peripheral artery disease as well as porcelain aorta
which make the surgical procedure more challenging.

The incidence of sudden death in patients with critical LMCA disease means that these patients
should never be thought as patients in the waiting list for elective surgery. Emergency CABG
is recommended as Class I indication for patients with life-threatening ventricular arrhyth-
mias, which is believed to be ischemic in origin, in the presence of 250 LMCA stenosis [17].
In a study by Maziak et al. [39], patients in the waiting list for CABG operations were evalu-
ated. In this study, 281 patients over 2145 had critical (250%) LM stenosis. The average time
from angiography to operation was shorter in patients with LMCA disease and the presence
of LMCA disease did not influence operative mortality, the incidence of low cardiac output
syndrome or the incidence of perioperative ML To examine the effect of waiting time on out-
comes, patients with LMS were divided into early (operation 10 days or less after angiogra-
phy) and late revascularization groups (more than 10 days). Operative mortality, low output
syndrome, and myocardial infarction were similar in the early and late groups. Patients in the
early group were more likely to have NYHA functional Class IV symptoms, unstable angina,
or a recent preoperative myocardial infarction. He concluded that carefully selected patients
with significant LMS can safely wait for operation. But, it should be kept in mind that patients
with severe symptoms and recently preoperative MI should be allocated for early surgical
intervention.

The “Heart Team,” made up of clinical or noninvasive cardiologists, cardiac surgeons and
interventional cardiologists, provides a balanced, multidisciplinary decision-making process.
Formulation of the best possible revascularization approaches, also taking into consideration
the social and cultural context, will often require interaction between these branches. Patients
may need help in making decisions about their treatment and the most valuable advice will
probably be provided to them by the Heart Team [40].
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Class I
indications

Class ITa
indications

Class IIb
indications

CABG in Patients With Acute MI: Emergency CABG is recommended in patients with life-
threatening ventricular arrhythmias (believed to be ischemic in origin) in the presence of LM
stenosis >50% and/or 3-vessel CAD (LoE: C)

Life-Threatening Ventricular Arrhythmias: CABG is recommended in patients with resuscitated
sudden cardiac death or sustained ventricular tachycardia thought to be caused by significant
CAD (>50% stenosis of LMCA and/or >70% stenosis of 1, 2, or all 3 epicardial coronary
arteries) and resultant myocardial ischemia (LoE: B)

CABG in Association With Other Cardiac Procedures: CABG is recommended in patients
undergoing noncoronary cardiac surgery >50% luminal diameter narrowing of the LMCA or
>70% luminal diameter narrowing of other major coronary arteries (LoE: C)

Heart Team Approach to Revascularization Decisions: A Heart Team approach to revascularization
is recommended in patients with unprotected LM or complex CAD (LoE: C)

Left Main CAD Revascularization: CABG to improve survival is recommended for patients with
significant (>50% diameter stenosis) left main coronary artery stenosis (LoE: B)

Calculation of the STS and SYNTAX scores is reasonable in patients with unprotected LM and
complex CAD (LoE: B)

Left Main CAD Revascularization:

PCI to improve survival is reasonable as an alternative to CABG in selected stable patients
with significant (>50% diameter stenosis) unprotected LMCAD with: (1) anatomic
conditions associated with a low risk of PCI procedural complications and a high
likelihood of good long-term outcome (e.g., a low SYNTAX score [<22], ostial or trunk left
main CAD); and (2) clinical characteristics that predict a significantly increased risk of
adverse surgical outcomes (e.g., STS-predicted risk of operative mortality >5%) (LoE: B)

PCI to improve survival is reasonable in patients with UA/NSTEMI when an unprotected
LMCA is the culprit lesion and the patient is not a candidate for CABG (LoE: B)

PCI to improve survival is reasonable in patients with acute STEMI when an unprotected
LMCA is the culprit lesion, distal coronary flow is <TIMI grade 3, and PCI can be
performed more rapidly and safely than CABG (LoE: C)

Carotid artery duplex scanning is reasonable in selected patients who are considered to have
high-risk features (i.e., age > 65 years, LMC stenosis, PAD, history of cerebrovascular disease
(transient ischemic attack (TIA), stroke, etc.), hypertension, smoking, and diabetes mellitus)
(LoE: C)

In the absence of severe, symptomatic aorto-iliac occlusive disease or PAD, the insertion
of an IAB is reasonable to reduce mortality rate in CABG patients who are considered
to be at high risk (e.g., those who are undergoing reoperation or have LVEF <30% or
LMCAD) (LoE: B)

Left Main CAD Revascularization: PCI to improve survival may be reasonable as an alternative
to CABG in selected stable patients with significant (>50% diameter stenosis) unprotected
LMCAD with: (1) anatomic conditions associated with a low to intermediate risk of PCI
procedural complications and an intermediate to high likelihood of good long-term
outcome (e.g., low-intermediate SYNTAX score of <33, bifurcation LMCAD); and (2) clinical
characteristics that predict an increased risk of adverse surgical outcomes (e.g., moderate—
severe chronic obstructive pulmonary disease, disability from previous stroke, or previous
cardiac surgery; STS-predicted risk of operative mortality >2%) (LoE: B)

CABG to improve survival rate may be reasonable in patients with end-stage renal disease
undergoing CABG for LMCA stenosis of 250% (LoE: C)
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Class III * PCI to improve survival should not be performed in stable patients with significant (>50%
indications diameter stenosis) unprotected LMCAD who have unfavorable anatomy for PCI and who are
(HARM) good candidates for CABG (LoE: B)

Abbreviations: CABG: coronary artery bypass graft; CAD: coronary artery disease; IAB: intraaortic balon; LM: left main;
LMCAD; left main coronary artery disease; LoE: level of evidence; LVEF: left ventricle ejection fraction; NSTEMI: non-
ST elevation myocardial infarction; PAD: peripheral artery disease; PCI: percutaneous coronary revascularization; UA;
unstable angina.

Table 2. ACCF/AHA guideline recommendations for left main coronary artery bypass graft surgery [17].

The hospital mortality rate for CABG surgery is approximately 1% in low-risk patients,
with fewer than 3% of patients suffering perioperative myocardial infarction. The most
consistent predictors of mortality after CABG are urgency of operation, age, prior cardiac
surgery, female gender, low LV ejection fraction, degree of LM stenosis, and number of ves-
sels with significant stenoses. The most common mode of early death after CABG is acute
cardiac failure leading to low output or arrhythmias, owing to myocardial necrosis (often
with features of reperfusion), postischemic dysfunction of viable myocardium, or a meta-
bolic cause, such as hypokalemia. As in cardiac surgery, in general, the risk of perioperative
MI increases with the degree of cardiomegaly, and in patients who have had preoperative
infarction [41].

8.1. Myocardial protection for surgery in LMCA disease

The objective of any type of myocardial management during cardiac surgery should target
on decreasing injury to the myocardium by combination of hypothermia, electromechani-
cal arrest, washout, oxygen and other substrate enhancement and buffering. There is no one
specific method that ideally describes the myocardial protection as in the LMCA disease.
It depends on surgeon’s preferences, surgical technique, and surgeon’s desire for complete
bloodless area during the operation, sequence and timing of proximal anastomoses and costs.
The optimum strategy for myocardial protection in severe LMCA disease remains unclear not
only because of different regimens, but also the advanced stenosis of the LM stem resulting in
uneven distribution of the preferred cardioplegic solution, slow diastolic arrest and delayed
functional recovery due to pre- and perioperative functional status of the heart in critical LM
stenosis and recent MI.

The myocardial protection is achieved by either antegrade blood cardioplegia through the
ascending aorta via right and left coronary ostia in the absence of severe aortic regurgita-
tion or retrograde blood cardioplegia by a special cannula inserted into the coronary sinus
through the right atrium. Severe obstructive manifestations of CAD are perhaps the best
examples for the superiority of retrograde cardioplegia. These include LM lesions and acute
coronary syndromes. In this specific concern of LMCA disease, the cardioplegia distribution
is not even because of the proximal stenosis and may cause impaired myocardial protec-
tion. Although retrograde cardioplegia results in better distribution, myocardial cooling and
more complete functional recovery of myocardium distal to coronary artery stenoses, the
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presence of veno-venous shunts and thebesian channels means that distribution of retro-
grade cardioplegia may not effectively protect the right ventricle and posterior septum [42].
A combined approach may be a better alternative for myocardial protection where ante-
grade blood cardioplegia and maintained with continuous retrograde blood cardioplegia
has been shown to result in reduced postoperative serum troponin I levels and rates of atrial
fibrillation, compared with approaches using solely antegrade cardioplegia in patients with
significant LMCA disease [43]. Patients with LMCA disease also have high incidences of
involvement of RCA occlusion; so, not only the left coronary system, but also the right coro-
nary system is impaired during antegrade cardioplegia route.

A conscious decision to use both the antegrade and retrograde routes of cardioplegia rou-
tinely, delivered in either an alternating sequential fashion or simultaneously, has evolved
in the practice of some institutions. In our daily practice, we use combined antegrade and
retrograde cardioplegia technique. In lack of severe aortic insufficiency, half or two-thirds
of the dose is given through the antegrade perfusion cannula and the remaining solution
is given through the retrograde cannula. After performing the first distal anastomosis by
saphenous graft to the LCx system (mainly the best obtuse marginal artery branch), we
do not wait for completion of time and perfuse the LCx from directly through the anasto-
mosed saphenous vein graft, if the stenosis of LMCA disease is severe (Figure 3). In the
absence of LAD stenosis, direct perfusion of LCx also allows perfusion of LAD in retro-
grade fashion.

Sometimes slow continuous retrograde perfusion may also be applied for better protection.
Our goal is primarily good protection of the heart with as short cross-clamp time as possible.
After completion of LIMA-LAD anastomosis, hot-shot with warm blood cardioplegia is given
and usually the proximal anastomoses of the saphenous vein grafts to the ascending aorta is
performed after the heart began to beat by the aid of side-clamp. If the aorta is severely calci-
fied, single-clamp strategy may be used. Also, for better recovery of the heart, we also go on
perfusing the heart by a line derived from the arterial cannula inserted into each saphenous
vein grafts during proximal anastomosis stage.

Other preoperative prophylactic or postoperative insertion of the IABP is sometimes advis-
able. In addition to its use in MI with low cardiac output or shock, preoperative insertion is
often helpful in unstable angina, LM disease with ongoing ischemia, and ischemia leading to
ventricular arrhythmias. In the era of more complex arterial revascularization for ischemic
heart disease, IABP support is helpful intraoperatively for pre-bypass support of patients
with low ejection fraction [44]. When an IABP is used, it is important to understand that
it is not the final therapy in terms of mechanical support for the failing heart. If the shock
state persists, as evidenced by a depressed cardiac index, then some form of direct mechani-
cal support must be implemented so as to restore adequate end-organ perfusion. Failure to
adequately treat a patient in cardiogenic shock will most assuredly result in the patient’s
demise [41].

8.2. Type of surgery

Since the first CABG was performed in the late 1960s, the standard surgical approach has
included the use of cardiacarrest coupled with CPB, optimizing the conditions for construction of
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Figure 3. During on-pump bypass surgery, anastomosed saphenous vein grafts are perfused before LIMA-LAD anasto-
mosis for better myocardial protection in left main coronary artery disease (in circle).
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vascular anastomoses to all diseased coronary arteries without cardiac motion or hemodynamic
compromise. Such on-pump CABG has become the gold standard and is performed in about
80% of subjects undergoing the procedure [17]. Despite the excellent results that have been
achieved, the use of CPB and the associated manipulation of the ascending aorta are linked with
certain perioperative complications, including myonecrosis during aortic occlusion, cerebro-
vascular accidents, generalized neurocognitive dysfunction, renal dysfunction, and systemic
inflammatory response syndrome. To avoid these potential complications, off-pump surgical
technique was developed by the aid of special cardiac stabilizing devices. This technique is
also helpful in avoidance of touching the aorta which may be heavily calcified. In 2005, an
AHA Scientific statement comparing the two techniques concluded that both procedures usu-
ally result in excellent outcomes and that neither technique should be considered superior to
the other [45].

The LMCAD is known to be an important poor prognostic factor related to morbidity and
mortality at various stages of CAD. In the past, LMCAD was accepted as a relative contraindi-
cation for off-pump CABG because of the hemodynamic compromise of the patient by chang-
ing the position of the heart. With evolving experience, some centers began to use off-pump
technique in their routine daily practice and emerging number of reports in the literature have
proven this method as a safe alternative to CPB. In a review article searching for studies com-
paring the results of on-pump CABG and off-pump CABG in patients with LMCAD, the out-
comes, concerns and controversies were evaluated [46]. The majority of the studies identified
showed favorable or equal outcomes of OFP when compared to conventional approach. All of
the studies, apart from two, which showed lower incidence of postoperative deaths, demon-
strated equal mortality rates. Stroke rates were found less in three studies. Less blood trans-
fusions, inotropic use and length of study has been also demonstrated. The main concerns
of off-pump surgery were hemodynamic instability and less complete revascularization.
Main controversies were same or favorable outcomes, despite lower number of grafts with
off-pump surgery, and less stroke rates, despite manipulation of aorta with side-clamping.
Despite these concerns and controversies off-pump surgery has been proven to be feasible
and safe as demonstrated by results from numerous studies.

Patients who have had recent MI with impaired LV and patients with dilated ventricles
may not be ideal candidates for off-pump bypass procedures. Similarly, in patients with
more than mild mitral insufficiency, grafting the branches of the LCx coronary artery may
cause hemodynamic instability during the procedure. In such cases, surgery may be best
managed by performing the revascularization procedure on the beating heart with cardio-
pulmonary support. The aorta is not clamped and cardioplegia is not administered. In such
conditions, the heart is kept empty, providing optimal myocardial protection and hemody-
namic stability (Figure 4).

Anesthetic management is very important during off-pump surgery. The key to avoiding con-
version to emergency CPB should be proactive by preventing hypotension and low cardiac
output. Intravascular volumes should be replenished before positioning the heart. The most
common reason for hypotension is venous return problems. To prevent this, Trendelenburg
position with turning the patient right-side may be helpful. The most important part for
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Figure 4. Cardiopulmonary bypass-assisted beating heart surgery. Note that the aorta is not clamped and cardioplegia
is not administered. In such conditions, the heart is kept empty, providing optimal myocardial protection and
hemodynamic stability.

positioning the heart is placement of the pericardial sutures. If the target vessel is on the left
side, right side pericardial sutures should be left free and the deep pericardial sutures and the
left pericardial sutures should be tightened. Generally, lifting the heart to a vertical position
is relatively well tolerated. After carefully defining the target vessel, stabilizer device (e.g.,
Octopus System, Medtronic Inc. Minneapolis, MN) and their pads should be placed around
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the vessel at diastolic phase and be fixed. After the arteriotomy, placement of intra-arterial
shunt provides myocardial blood flow continuity, minimizes distal bed ischemia and helps in
correct suturing. During beating heart surgery, the operative field may become dirty because
of bleeding; in that case silastic tape traction from proximal and distal portion of the arteri-
otomy may stop bleeding and help for a bloodless area. Carbondioxide mist blower is also
helpful for clear view of the operating field.

Usually anterior and the most critic vessel should be anastomosed first. In LMCA disease, after
preparation of the left internal mammarian artery (LIMA), direct anastomosis to LAD provides
blood flow to LV. LAD artery is usually grafted at distal one-third to one-half where the artery
normally emerges from the intramyocardial location if suitable. Other LCx obtuse marginal
branches can be accessed with the heart in vertical position and rotated to the right. Use of apical
suction devices may help positioning the heart. In LMCA disease, positioning of the heart may
cause hemodynamic instability, especially after acute MI. After LAD anastomosis, if the hemody-
namic instability persists, the patient may be a candidate for hybrid approach for future PCIL. The
goal of the surgery should be complete revascularization in normal conditions; but any unneces-
sary attempts to provide complete revascularization which threatens his life should be avoided.

8.3. Conduit selection

The effectiveness of CABG in relieving symptoms and prolonging life is directly related to graft
patency. Because arterial and venous grafts have different patency rates and modes of failure,
conduit selection is important in determining the long-term efficacy of CABG. The LIMA is
the conduit of choice for revascularization of LAD distal to the LMCA lesion. LIMA should
be used to bypass the LAD artery when bypass of the LAD artery is indicated (Class I recom-
mendation for ACCF/AHA guideline for CABG surgery) [17].Since the atherosclerosis is an
active event, anastomosis should be performed to the best distal area. LIMA provides superior
short- and long-term patency and clinical outcomes to alternative conduits. Unlike saphenous
vein grafts, IMA’s are usually >90% patent after 10 years. They are resistant to atherosclerosis
and release prostacyclin and nitric oxide, thereby causing vasodilation and inhibiting platelet
function, by their endothelium studies suggesting an improved survival rate in patients under-
going CABG, when the LIMA is used rather than saphenous vein grafts to LAD. This survival
benefit is independent of the patient’s sex, age, extent of CAD, and LV systolic function [47].
Apart from improving survival rate, LIMA grafting of the LAD artery reduces the incidence of
late MI, hospitalization for cardiac events, need for reoperation and recurrence of angina [48].

Although arterial conduits such as the radial artery have been shown to offer superior long-
term patency to saphenous vein grafts, the risk of arterial graft spasm in the immediate
postoperative period has discouraged some surgeons from total arterial revascularization
of LMCA lesions [9]. Tatoulis et al. who analyzed 8420 patients, including 849 with signifi-
cant LMCA disease, did not report adverse sequelae attributable to graft spasm in patients
with LMCA disease who underwent total arterial grafting [49]. Patients should be informed
before radial artery harvesting. Usually, the radial artery is harvested from the non-domi-
nant arm of the patient. We routinely perform Doppler ultrasonography for evaluation of
radial artery. The radial artery diameter >2 mm is usually suitable for a good quality conduit.
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Dominance of the ulnar artery in hand should also be evaluated by modified Allen test [50].
Radial artery graft patency is best when used to graft a left-sided coronary artery with >70%
stenosis and worst when it is used to bypass the right coronary artery with a stenosis of only
moderate severity [51]. In technical aspects, we use radial artery grafts for >90% lesions and,
during harvest, we use ultrasonic/harmonic scissors to avoid heat trauma to the vessel. After
harvesting the graft, all the fasciae over the radial artery is also cleared longitudinally to
prevent vasospasm (Figure 5). This maneuver also helps us making a better bleeding control
from the side branches and provides better vessel diameter. Topical papaverine is also a
good option for prevention of vasospasm.

Combination of LIMA, right IMA and radial artery may be used for full arterial revasculariza-
tion processes. Some centers also prefer gastroepiploic artery either in case of inappropriate
LIMA or in combination with LIMA and RIMA for full arterial revascularization concept
(Figure 6).

Besides these arterial grafts, reversed saphenous vein grafts are commonly used in patients
undergoing CABG surgery. Their disadvantage is a declining patency with time: about
10-25% of saphenous vein grafts occlude within 1 year of CABG [52]. An additional 1-2%
occlude each year during the 1-5 years after surgery; and 4-5% occlude each year between
6 and 10 years postoperatively. Therefore, 10 years after CABG, 50-60% of saphenous vein
grafts are patent, only half of which have no angiographic evidence of atherosclerosis [53].

Patient’s age, stenosis degree of the affected coronary artery and hemodynamic status of the
patient are important factors for overall graft selection. If possible, all patients with LMCA

Figure 5. Radial artery harvesting with the fascia over the artery opened longitudinally to prevent vasospasm.
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Figure 6. Arterial-only revascularization with LIMA-OM2 and RIMA-LAD anastomoses.
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disease who are candidates for surgery deserve LIMA-LAD anastomosis either with on-pump
or off-pump CABG surgery. Any surgeon should always target on full revascularization,
but PCI should also be kept in mind. The heart team should also be in contact with LMCA
patients not only before the operation, but also after the operation for future interventions or
medical treatment plan.

9. Conclusion

LMCA disease is still one of the most challenging areas of disease for both cardiovascular sur-
geons and interventional cardiologists today. CABG offers a survival advantage over medical
therapy for significant LMCA disease since medical therapy alone has been associated with
poor outcomes. CABG surgery has been accepted as the standard revascularization method
for LMCA disease for several decades. In the last decade, several randomized controlled tri-
als have shown favorable results for PCIL, and the emerging practice in PCI techniques and
new materials has led to almost routine therapeutic option for a subset group of patients with
LMCA disease. LMCA disease with low SYNTAX scores (<22) can be treated either by CABG
or PCI, whereas SYNTAX score > 32 is an indication for only CABG. The heart team should
always be in collaboration, give therapeutic options to patients and decide the best treatment
strategy for the welfare of the patient.
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Abstract

The review presents current data on the prevalence of diabetes in the cohort of patients
undergoing coronary artery bypass grafting. The relevance of active approach to the
identification of diabetes and prediabetes in patients with coronary artery disease (CAD)
before coronary revascularization is reviewed. Recent information about the negative
impact of diabetes on the prognosis of myocardial revascularization is reported as well
as the main mechanisms responsible to the development of adverse outcomes of inter-
ventions in these patients. Target perioperative values of glycemia recommended by the
leading associations of the study of diabetes have been compared. Beneficial potential of
other carbohydrate metabolism markers (glycated hemoglobin, fructosamine, 1,5-anhy-
droglucitol) in patients with diabetes mellitus (DM) in terms of their impact on cardio-
vascular prognosis, including coronary intervention. The results of studies comparing
different management strategies for these patients are reviewed. The significance of car-
bohydrate metabolism compensation during myocardial revascularization is reported;
thus, a too stringent glycemic control has no benefits neither for percutaneous nor for
open coronary intervention. Recent trials suggest the groups of antidiabetic drugs and
evidence of their impact on the cardiovascular system. The importance of comprehensive
monitoring of major risk factors in diabetic patients with coronary intervention has been
proved.

Keywords: diabetes mellitus, prediabetes, early diagnosis of diabetes, ischemic heart
disease, coronary artery bypass surgery, percutaneous coronary intervention, myocardial
revascularization, target levels of glycemic control, glycated hemoglobin, perioperative
antihyperglycemic therapy, perioperative management
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1. Introduction

Diabetes mellitus (DM) is one of the most common comorbid conditions in patients with
coronary artery disease (CAD), which is important in determining the severity of the disease,
treatment strategy, and the prognosis of patients [1].

The increasing prevalence of diabetes has led to a situation where over 380 million people had
diabetes mellitus globally in 2013, of whom 99% suffered from type 2 diabetes [2]. According
to the population statistics, the number of people present with diabetes is increasing annually.
By 2030, this number is expected to rise to more than 550 million people with diabetes and up
to 300 million people with prediabetes [2]. This dramatic rise is fuelled mainly by the aging of
the population and continuing changes in eating habits and lifestyle with predominant sed-
entary behavior. In 2014, an estimated 4.9 million deaths were caused by diabetes, of which
60% had the underlying cardiovascular diseases (CVDs) [2].

Therefore, teamwork of cardiologists and endocrinologists is needed to optimally manage
diabetes. The efforts of cardiology and diabetes communities have been recently targeted at
developing joint guidelines and statements on diabetes management. All current guidelines
on management of patients with stable and acute CAD, including guidelines on myocardial
revascularization, contain a separate section on diabetes mellitus [3-6], whereas, the guide-
lines of the International Diabetes Federation, Canadian and American Diabetes Association
devote separate sections on cardiovascular diseases (CVD) [7-10]. In 2013, the European
Society of Cardiology developed the guidelines on diabetes, prediabetes, and cardiovascu-
lar diseases in collaboration with the European Association for the Study of Diabetes [11].
According to the updated guidelines, the search for approaches to optimize the negative
impact of diabetes on the results of surgical management remains relevant and includes the
study of optimal targets for carbohydrate metabolism, the improvements in the preoperative
and perioperative management strategies [7-10]. This review covers the known and insuf-
ficiently studied issues of treating patients with diabetes mellitus undergoing myocardial
revascularization from the perspective of evidence-based medicine.

2. Prevalence of diabetes in coronary revascularization

The management of CAD patients with concomitant diabetes who need myocardial revascu-
larization is a great challenge. Recent studies demonstrated that a large proportion of CAD
patients are present with diabetes [12-15]. The prevalence of diabetes among patients who have
undergone percutaneous coronary intervention (PCI) varies greatly from 25 to 30%, according
to the DES LATE, ISAR SAFE, RESET, SECURITY trials up to 35-39% in the EXCELLENT,
OPTIMIZE, ITALIC, ARCTIC-Interruption trials, and CathPCI Registry [12-14]. The propor-
tion of diabetic patients suffering from CAD undergoing coronary artery bypass grafting
accounts for 22-48% of cases [16-20]. In a large Swedish Registry, comprising of 39,235 patients
undergoing isolated CABG, 22.8% of patients had diabetes mellitus [18]. The prevalence of dia-
betes among patients undergoing coronary artery bypass grafting (CABG) is 20-23% accord-
ing to the results of the Russian studies [20, 21], whereas the US CABG registry suggested the
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diabetes prevalence to be of 46.9% [19]. A recent Japanese study reported that the proportion
of patients with diabetes undergoing direct myocardial revascularization reaches 48% [16].

Differences in diabetes prevalence rates are mainly caused by different diagnostic approaches
and racial/ethnic disparities. A large-scale multi-ethnic registry study CREDO-Kyoto comprised
15,580 patients undergoing either CABG or PCI [29]. The lowest rate of diabetes was found in
the Caucasian group, whereas the highest ones in the African Americans and the Hispanic group
(26.9 vs. 44 vs. 49.5%, respectively). The prevalence rate in the Japanese group was 39% [29].

In addition, several studies confirmed a steady increase in the proportion of diabetic patients
undergoing coronary revascularization. In the period from 1999 to 2008, in the Chinese cohort
of patients who have undergone CABG, the proportion of diabetic patients increased from 20
to 32% [17], whereas in the American—from 26 to 46% [19]. Moreover, a recent study demon-
strated that the rate of diabetes increased by 32% among the patients undergoing CABG [22].

3. Early diagnosis of diabetes in CAD patients undergoing myocardial
revascularization

The sharp increase in the prevalence of diabetes among interventional cardiology and car-
diac surgery patients is caused by the aging of the population, expanding clinical indications
for myocardial revascularization, and recent advances in diagnostic strategies for diabetes
and other glycemic disorders [11]. The leading medical associations and communities use the
same cut-offs to establish the diagnosis of diabetes mellitus: a fasting plasma glucose concen-
tration > 7.0 and/or 11.1 mmol/l after postglucose load and meal, and/or glycated hemoglobin
(HbAlc)>6.5% [7, 8, 10]. However, there are some differences in diagnostic criteria for predia-
betes based on fasting glucose and HbAlc. According to the American Diabetes Association
(ADA), prediabetes is diagnosed if one or more of the following criteria are met: glycemia of
5.6 mmol/l or HbAlc of 5.7%; whereas the World Health Organization (WHO) implements
the following criteria: glucose level of 6.1 mmol/l, or glycated hemoglobin of 6.0% [7, 10].

More rigorous approaches to the diagnosis of carbohydrate metabolism disorders are evi-
dent. Type 2 diabetes develops after a long period of euglycemia, but with the existing insulin
resistance, which gradually turns into a deficit of beta cells with severe hyperglycemia. The
development of CVD in individuals with insulin resistance is a long progressive process.
When patients develop hyperglycemia and diagnose type 2 diabetes, 60% of them already
have CVD [11, 23, 24].

The guidelines of the American Diabetes Association recommend to assess the glycemic state
in adults of any age who are overweight or obese and who have one or more additional risk
factors for diabetes (including cardiovascular diseases) and in all people aged >45 years [10].
The European Society of Cardiology and the European Association for the Study of Diabetes
recommend if HbAlc and/or fasting plasma glucose (FPG) are inconclusive in individuals
with CAD, no diabetes risk score is needed, but an oral glucose tolerance test (OGTT) is indi-
cated [11]. Thus, all patients without previously diagnosed diabetes referred to elective coro-
nary artery bypass grafting should be screened for diabetes or prediabetes.
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The rationale for detecting disorders of carbohydrate metabolism has been demonstrated in
several studies in patients with CAD, including those undergoing myocardial revasculariza-
tion. Over 50% of myocardial infarction (MI) patients without known disorders of carbohy-
drate metabolism had positive OGTT in the in-hospital period [25].

The Spanish trial reported a high prevalence of diabetes up to 45% in patients undergoing
PCI, based on continuous OGTT and glycated hemoglobin measurement. Importantly, a third
of patients with positive testing were patients who had newly detected diabetes [26]. In their
series, 28.8% had known diabetes, 16.2% newly detected diabetes, 25.5% prediabetes, and
29.5% were normoglycemics [26].

Balakrishnan et al. reported 39% of patients with diabetes out of 740 patients admitted to the
hospital for PCI. Periprocedural measurement of glycated hemoglobin in patients without
known disorders of glucose metabolism allowed to diagnose diabetes and prediabetes in 8.3
and 58.5% of patients, respectively [27].

A prospective Swedish study assessing the prevalence and prognostic impact of the different
states of abnormal glucose regulation (AGR) after CABG reported the prevalence of known
diabetes of 29.5% [28]. Out of the rest, 11.4% of patients had newly diagnosed diabetes based
on oral glucose tolerance test. Thus, the proportion of patients with diabetes increased up to
41%. Another 24% of patients had prediabetes according to the postglucose load. A total of
65% of patients had disorders of carbohydrate metabolism [28].

Why do physicians need to perform active screening for undiagnosed diabetes in patients
undergoing cardiac surgeries, and is there any rationale for it? Undiagnosed diabetes may affect
the prognosis in this group of patients, similarly to previously diagnosed diabetes [25, 28, 29].

In the EARLY ACS trial of 8795 patients with non-ST-segment elevation ACS, newly diag-
nosed diabetes was a predictor of 30-day mortality or myocardial infarction [odds ratio (OR)
1.65; confidence interval (CI) 95%; 1.09-2.48] [29]. Previously diagnosed diabetes correlated
with a 30-day mortality rate, but not with the MI rate [29].

Similarly, to known disorders of carbohydrate metabolism, newly diagnosed disorders affect
the in-hospital and long-term prognosis of patients with myocardial infarction [25]. There
was a successive increase in the risk of unfavorable cardiovascular events in the long-term
period from normoglycemia through prediabetes to diabetes [28].

4. Benefits of coronary artery bypass grafting over percutaneous coronary
intervention and medical therapy in diabetic patients with multivessel
coronary artery disease

A sufficient number of studies aimed at choosing an optimal method for myocardial revascu-
larization in patients with diabetes have been performed [30-37]. A large BARI-2D trial focused
at assessing myocardial revascularization in patients with diabetes with stable coronary artery
disease [30, 31]. Patients selected for the CABG stratum had more extensive coronary artery
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disease. Nevertheless, the rate of major cardiovascular events was significantly lower in the
revascularization group, compared with the medical therapy group [30, 31].

The revascularization group patients demonstrated fewer cases of angina progression (8 vs.
13%, respectively, p < 0.001), recurrent angina (37 vs. 51%, respectively, p <0.001), and subse-
quent coronary revascularization, compared to the intensive medical management group (18
vs. 33%, respectively, p < 0.001) [31]. The revascularization group patients exhibited a trend
toward being angina-free at 3-year follow-up than the intensive medical management group
(66 vs. 58%, respectively, p <0.003). The superiority of revascularization strategy over medical
therapy is believed to be caused by preferring CABG over PCI in patients with more severe
coronary artery disease [31].

The FREEDOM (future revascularization evaluation in patients with diabetes mellitus) study
is a single, well-powered, randomized trial, comparing CABG and PCI with first-generation
drug-eluting stent (DES) (94%) in diabetic patients undergoing elective revascularization for
multivessel coronary disease without left main coronary artery stenosis [33]. The rate of the
primary outcome was lower in the CABG group than in the PCI group, with divergence of the
curves starting at 2 years. This difference was due to a relative reduction in death from any
cause (p = 0.049) and a significantly lower incidence of MI in the CABG group (p < 0.001) [33].

A review of 13 RCTs and 5 meta-analyses agreed that CABG surgery should be recommended
in patients with diabetes and multivessel CAD, regardless of the severity of coronary anat-
omy: CABG improved the long-term prognosis. Thus, the 5-year risk of major cardiovascular
events was 18.7% in the CABG group vs. 26.6% in the PCI group, p = 0.005) [34].

A recent meta-analysis of six RCTs showed similar results, confirming the benefits of direct
revascularization over PCI in patients with diabetes. CABG was associated with a signifi-
cantly lower mortality, compared with PCI (RR: 0.59, 95% CI 0.42-0.85; p = 0.004). The rates
of major cardiovascular and cerebrovascular events, as well as repeat revascularization, were
significantly lower in the CABG group (OR 0.51, 95% CI 0.27-0.99, p = 0.03 vs. OR 0.34, 95%
CI 0.24-0.49; p < 0.00001, respectively) [35].

Since available data suggesting beneficial effects of myocardial revascularization in patients
with diabetes were obtained in the period of advancements in pharmacotherapy and tech-
nology of both PCI and surgical revascularization, it is difficult to compare them directly.
Nevertheless, many studies have shown that CABG appears to be a better option compared
to PCI with DES in diabetic patients, particularly, if the patient has multivessel CAD [33-37].
The superiority of coronary artery bypass grafting over percutaneous coronary intervention
in diabetic patients with multivessel coronary disease is currently stated in the international
guidelines with the class of recommendation IA [5].

5. Diabetes mellitus and outcomes of myocardial revascularization

Although diabetic patients constitute an increasing number of individuals undergoing PCI
and surgical revascularization, they have worse outcomes, than non-diabetic patients [14,
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37-39]. The meta-analysis of several randomized clinical trials of coronary angioplasty using
bare-metal stents has proved diabetes to be the strongest predictor of restenosis, with a high
risk of repeat revascularization of the target lesion [37]. In multivariable analyses of 6081
patients undergoing PCI with the implantation of DES, diabetic vs. non-diabetic patients had
higher risks of major adverse cardiac events (odds ratio (OR), 1.25; 95% confidence inter-
val (CI), 1.03-1.53; p = 0.026), but similar risks of cardiac death (OR, 1.41; 95% CI, 0.96-2.07;
p =0.08) and myocardial infarction (OR, 0.89; 95% CI, 0.64-1.22; p = 0.45) [38].

The two major causes of stent failure are stent thrombosis and in-stent restenosis. The inci-
dence of both has reduced considerably in recent years [14]. Current clinical registries and
randomized trials with broad inclusion criteria show rates of stent thrombosis at or <1% after
1 year; rates of clinical in-stent restenosis are 5%, respectively [12-14]. Angiographic surveil-
lance studies in large cohorts show rates of angiographic in-stent restenosis of ~10% with new-
generation DES [14]. However, the contribution of diabetes to the development of restenosis
remains significant. One of the largest analysis, comprising of 10,004 patients with completed
angiographic follow-up after PCI found that diabetes mellitus was an independent predictor
of restenosis (OR 1.32, 95% CI 1.19-1.46), as well as previous CABG, complex lesion morphol-
ogy, smaller vessel reference diameter before the procedure, and greater stented length of
the vessel [14]. Angiographic follow-up of 123 patients after PCI demonstrated that DM was
associated with a 3-fold increased risk of plaque neovascularization. Importantly, more than
half of the patients (56.5%) failed to reach the target range of glycated hemoglobin [40].

Thereis astrong association between diabetes and high rates of complications after CABG. Despite
the fact that in-hospital mortality rates among diabetic patients significantly decreased from 3%
in the period 1998-2002 to 1.3% in the period 2003-2005 [35], postoperative complication rates
remain high. Thus, a retrospective analysis, comprising 667 CAD patients, who have undergone
CABG, showed that diabetes did not affect in-hospital mortality, but was an independent pre-
dictor of sternal wound infection [41]. Similar findings were obtained in another retrospective
study, suggesting the absence of any correlations between diabetes and the risk of cardiovascular
complications and mortality. However, the obtained findings revealed a significant association
between diabetes and renal complication after CABG [42]. Diabetic patients have poor immediate
outcomes after CABG and unfavorable long-term prognosis, compared to non-diabetic patients.
Moreover, patients with diabetes had higher rates of the hospitalization and major cardiovas-
cular events [18, 28, 43]. A recent Russian study with the 5-year follow-up period reported that
14.2% of patients with diabetes had one of the major cardiovascular events (myocardial infarc-
tion, stroke, or cardiovascular death) vs. 6.3% patients without diabetes (p = 0.028) [39]. Despite
new insights into pathophysiology of diabetes and recent improvements in the perioperative
management, DM remains a challenging issue for coronary procedures and interventions.

6. Diabetes-specific risk factors for adverse prognosis in coronary
procedures and interventions

Adverse prognosis in this group of patients is partially explained by initial characteristics of
diabetic patients referred to elective revascularization. These patients commonly have higher



Coronary Artery Bypass Grafting in Patients with Diabetes Mellitus: A Cardiologist’s View
http://dx.doi.org/10.5772/intechopen.70416

perioperative risk due to advanced age, obesity, female gender, previous cardiovascular
events and revascularization procedures, multivessel coronary disease, severe heart failure,
chronic kidney disease, and chronic obstructive pulmonary disease. These conditions are
known to independently affect the prognosis of patients with CAD [5, 23]. In addition, dia-
betic patients are more likely to have multivessel coronary disease, diffuse coronary lesions,
poor distal vascular bed, and calcification [5].

However, there are diabetes-specific factors, namely hyperglycemia, insulin resistance, and
hyperinsulinemia, which cause a cascade of pathogenetic reactions [44]. Thus, diabetic patients
have more intense intravascular inflammation than non-diabetic ones. Excess pro-inflammatory
cytokines and other biologically active substances lead to the destabilization of an atheroscle-
rotic plaque, the progression of coronary atherosclerosis to unaffected segments of the vascular
wall [44, 45]. Moreover, the analysis reported a diminished numerical density of mast cells and
a significantly higher volume density of the mononuclear cells [46]. Hyperglycemia can lead to
the development of endothelial dysfunction, associated with reduced nitric oxide, a key signal-
ing regulator of vascular tone, and increased oxidative stress. In addition, acute hyperglycemia
worsens insulin activity in endothelial cells even at physiologically adequate levels [23].

A prospective study, comprising of 1035 patients with myocardial infarction, who have under-
gone primary PCI in one of the Chinese hospitals, found a relationship between acute hyper-
glycemia at the time of admission and poor short- and long-term prognosis [47]. Pre- and
postoperative hyperglycemia is the main risk factor for developing infectious complications after
CABG in both diabetic and non-diabetic patients [41]. Hyperglycemia is associated with impaired
leukocyte function, including diminished chemotaxis, decreased phagocytosis, impaired bacte-
rial killing, and abnormal adhesive properties [44]. Diabetic patients showed higher endothelial
activation and lower antiinflammatory response to CPB compared to non-diabetics [46]. Chronic
hyperglycemia can lead to the central nervous system injury, resulting in diabetic encephalopa-
thy with the onset of mild and moderate cognitive disorders [48]. Bruce et al. found that 64% of
diabetic patients with coronary artery disease had cognitive or emotional disorders [49].

In addition, diabetes mellitus is a predictor of increased aggregation potential. SP-selectin,
intercellular adhesion molecules, and platelet aggregation were significantly higher in diabetic
patients, than in non-diabetics [44]. Despite receiving the same dose of aspirin and clopido-
grel, patients with diabetes had higher values of platelet reactivity according to the findings of
the recent study evaluating the effects of double antiplatelet therapy in diabetic patients with
stable coronary artery disease [46]. Periprocedural control of glycemia in patients undergo-
ing coronary interventions is pivotal for both endocrinologists and cardiologists. The current
guidelines of the Canadian Diabetes Association (CDA) state that patients with diabetes do
not receive the necessary glycemic control when they are admitted to non-profile hospitals [8].

7. Perioperative target glycemic range for myocardial revascularization
and the risk of hypoglycemia

The current national guidelines, based on evidence-based medicine, have regulated the peri-
operative target range of glycemia [7-10]. The target range of glycemia for the majority of ICU

75



76  Coronary Artery Bypass Graft Surgery

patients, defined by the International Diabetes Federation, the American and Canadian Diabetes
Associations, are the following: 140-180 mg/dL without hypoglycemia and 80-180 mg/dL for
the perioperative period [8, 10].

All guidelines strictly recommend to avoid hypoglycemia. The risk of developing hypoglyce-
mia inevitably increases with the attempts to achieve compensation for carbohydrate metabo-
lism. Therefore, many studies, suggesting beneficial effects of perioperative glucose control,
did not confirm their hypothesis [50-53]. A tighter control did not show its superiority nei-
ther for the immediate outcomes after CABG [50, 51], nor for the long-term outcomes [52].
Intensive insulin therapy with the achievement of perioperative target glucose levels of 100-
140 (5.5-7.7 mmol/l) after CABG does not significantly reduce the number of postoperative
complications, compared with the target glucose level of 140-170 (7.8-9.2 mmol/l) [51, 53].

A scientific statement from the American Diabetes Association and the American Heart
Association Society suggests that severe hypoglycemia is the most likely cause of increased
cardiovascular mortality in diabetic patients with intensive control of glycemia [54].
Unfortunately, hypoglycemia is more likely to happen when blood glucose decrease up to
physiological values.

Hypoglycemia commonly develops with intensive insulin therapy, and is a well-known risk
factor for MI, stroke, and death from any causes [53]. The relative risk for developing MI,
associated with severe hypoglycemia 1 year before the index event, was 12%, 5.5 months
before MI—20%, and 2 weeks before —65% [55].

Hypoglycemia triggers a powerful stimulation of the autonomic nervous system and the
excess release of catecholamines, which promote vasospasm, tachycardia, arterial hyperten-
sion, and increased blood viscosity and coagulation [56]. These processes may cause changes
in the regional blood flow and provoke myocardial or cerebral ischemia, resulting in myocar-
dial infarction, heart failure, or stroke. Unfortunately, similar to fatal events, it is very difficult
to demonstrate any relationship between severe hypoglycemia and serious vascular events,
since clinical evidence of the impact of hypoglycemia are mainly random [55]. Death caused
by hypoglycemia can be mistaken for death from acute coronary syndrome, because no one
measures glycemia before. There are no anatomical and morphological postmortem signs of
hypoglycemia [55, 56].

Withholding glucose in the target range without hypoglycemia and its impact on the prog-
nosis are highly relevant issues for further research, as well as the use of integrated glucose
metabolism indicators, such as glycated hemoglobin, which may improve the comprehensive
risk assessment of surgical intervention.

8. Glycated hemoglobin and outcomes of coronary procedures and
interventions

Glycated hemoglobin (HbA1c) is used for monitoring blood glucose levels in diabetic patients;
it should be measured in all diabetic patients once in 3 months, and before any surgical inter-
ventions, including coronary revascularization. A systematic review of 11 studies addressing



Coronary Artery Bypass Grafting in Patients with Diabetes Mellitus: A Cardiologist’s View
http://dx.doi.org/10.5772/intechopen.70416

the relationship between glycated hemoglobin levels and the results of CABG in diabetic and
non-diabetic patients was performed [57]. Four studies found significant increase in early and
late mortality at higher HbAlc levels, regardless of a preoperative diagnosis of diabetes. In
particular, the mortality risk for CABG is quadrupled at HbAlc levels >8.6% [57]. However,
four studies of early mortality outcomes in diabetic patients only showed no significant differ-
ences between patients with normal and those with deranged HbAlc levels (p = 0.99). Three
studies identified a significant increase in infectious complications in patients with poorly
controlled HbAlc: superficial sternal wound infection (p = 0.014 and 0.007, respectively) and
minor infections (p = 0.006) [57].

Unexpected data were obtained in one of the Japanese surgical clinics. Elevated HbAlc was
associated with a lower incidence of arrhythmias after CABG. The incidence of postoperative
atrial fibrillation was 28.3% in the lower tertile, 17.4% in the middle tertile, and 12.5% in the
upper tertile [58]. Thus, the mean and high levels of glycated hemoglobin were associated
with a lower incidence of atrial arrhythmias. One possible explanation is that patients with
elevated HbAlc require more insulin, which has been reported to reduce the risk of postop-
erative atrial fibrillation [58]. Similar results were obtained in the recent American study. The
incidence of atrial fibrillation after CABG was 20.9% in patients with HbA1c <7.0% and 15.1%
in patients with HbAlc >7.0% (p = 0.007), adjusted OR 0.73; 95% CI 0.55-0.96 [57]. However,
elevated HbAlc was associated with higher rates of postoperative stroke, renal failure, and
deep wound infection [57].

Some studies have called into question the predictive potential of HbAlc for short-term out-
comes in well-controlled diabetics. However, poor control and elevated HbAlc may result in
high rate of adverse events in the short- and long-term postoperative periods [57, 59].

Maintaining a level of glycemia close to the physiological level is an achievable goal of hypo-
glycemic therapy in type 2 diabetes. Its significance is evident and is associated with the risk
of developing specific chronic complications induced by hyperglycemia. However, appro-
priate glycemic control with glucose levels closer to normal is associated with a high risk of
hypoglycemia, which is known to affect the prognosis in diabetic patients with CVD [56].
Therefore, the search and development of optimal and safe tools to manage high glucose
levels are pivotal for modern medical research.

9. The degree of compensation of carbohydrate metabolism and long-
term prognosis in patients with diabetes and coronary artery disease

The UKPDS study was the first one to demonstrate the significance of the compensation of
carbohydrate metabolism for the progression of complications [60]. The obtained results stimu-
lated other researches in this area addressed to the assessment of the control intensity in patients
with CVD, but the obtained data did not show the superiority of the tight strategy [61-63].

Three major studies (ACCORD, ADVANCE, and VADT) evaluated the impact of attaining
euglycemia (ACCORD) or near-euglycemia (ADVANCE, VADT) in older patients with dia-
betes and high cardiovascular risk [61-63]. None of these studies, either individually or on
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pooled analysis, demonstrated any reduction in cardiovascular or all-cause mortality with
tight glucose control [60]. A higher mortality was observed in the intensive glucose control
arm of ACCORD, resulting in the premature termination of the glucose-lowering component
of this study. Also, the occurrence of hypoglycemic episodes (total and major) was signifi-
cantly higher in the intensive glucose control arms of all three studies [60].

The Diabetes Control and Complications Trial (DCCT) and the Epidemiology of Diabetes
Interventions and Complications (EDIC) study, DCCT's long-term follow-up study, were
aimed at assessing the rate of micro- and macrovascular complications in diabetic patients
and their relationships with hypoglycemic therapy. In the DCCT study, the incidence of car-
diovascular events was not significantly associated with intensive insulin therapy. 93% of the
original cohort of the DCCT study agreed to join the EDIC study with an 11-year follow-up
period. The obtained results proved that intensive treatment was associated with reduced
risk of any cardiovascular events by 42% during the 17-year follow-up (p <0.01). Thus, DCCT
(EDIC), and UKPDS showed that glycemic control in diabetic patients is important for the
prevention of microvascular complications, but long-term follow-up is needed to demon-
strate these effects [11].

In 2015, the American Diabetes Association and The European Association for the Study of
Diabetes updated the positioned statement on the management of hyperglycemia of 2012,
suggesting the need for strengthening the patient-centered approach to the management of
diabetic patients [64]. They highlighted the necessity to individualize the range for glycemic
control. They recommend to use the HbAlc range of 7.5-8% for elderly patients with diabetes
and patients with a positive history of cardiovascular events, depending on their life expec-
tancy, age, and social status [64]. A more tight target range (HbA1lc 6.5-7.0%) may be used in
patients with slow-onset diabetes, long life expectancy, and those without significant cardio-
vascular disease (CVD), if it can be achieved without hypoglycemia [64].

What tools may be used to control glycemia in patients undergoing myocardial revascul
arization?

10. Hypoglycemic therapy in patients undergoing myocardial
revascularization —the lack of evidence

A number of new classes of drugs for the treatment of diabetes and their effects on cardiovas-
cular system have been studied well. However, there are limited data regarding in-hospital
hypoglycemic therapy in patients undergoing myocardial revascularization. The concerns of
medical community on this issue may be found directly in the headlines of recently published
manuscripts. Hoogwerf addressed this issue in his article entitled “Perioperative manage-
ment of diabetes mellitus: how should we act on the limited evidence?” [65]. Despite the fact
that this article was published 10 years ago, and during this period new knowledge and evi-
dence have been obtained, the question regarding optimal medical management of glycemia
in patients undergoing coronary revascularization remains crucial. Recent guidelines on the
management of diabetes [7-10] state the lack of evidence for using non-insulin hypoglycemic
drugs in the perioperative period in diabetic patients.
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Insulin remains the only approved perioperative method of hypoglycemic therapy. The cur-
rent guidelines recommend use of basal insulin or basal-bolus regimen, and strongly discour-
age use of sliding-scale while a sliding schedule is strongly discouraged [8, 10].

Continuous intravenous insulin infusion is recognized as the preferred method for achieving
and maintaining the glycemic control in critically ill patients [8-10]. The protocols for insulin
infusion have been already developed and approved by diabetic communities [8-10]. They
allow to adjust the rate of insulin infusion according to the glycemic levels. Insulin therapy
should be initiated to treat persistent hyperglycemia, starting at a threshold of 180 mg/dL
(10 mmol/L). Episodes of hypoglycemia should be noted in medical records and strictly moni-
tored, since glucose level of 70 mg/dL require the changing of treatment regimen [8-10].

The multicenter DIGAMI, DIGAMI 2, HI-5 trials studied the intensity of the glucose control
in ACS patients, including those undergoing PCI. Initially, DIGAMI reported low mortality
in MI patients enrolled in the insulin therapy group [66]. However, the follow-up DIGAMI
2 trial with a double sample size and a more careful design did not show any advantages in
the group of patients receiving intensive insulin therapy. Moreover, there were no significant
differences in the rate of the composite endpoint (cardiovascular death/nonfatal myocardial
infarction/stroke) between the intensive control group and the standard therapy group. The
HI-5 study received similar results [66]. Since neither the DIGAMI 2, nor the HI-5 achieved
differences in the control of glucose between the intensive management group and the control
group, the effectiveness of insulin therapy for lowering glucose levels in ACS patients remains
controversial. Combined data from these three studies confirmed that glucose-insulin-potas-
sium infusion did not reduce mortality without the glucose control in diabetic patients with
ACS (OR 1.07,95% C10.85-1.36, p = 0.547) [66]. None of the protocols noted the improvements
of the outcomes in patients with ST-segment elevation ACS after PCI, who received insulin or
the intravenous glucose-insulin-potassium infusions [66].

The Japanese study, comprising 2148 patients who underwent PCI in the period from 2003 to
2012, showed an association between insulin use and increased rates of myocardial infarction
and stent thrombosis [67]. The subgroup analysis of the FREEDOM trial, aimed at assessing
outcomes of diabetic patients undergoing either CABG or PCI, reported that patients receiv-
ing insulin had a higher rate of major cardiovascular events [68]. Nevertheless, the use of
insulin may be regarded as a marker of the severity and duration of diabetes, and does not
reflect the true effects of therapy on the outcomes.

Currently, the discontinuation of long-acting drugs before surgical procedures is preferable,
but there is no consensus on PCI, since the management of patients is commonly regulated
by the local protocol [69]. There are available data suggesting safe and beneficial effects of
long-acting oral hypoglycemic agents in PCI patients, resulting in better glycemic control and
lower platelet activity [66].

The American and Canadian Diabetes Associations recommend to withhold metformin
24-48 h prior to CAG or PCI, and restart it 48 h after the procedure in the absence of sig-
nificantly decreased GFR or later after the normalization of renal function [8, 10]. Although,
recent studies showed the safety of continuing metformin therapy during the procedure, their
statistical capacity is insufficient to change the current guidelines [10, 70, 71].
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The recent study of patients with metabolic syndrome who received metformin for 7 days
before PCI vs. the placebo group reported a lower rate of perioperative myocardial dam-
age, estimated by elevated creatine phosphokinase-MB (p = 0.008) and troponin I (p = 0.005).
According to the assessment of the 1-year prognosis, the incidence of major cardiovascular
events (heart attack/stroke/cardiovascular death) was significantly lower in the metformin
group (7.9 and 28.9%, respectively, p =0.001) [72].

A randomized trial of 100 patients who received either 1000 mg of metformin or placebo after
CABG in addition to standard insulin therapy, the metformin therapy was initiated 3 h after
extubation and lasted for 3 days [70]. Based on the results, the mean dose of insulin, as well as
the mean number of episodes of both hyper- and hypoglycemia, were significantly lower in
the metformin group (p < 0.05). At the same time, the risk of acidosis in the metformin group
did not increase [70].

There were some attempts to use metformin in non-diabetic patients undergoing coronary
artery bypass grafting. The researchers concluded that the short-term use of metformin prior
to CABG was relatively safe, but ineffective strategy for reducing periprocedural myocardial
damage in non-diabetic patients [71].

The updated ADA 2017 guidelines noted that the SGLT2 inhibitors, despite their proven car-
diovascular effects, cannot yet be recommended for the hospital use, and, therefore, should be
avoided before surgical interventions [10].

11. Comprehensive risk factor control in diabetic patients in coronary
procedures and interventions

In addition to the compensation of carbohydrate metabolism, multiple monitoring of risk
factors in diabetic patients undergoing revascularization should be implemented and include
achieving target levels of blood pressure (BP) and lipids, smoking cessation. The BARI-2D
trial, focused at assessing coronary revascularization in diabetic patients, reported that both,
the tight control over the main risk factors and intensive treatment management in diabetic
patients according to the current guidelines, were associated with improved cardiovascu-
lar outcomes [23]. Based on the results of the study with a 20-year follow-up after CABG,
long-term survival, and freedom from major cardiovascular events in diabetic patients fol-
lowed CABG was lower. However, the monitoring of carbohydrate metabolism and other
risk factors (target levels of lipids and arterial blood pressure, smoking cessation) appears to
be significant for the prognosis in this group of patients [43]. Despite the improvements in
achieving the goals of treatment for diabetes, it requires further control and monitoring, as
only 14.3% of adult Americans with type 2 diabetes have target levels of HbAlc, blood pres-
sure, and low-density lipoprotein cholesterol (LDL-C) [73].

To date, the evidence-based results of randomized clinical trials suggest that statin therapy
reduces the incidence of cardiovascular events in diabetic patients [74, 75]. The protective
cardiovascular effects of statins significantly outweigh the associated risk of developing dia-
betes mellitus [75]. The recent joint guidelines of the American Society of Cardiology and
the Heart Association recognize diabetic patients aged 40-75 years as one of the four main
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groups of patients who would most likely benefit from statin therapy [23]. The guidelines of
the American and European Society of Cardiologists recommend to initiate statin therapy in
all patients who had myocardial infarction, regardless of the cholesterol level [76]. However,
there are several studies reporting that low levels of low-density lipoprotein cholesterol (LDL
cholesterol), regardless of hypolipidemic therapy, are associated with increased in-hospital
mortality in ACS patients, including those undergoing PCI. The results of a study, compris-
ing of 9032 patients with myocardial infarction who underwent primary PCI in 68 centers in
Tokyo, convincingly showed that statin therapy significantly reduced in-hospital mortality,
even in patients with low LDL cholesterol and those with diabetes [77].

A large retrospective analysis, including 16,192 patients undergoing CABG, demonstrated
that the use of statins, regardless of diabetes and other risk factors, was associated with a sig-
nificant reduction of in-hospital mortality in five logistic regression models [78]. Importantly,
angiotensin-converting enzyme (ACE) inhibitors, beta-blockers, and calcium antagonists did
not show any significant correlations with the outcomes followed CABG [78]. However, there
are available data on beneficial effects of statins on reducing the incidence of atrial fibrillation
and cognitive impairment after CABG, including patients with diabetes mellitus [48, 78].

Undoubtedly, patients with diabetes, undergoing revascularization, need to achieve the tar-
get levels of systolic blood pressure < 140 mm Hg and diastolic blood pressure < 90 mm Hg.
These target levels are required to reduce cardiovascular risk according to the recent state-
ment of the American Heart Association and American Diabetics Association. Moreover, the
AHA/ADA guidelines recommend to use ACE inhibitors and angiotensin II receptor antago-
nists for treating arterial hypertension in diabetic patients [54].

Thus, we may conclude that the negative impact of diabetes on the prognosis after myocardial
revascularization and the need to achieve the target ranges of carbohydrate metabolism, as
well as the comprehensive cardiovascular control are evident in treating diabetic patients.
However, the benefits of the intensive glycemic management remain controversial. Other
treatment strategies, such as continuing prescribed hypoglycemic drugs, including long-
acting ones, should be considered only in patients undergoing PCI, but not in those who are
referred to elective open-heart surgeries. Currently, the issues that require further research
have been highlighted in our review and, in a few years, new clinical trials will provide new
insights for medical community dealing with diabetes and coronary artery diseases.
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Abstract

Current data suggest that cardiac bypass surgery is the single largest cause of iatrogenic
stroke. Among the strategies to decrease or eliminate aortic manipulation, there is the use of
off-pump coronary artery bypass grafting (CABG) through an aortic “no touch” technique,
which reduces significantly the stroke rate. However, this off-pump aortic “no touch” tech-
nique is not always applicable, and, when saphenous vein and/or free arterial aortocoronary
grafts are used, there is still risk of neurological injury due to tangential aortic clamp applied
during the proximal anastomosis sewing. We aim to analyze the current incidence, etiology,
and physiopathology of the neurological complications after coronary artery bypass surgery.
We describe the methods and techniques that provide reduction in the occurrence of neuro-
logical complications. CABG with multiple clamp technique failed to find a better outcome in
terms of neuropsychological deficit in the OPCABG group. By the way, patients undergoing
CABG with single clamping seems to have better outcomes, suggesting that the cross-clamp-
ing technique used and minimal aortic manipulation could have had a role in reducing neu-
rocognitive impairment. Moreover, surprisingly, CPB seemed to be a neuroprotective factor,
and this aspect could be linked to the mild hypothermia used during on-pump surgery.

Keywords: coronary artery bypass, stroke, cardiac surgery, aortic cross clamp,
neurologic impairment

1. Introduction

In 1978 the World Health Organization defined a stroke as a focal or global neurologic deficit
due to cerebrovascular cause that persists beyond 24 hours or is interrupted by death within
24 hours [1].
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Strokes are classified by etiology into ischemic strokes (85%) and hemorrhagic strokes (15%).
Ischemic strokes result from a critical reduction in blood flow and are categorized as embolic,
thrombotic, hemodynamic, or hypotensive [2].

Cerebrovascular accidents (CVAs) remain one of the most common complications after surgi-
cal myocardial revascularization despite the increased quality of treatment. Cerebral injuries
are associated with substantial increases in mortality, morbidity, length of hospitalization,
and an impaired quality of life [3].

Ischemic stroke occurs in 1.5-5.2% of patients. Percentage varies across studies and depends
on study design, patient risk profile, operative techniques, and the length of study follow-
up. Although advances in surgical and medical management have occurred across the last
10 years, the risk of stroke after coronary artery bypass grafting (CABG) has not significantly
declined likely because of the progressive aging of the CABG population [4].

The etiology of postoperative stroke is multifactorial. Previous studies showed that the risk
factors for postoperative stroke following CABG include age, low left ventricular ejection
fraction, unstable angina, atherosclerosis of the ascending aorta, chronic renal failure, chronic
obstructive pulmonary disease, calcified aorta, a history of previous stroke, carotid stenosis,
duration of cardiopulmonary bypass, peripheral vascular disease, smoke, and diabetes mel-
litus. The age seems the most important risk factor for postoperative stroke, followed by pal-
pable calcification in the ascending aorta and arch [5, 6].

1.1. Epidemiology

The prevalence of stroke after surgery varies according to the different types of surgery and
patient comorbidities. A postoperative stroke is reported to occur in 0.08-0.7% of patients
after general surgery, in 0.8-3% after peripheral vascular surgery, in 4.8% after head and
neck surgery, in 2-3% after carotid endarterectomy, in 8.7% after aortic repair, and in 5.7%
after cardiac surgery. Furthermore, patients with advanced age, previous stroke or transient
ischemic attack (TIA), or postoperative atrial fibrillation are at increased risk for postoperative
strokes [7, 8].

Most postoperative strokes do not occur immediately after surgery; there is usually a symp-
tom-free interval before ischemia becomes apparent. In a recent retrospective study, only 8%
of strokes appeared in the postanesthesia care unit. Approximately 45% of occurrences are
identified within the first day after surgery [9].

The incidence of early stroke within 30 days of the myocardial surgery revascularization is
reported to be 2—4%. Other studies indicated that the rate of postoperative stroke in octoge-
narians ranged from 2 to 9% [10].

Recent studies using sensitive brain magnetic resonance imaging (MRI) with diffusion-
weighted imaging report that 45% of patients who have undergone cardiac surgery have new
ischemic brain lesions that are often clinically undetected. For this reason, the prevalence of
stroke can be higher than documented [11, 12].
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2. Incidence and etiology of neurological events after cardiac surgery

2.1. Cerebral embolism

It is possible to divide emboli into two categories: microemboli and macroemboli according
to size (200 um or greater). This distinction reflects different clinical manifestations: a single
macroembolus can result in hemiplegia; instead, a microembolus is unlikely to have a notice-
able effect except when these emboli are numerous. Macroemboli are unlikely to arise from
the extracorporeal circuit but rather from surgical manipulation of the heart and the aorta.
There are other categories: gaseous, biologic, inorganic, etc [13].

Gaseous emboli are usually derived from air or anesthetic gas (such as nitrous oxide). These
emboli are introduced into the left side of the heart (during aorta or mitral valve replace-
ment) or into the aorta (from the bypass circuit). The superiority of membrane oxygenators
compared with bubble oxygenators in reducing cardiopulmonary bypass (CPB)-generated
embolism has been demonstrated by ultrasound and retinal angiography [14].

Inorganic embolism which can arise from embolization of fragments of polyvinyl chloride
tubing exposed to roller pump has been described.

Biologic aggregates include thrombus, platelets, and fat. Thrombus can arise from the left
appendage, the left ventricular aneurysm, or from the CPB circuit. Heparin may contribute to
create fat embolism by stimulating endothelial lipoprotein lipase. It seems that the principal
sources of cholesterol embolism are large vessels of atherosclerotic plaques.

2.2. Cerebral hypoperfusion

Although a postoperative stroke is most often embolic in origin, an association between intra-
operative hypotension and the occurrence of a postoperative stroke is often assumed.

Some authors identified the watershed infarcts; these are areas of the brain that are between
non-anastomosing arterial vessels and arteries. They are termed watershed or border-zone
areas. They are critically dependent on adequate perfusion pressure in the border-zone vessels.
A reduction in perfusion below a critical value will result in ischemia because of inadequate col-
lateral circulation. Infarction of watershed areas has been regarded as the hallmark of hemody-
namic strokes. There are two major watershed regions. The cortical watershed areas are between
the cortical branches of the anterior, middle, and posterior cerebral arteries. The internal or sub-
cortical watershed is located in the white matter along and slightly above the lateral ventricles
between the deep (lenticulostriate) and the cortical branches of the middle cerebral artery and
the anterior cerebral arteries. There is much controversy about the relative contribution of low-
flow pathophysiology. For example, it is hard to determine whether a local low-flow state due
to hypoperfusion results in platelet microemboli or whether platelet microemboli result in local
hypoperfusion. Irrespective of the sequence, there is a synergistic interaction [15, 16].

Intraoperative hypotension is a common event during surgery. Bijker et al. reviewed four
major anesthesia journals for their definitions of hypotension. Almost 50 different definitions
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were found utilizing systolic pressure and/or mean pressure either as an absolute or as a
percentage of the baseline value. Diastolic pressure was never used. The most frequent defini-
tions were as follows [17, 18]:

1. A 20% decrease in systolic pressure from the baseline value.

2. A combination of systolic pressures below 100 mmHg or greater than 30% decrease from
the baseline value.

3. A systolic pressure below 80 mmHg. A definition of “baseline” was provided in only 50%
of the manuscripts but was most frequently the blood pressure immediately before induc-
tion of anesthesia.

The majority of the articles stated how frequently blood pressure was measured, but only
10% of the articles specified a minimum duration for which reduced blood pressure would
constitute hypotension.

Furthermore, it is possible to found a congenital variation of the circle of Willis. A persistent
complete fetal-type posterior circulation results in the complete separation of the posterior
and anterior circulations and occurs in 1-4% of the population. Development of collaterals
usually occurs slowly, although hypoplastic vessels may have the capacity to be more acutely
dilated. The contribution of the abnormalities to perioperative stroke is unknown, although,
as shown in a recent case report, they may be an important factor for some patients [19, 20].

2.3. Atherosclerosis of the aorta

Aortic atherosclerosis is characterized by the formation of intimal plaques with the usual
morphologic features of atherosclerosis, including cellular proliferation, lipid accumulation,
inflammation, necrosis, fibrosis, and calcifications. Ulceration of these plaques can result in
embolization of plaque elements or thrombus formation, which can lead to neurologic defi-
cit, stroke, and death. Cardiac surgery usually involves manipulation of the ascending aorta
by arterial cannulation and cross clamping. All of which can increase the risk of emboliza-
tion of atherosclerotic material to the brain. The prevalence of atherosclerotic disease in the
ascending aorta varies across studies, depending on the patient population, the criteria used
to define the disease, and the diagnostic tool implemented to detect the disease. This type of
disease has significantly increased in recent years, likely due to better diagnostic methods
and an increasing population of elderly. Peripheral vascular disease, age, hypertension, and
diabetes have been reported to be independent predictors of atherosclerotic disease of the
ascending aorta [21].

The magnitude of this problem was well illustrated in a large prospective study by Roach
et al. involving 24 centers. They reported a 3.1% incidence of type 1 neurologic injury (focal
injury or stupor or coma at discharge) after CABG. Affected patients had a higher in-hospital
mortality rate than patients without neurologic complications (21% vs. 2%), as well as a lon-
ger hospital stay (25 days vs. 10 days). Predictors of type I outcomes were palpable proxi-
mal aortic atherosclerosis, a history of neurologic disease, and older age. A high correlation
between atherosclerosis of the ascending aorta and atheroembolism during CABG surgery
has been established by several studies. Observational studies have shown, for example, that
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atherosclerosis of the ascending aorta detected at the time of surgery is an independent risk
factor for stroke. A previous study documented that the presence of atherosclerosis alone in
this region in patient undergoing cardiac surgery increased the risk of early postoperative
stroke from 1.8 to 8.7%. It is widely postulated that the proximate cause of atheroembolism is
disruption of the atheroma during surgical manipulations such as for aortic cannulation, aor-
tic cross clamping, or proximal coronary artery anastomosis. These interventions are associ-
ated with increases in Doppler-detected cerebral embolic signals, but the composition of these
emboli cannot be determined. Disruption of atherosclerotic lesions was verified in a study
of 472 patients who underwent epiaortic ultrasound before and after CPB, with new mobile
lesions of the ascending aorta identified in 10 (3.4%) of patients after surgery at sites of aortic
clamping or cannulation and stroke occurring in 3 of these 10 patients. A smaller study by
Ribakove et al. revealed a similar rate of stroke (3 out of 10) in patients with identified mobile
lesions (31). Swaminathan et al. demonstrated the potential of atheroma disruption due to the
“sandblasting” effect of CPB at the site of the aortic cannula [22, 23].

Injury involving atherosclerotic lesions not only can result in emboli during surgery but may
also expose lipid-laden, prothrombotic material that could promote thrombus formation
postoperatively after heparin neutralization. Finally, atherosclerosis of the ascending aorta
identifies patients likely to have severe atherosclerosis of cerebral arteries who are prone to
cerebral injury from hypoperfusion. For this reason, avoidance of significant hypotension
during and after surgery may be prudent to avoid neurologic injury [24, 25].

2.4. Atrial fibrillation

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in clinical prac-
tice. Its prevalence increases with age, affecting approximately 1% of the total population and
8% of individuals over 80 years old. The incidence of postoperative AF following coronary
artery bypass grafting (CABG) surgery is high and ranges between 20 and 40% of patients.
It increases the length of hospital stay and hospital costs and is associated with increased
morbidity and mortality including postoperative stroke, as well as in-hospital and 6-month
mortality. Postoperative AF typically develops within the first week post surgery, at a median
time of 2 days after the operation. It generally resolves within 24-48 hours, and most patients
are discharged in sinus rhythm. Several factors have been found to predict the risk of postop-
erative AF following CABG, including enlarged left atrial size and prolonged hospitalization
post surgery [26].

In medical patients with chronic or recurrent AF, the cause and effect relationship between
the arrhythmia and the cerebrovascular event has been unquestionably proven [27].

Lahtinen and colleagues from Finland analyzed data of 52 stroke patients after CABG opera-
tion and found that in 19 patients (36%) the first AF episode preceded the development of
stroke by a mean of 21.3 hours (average, 2.5 AF episodes before stroke). The stroke was attrib-
uted to calcification in the ascending aorta in 13 patients (25%), and 16 patients (31%) had
greater than 70% internal carotid artery stenosis [28].

The pathophysiology of postoperative AF is not completely understood. Apart from obvi-
ous comorbid conditions such as valvular heart disease, atrial enlargement, congestive heart
failure, and history of preoperative atrial arrhythmias, several other risk factors predispose
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cardiac surgical patients for postoperative AF. Advanced age is the strongest, followed by
systemic hypertension, left ventricular hypertrophy, peripheral vascular disease, and chronic
lung disease. Longer cardiopulmonary bypass time and aortic cross-clamping time have
been shown to be associated with increased incidence of postoperative AF. Postoperative
pericardial fluid collection and pericarditis have also been associated with atrial arrhyth-
mias [29].

2.5. Genetic predisposition

It has been suggested that genetic predisposition might explain the marked variability in indi-
vidual susceptibility for cerebral injury from cardiac surgery despite similar risk. Tardiff was
the first to show a relationship between the risk of postoperative neurocognitive dysfunction
and the presence of the apolipoprotein E ¢4 allele. The apolipoprotein E (APOE) &4 geno-
type is a plausible candidate gene since it has been shown to increase risk for Alzheimer’s
disease and cognitive decline after cerebral injury. Other investigators have examined for a
relationship between polymorphisms of genes involved in pathways regulating coagulation,
cell adhesion, and inflammation with perioperative cerebral injury [30].

The C-reactive protein minor allele 1059G/C SNP and the P-selectin allele SELP 1087G/A allele
were further found to be associated with decline in cognition 6 weeks after CABG surgery.

Grocott et al. documented that the presence of at least one minor allele at each of the two loci
(CRP, 3_UTR 1846C/T; IL-6, 74G/C) is a risk factor for stroke, increasing risk more than three-
fold (60). The observation that the interaction of these two inflammatory SNPs contributes
to perioperative stroke suggests that inflammatory pathways may be important mechanistic
factors in either initiating or otherwise modulating stroke after cardiac surgery. This interpre-
tation is consistent with the current knowledge regarding CPB initiating and IL-6 mediating a
robust inflammatory response. This finding is also consistent with the view that inflammation
plays an important role in the etiology of stroke in the general population [31].

2.6. Carotid stenosis

Carotid artery atherosclerosis often accompanies significant coronary atherosclerotic lesions.
Hypoperfusion arising from a severely stenotic carotid artery or embolization from an ulcer-
ated plaque, calcific debris from a diseased valve, and introduction of air during the proce-
dure are important mechanisms. The risk of stroke in patients with carotid artery disease after
CABG has been estimated 1.8% in patients with stenosis <50%, 3.2% in patients with steno-
sis between 50 and 99%, and 10% in patients with contralateral occlusion. It is thought that
carotid intra-plaque hemorrhage can result in plaque destabilization and intimal ulceration,
creating a nidus for thromboembolism. Intra-plaque hemorrhage detected by magnetic reso-
nance imaging is associated with increase of ipsilateral stroke in symptomatic and asymp-
tomatic nonsurgical patients. Impaired cerebral hemodynamic functional distal to carotid
artery stenosis is another determinant of postoperative stroke. Maximally dilated vessels dis-
tal to carotid artery stenosis can no longer vasodilate in response to hemodynamic compro-
mise. Therefore, perioperative reduction in blood pressure or cardiac output in this group of
patients is hypnotized to lead to cerebral ischemia [32, 33].
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3. Pathogenesis of neurological complications in conventional
coronary artery bypass grafting (CABG)

3.1. Risk factors of stroke after myocardial revascularization

The risk factors of postoperative stroke can be divided into preoperative, intraoperative, and
postoperative factors [34].

Preoperative factors include advanced age, atherosclerosis in the ascending aorta, unstable
angina, hypertension, history of stroke, and redo surgery. Emergency surgery is performed
for critical left main coronary artery disease (more or equal to 70% luminal narrowing with or
without angina), or unstable cardiac conditions are also significant predictors of stroke after
CABG procedure.

Intraoperative factors include the endurance of extracorporeal circulation and aorta clamp-
ing or operation type. Some reports demonstrate that the number of revascularized vessels
(more or equal to three) is associated with a higher incidence of stroke after CABG procedure.

Finally, postoperative factors include atrial fibrillation, microembolism detachment, and
hypotension.

The single most important risk factor for post-myocardial revascularization stroke is atrial
fibrillation, newly onset or chronic. This arrhythmia occurs in up to 20% of patients following
a STEMI and is associated with a significant increase in risk for an in-hospital stroke.

It is also well known that a high correlation exists between atherosclerosis of the ascending
aorta and atheroembolism during CABG surgery, as several studies show.

In a prospective multicenter study including more than 2000 patients, atherosclerosis of the
ascending aorta was the strongest independent predictor of stroke associated with CABG. In
the study by Bergman et al., extensive atherosclerotic disease of the ascending aorta was asso-
ciated with a 31% risk of postoperative stroke. The risk depends on the presence, location, and
extent of disease, whenever the aorta is surgically manipulated.

Age > 75, black race, peripheral vascular disease, diabetes, renal impairment, hypertension,
any frailty, and no aspirin therapy on discharge are also strong independent predictors of
ischemic stroke [8]. In particular, age shows a strong correlation with stroke: for each 1 year
increase in age, the odds of stroke increases by 12% [35].

In addition, the incidence of postoperative stroke in patients with a history of stroke is signifi-
cantly higher than in patient with no previous history of stroke. Maybe, these data are due to
associated older age and more complicated comorbidities of these patients.

3.2. Pathogenesis of stroke after myocardial revascularization

The two mechanisms responsible for stroke after CABG procedure are ischemia and hemor-
rhage. Some studies suggest that pan-vascular inflammation may also play a role, especially
in the setting of acute coronary syndromes.
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Ischemia can be due to embolic events (from cardiac chambers, aorta, or other peripheral arteries),
thromboembolism of intra- or extracranial vessels, or systemic hypoperfusion. Hypoperfusion
stroke arises from hemodynamic compromise distal to the carotid/cranial artery stenosis and
has been associated with the patients’ capacity for cerebral autoregulation [36].

Hemorrhage is instead associated with hypertension or reperfusion of infarcted area. The
interaction between embolism and hypoperfusion is generally considered to be a major cause
of postoperative stroke. Hypoperfusion may contribute to embolism retention. Several stud-
ies have found multiple emboli in the cortical watershed of patients who died after cardiac
surgery. A recent study from Cao and co-workers suggests that unstable angina, LVEF <50%,
and hypotension are risk factors of postoperative recurrent stroke. All of these factors decrease
brain perfusion, leading to stroke.

Embolic ischemic stroke is generally caused by an embolus from the left atrium, as in atrial fibril-
lation, or from the left ventricle, as in recent AMI. Embolization of atheromatous debris from the
aorta, instead, is likely to occur at the time of cannulation of the vessel to establish cardiopul-
monary bypass, when the aortic clamp is applied or released or when proximal graft anastomo-
ses are performed using side-biting clamp. Cerebral emboli often coexist with intraoperative
hypoperfusion, which impairs the clearance of microemboli and may be responsible of bilateral
watershed infarcts after CABG. Cerebral hypoperfusion may be exacerbated by the coexistence
of carotid artery stenosis, which is another important risk factor for intraoperative stroke [37].

Thrombotic thromboembolism is related to the atherosclerotic disease of the intracranial
vessels or hematologic pathologies. Thromboembolic strokes are most frequently caused by
thrombus formation at the site of the ulcerated atherosclerotic plaque on the carotid/cranial
arteries, although the aortic arch can also be a site of thrombus formation.

Neurological events after CABG are classified as:

e Type 1: in case of focal stroke, transient ischemic attack, or fatal brain damage.

¢ Type 2: in case of diffuse brain injury with disorientation and intellectual deterioration,
which are normally reversible.

The stroke that occurs within the first 24 hours after the CABG is a potentially devastating
complication. It is associated with the increased hospital mortality.

3.3. Risk stratification

Identification of vulnerable patients at increased risk of stroke before CABG is of paramount
importance for the surgical decision-making approach and informed consent. As previously
said, age, diabetes, hypertension, peripheral vascular disease, renal failure, left ventricular
dysfunction, and nonelective surgery have consistently been reported as risk factors of peri-
operative stroke in patients undergoing CABG surgery. All these risk factors can be assessed
before surgery. The combination of these variables has generated several risk stratification
tools that can be implemented before surgery, to determine the individual probability of
stroke in patients undergoing CABG [38].
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In the Charlesworth score, generated from 33,000 consecutive patients undergoing isolated
CABG, seven variables are integrated, including age, diabetes, left ventricular ejection fraction
<40%, female gender, priority of surgery, renal dysfunction ,and peripheral vascular disease.
In the simpler model generated by McKhann et al., only three variables are considered: age,
hypertension, and history of stroke. More recently, Hornero et al. generated and validated
a new risk model (Pack2 score), including priority of surgery, peripheral vascular disease,
preoperative cardiac failure/left ventricular ejection fraction <40%, and chronic kidney failure.
Interestingly, in patients with Pack?2 score > 2, off-pump CABG significantly reduced the risk of
stroke compared with on-pump CABG, whereas no difference was apparent between the two
strategies of revascularization in patients with Pack2 score < 2. Further studies should exter-
nally validate this score and assess whether it is useful in clinical practice to select the optimal
strategy of revascularization between on-pump and off-pump CABG in high-risk patients.

However, these risk stratification tools share a major limitation in disregarding two important
risk factors—atherosclerotic disease of the ascending aorta and pre-existing cerebrovascular
disease. These factors should always be analyzed to make the optimal strategy of coronary
revascularization within Heart Team environment.

Unfortunately, severe atherosclerosis of the ascending aorta is often an unexpected intraoper-
ative finding during CABG, especially if preoperative risk stratification has not been accurate.
It still represents a challenge for the surgeon, and sometimes the operative strategy must be
changed at the time of surgery. The methods to diagnose severe atherosclerosis in the ascend-
ing aorta before surgery include computed tomography scanning, transesophageal echocar-
diography, or magnetic resonance imaging. Intraoperative ultrasonographic scanning of the
aorta can also be used to find atherosclerotic changes in the entire ascending aorta. It is a
rapid, safe, and sensitive method, and in some studies, it has been found to be more accurate
than both transesophageal echocardiography and computed tomography in detecting athero-
matous debris in the ascending aorta.

Assessment of the neurological risk profile of patients before CABG is another essential step
to plan the surgery and predict the patients’ risk for postoperative stroke. The neurological
profile of the patient should be carefully characterized, seeking for a history of stroke, the
presence of initial neurocognitive disorders, or the presence of pre-existing cerebrovascu-
lar disease. Recent studies have also suggested that detection of cerebral ischemia by mag-
netic resonance imaging before CABG is strongly associated with the risk of postoperative
stroke. Searching for carotid artery disease with echo Doppler before CABG is also a safer and
cheaper method of screening, especially in high-risk patients.

4. Off-pump coronary artery bypass (OPCAB) and “no touch
technique” as strategies to reduce the neurological risk

CPB is still the most diffused technique used to perform CABG. Even if debate on the supe-
riority of on-pump CABG over off-pump CABG (OPCABGQG) is still open, evidences of pro-
spective studies like ROOBY trial showed better results in terms of cumulative 1-year events
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for myocardial infarction and revascularization procedures and better rate of venous graft
patency at 1 year, along with better Fitz-Gibbon grade for on-pump CABG [39].

While other studies such as the SMART trial highlighted no significant differences between
the two techniques in terms of mortality, myocardial infarction, stroke, and recurrent angina
or readmission for cardiac or noncardiac events, on-pump CABG is still the gold standard
procedure, and CPB is the most widely applied technique.

However, the use of CPB has been advocated to be related with a certain risk of neurocogni-
tive sequelae linked with inflammatory response and microembolism [40].

On the other hand, cannulation itself, cross clamping, and, more widely, aortic manipulation
have showed to be linked with neurocognitive impairment.

This point was also taken into consideration in ROOBY trial, where patient evaluation with
neuropsychological testing was performed in every case in order to investigate memory,
attention, and visuospatial skills. All the tests failed to find any clinically significant differ-
ence between the two groups, but a better scoring in the clock-drawing test was reported for
the off-pump group.

This aspect was also investigated in other studies with no clear results. Remarkably, Hammon
et al. prospectively analyzed 237 high-risk patients undergoing OPCABG vs. CABG with sin-
gle clamp technique [41].

CABG with multiple clamp technique failed to find a better outcome in terms of neuropsy-
chological deficit in the OPCABG group. By the way, patients undergoing CABG with sin-
gle clamping had better outcome, suggesting that the cross clamping technique used and
minimal aortic manipulation could have had a role in reducing neurocognitive impairment.
Moreover, surprisingly, CPB seemed to be a neuroprotective factor, and this aspect could be
linked to the mild hypothermia used during on-pump surgery [42].

In our study, the aim was to evaluate the acute rate of neurovascular outcome in two relatively
homogeneous groups of patients, treated by the same senior surgeon in the same time frame.
Neurological evaluation included clinical exam and CT scan. Five patients were found to
have experienced ischemic stroke (2%) with no significant clinical sequelae, probably because
of the limited interested cerebral area. However, no difference in the stroke rate between the
SAC and DAC groups could be found. This is in contrast with other studies. Tsang et al. in
2003 randomized 268 patients either to single or multiple clamps with a higher rate of cere-
brovascular accident in the multiple clamp group.

This fact should be taken into account if considering their results. In our study, patients
were selected to be at low risk of cerebrovascular accident in order to have less confounding
factors [43].

Gerriets et al. have also advocated the use of intra-aortic filter but failed to show a clinical
significant benefit in their randomized trial.

Other parameters such as biochemical markers have been evaluated. Dar et al. showed that in
a series of 50 patients randomized to single or multiple clamping CABG, S-100 protein levels
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were significantly higher in the second group; the troponin T levels were also evaluated with no
significance. However, no clinically significant differences were found between the two groups.

In our cohort, none of the techniques used showed to be superior in terms of stroke inci-
dence over the other. As each technique has its own surgical advantages and disadvantages
(for instance, more space to perform proximal anastomosis in SAC and direct evaluation
of graft’s length in DAC), the surgeon should choose the technique with which he is more
confident in order to have the best surgical result, as good outcome with very low compli-
cations rate can be achieved with both techniques. However, in selected patients, according
to the literature, it can be rational to reduce aortic manipulation in the presence of aortic
atheromas and to use mild hypothermia in order to have better cerebral protection, and
SAC strategy could be preferred over DAC. OPCABG and the use of double mammary
graft or Y configuration could be advocated in the case of porcelain aorta in order to avoid
aortic manipulation [44].

An interesting aspect, as reported by Hammon et al., is that neuropsychological deficits, even
if absent and even not radiologically detectable early after operation, can appear over a period
of 6 months, suggesting that a closer neurological follow-up should be taken into consider-
ation especially in high-risk patients to better estimate the real neurological outcome [45].

Regarding the so-called no touch technique, i.e., performing CABG without touching the
aorta by anastomosing the grafts to the in situ left and/or right mammary arteries, the main
concern is the technical feasibility and the need for adequate mammary arteries caliber and
coronary arteries run-off, in order to adequately distribute the blood flow to the coronary
bed [46].

5. Conclusion

In conclusion, incidence of stroke seems to be independent from cross-clamping technique,
and, more generally, we could infer that the global rate of stroke after CABG is probably more
influenced by the presence of subjacent risk factors as aortic atheromas, carotid stenosis, and
peripheral vascular disease.
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Abstract

Arrhythmias are common after cardiac surgery such as coronary artery bypass grafting
surgery. Although most of these arrhythmias are transient and have a benign course, it
may represent a significant source of morbidity and mortality. Postoperative arrhyth-
mias (POAs) include atrial tachyarrhythmias, ventricular arrhythmias, and bradyar-
rhythmias. The incidence of POAs has not changed despite improvements in anesthetic
and surgical techniques. The tachyarrhythmias in the postoperative period include atrial
fibrillation, atrial flutter, supraventricular tachycardia, and ventricular tachycardia. The
clinical significance of each arrhythmia depends on several factors that include cardiac
function, patient’s comorbidities, arrhythmia duration, and ventricular response rate.
Tachycardia with uncontrolled ventricular rates can cause diastolic and later on systolic
dysfunction, reduce cardiac output, and result in hypotension or myocardial ischemia.
In the other hand, bradyarrhythmias may have a remarkable influence on patients with
systolic or diastolic ventricular dysfunction. Arrhythmia management starts preopera-
tively with optimizing the patient’s condition and controlling patient’s risk factors, intra-
operatively with careful attention to hemodynamic changes during surgery and uses
appropriate anesthesia, and postoperatively with correction of temporary and correct-
able predisposing factors, as well as specific therapy for the arrhythmia itself. The POAs
treatment urgency and management options are determined by the clinical presentation
of the arrhythmia.

Keywords: coronary artery bypass surgery, arrhythmias, atrial fibrillation, ventricular
arrhythmias, bradyarrhythmias

1. Introduction

Arrhythmias are common after cardiac surgery such as coronary artery bypass grafting
(CABG) surgery and represent a significant source of morbidity and mortality. Although most
of these arrhythmias are transient and have a benign course, it may prolong intensive care
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and hospital stay, and in rare instances, it may lead to mortality. Postoperative arrhythmias
(POAs) include atrial tachyarrhythmias (ATs) and to a lesser extent ventricular arrhythmias
(VAs) and bradyarrhythmias [1]. The incidence of POAs has not changed despite improve-
ments in anesthetic and surgical techniques, and evidence suggests that its incidence may be
increasing [2].

The clinical significance of each arrhythmia depends on several factors that include underly-
ing cardiac function, patient’s comorbidities, arrhythmia duration, and ventricular response
rate. So, POAs could be tolerated in some patients and a source of morbidity and mortality in
others, depending on the interaction between these factors [1, 3]. Rapid ventricular rates with
tachycardia can cause diastolic and later on systolic dysfunction, reduce cardiac output, and
result in hypotension or myocardial ischemia [4, 5]. Bradydysrhythmias, particularly with the
loss of atrial function, may have a remarkable influence on patients with systolic or diastolic
ventricular dysfunction [6].

Arrhythmia management starts preoperatively with optimization of the patient’s condi-
tion and controlling patient’s risk factors. Intraoperatively, it includes careful attention to
hemodynamic changes during surgery and uses appropriate anesthesia. Postoperatively, it
includes correction of temporary and correctable predisposing factors, as well as specific
therapy for the arrhythmia itself [7]. The POAs treatment urgency and management options
are determined by the clinical presentation of the arrhythmia [7]. Self-terminating arrhyth-
mias without overt cardiac disease often need no therapy. However, arrhythmias with
hemodynamic instability, especially in patients with critical stress conditions like systemic
infections or persistent pericardial effusion need urgent intervention to restore a stable clini-
cal status [7].

The aim of this chapter is to review post-CABG arrhythmias pathophysiology and management.

2. Pathophysiology

The primary function of CABG is to reestablish perfusion to ischemic myocardium with uti-
lizing autologous arteries and veins. This may be achieved by using different surgical tech-
niques. The POAs pathophysiology, incidence, and clinical course may vary depending on
the surgical techniques used. Initially, cardiac surgeries were performed on a beating heart,
but with the development of cardiopulmonary bypass (CPB) machine and cardioplegia, most
CABG surgeries were performed on a pump. However, interest in off-pump coronary artery
bypass (OPCAB) surgery had revived in the 1990s [8]. Reported potential benefits of OPCAB
include lower end-organ damage with less cerebrovascular accidents (CVA), fewer cognitive
deficits, renal failure, less psychomotor defects, reduced systemic inflammation, and lower
transfusion rates [9]. However, variable outcomes have been reported in studies comparing
these strategies [9]. Minimally invasive surgery without use of CPB and through smaller inci-
sions- and robotic-assisted approaches have also been developed [9]. This method is most
often used for left internal mammary artery (LIMA) to left anterior descending artery (LAD)
grafts. Additional benefits may also include reduced operative time, reduced recovery time,
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decreased the need for blood transfusion, less time under anesthesia, reduced duration of ICU
stay, less pain, and an estimated 40% savings over conventional CABG [10].

The development of POAs is related to factors that influence the atrial and ventricular myocar-
dium. These primarily include: a previous anatomic substrate, caused by degenerative changes
typical of age and underlying disease, and electrical substrate derived from the perioperative
processes that alter the membrane potentials, increase the dispersion of the refractory peri-
ods, and decrease the conduction velocity [11]. Inflammation and hyperadrenergic state appear
to play a fundamental role in the development of postoperative tachyarrhythmias, favoring
automatism [11]. Hypokalemia and hypomagnesemia characteristic of this period alter phase
III of the membrane action potential, increasing the automatism, and slowing the conduction
speed [11]. Atrial and ventricular ischemia due to hypoxemia is another contributing factor [11].

Several perioperative risk factors have been implicated in atrial and ventricular susceptibility
to POAs, but their relative role is still uncertain. Risk factors for POAs may be classified into
patient- and surgery-related factors [7].

2.1. Patient-related risk factors

Various patient-related risk factors have been described to cause POAs. These include:

2.1.1. Age

Increasing age is associated with age-related structural and electrophysiological changes that
may lead to postoperative atrial tachyarrhythmias in the elderly. Old age has been demon-
strated to be correlated with the development of POAs [2, 3, 12-14].

2.1.2. Underlying structural heart disease

Patients with underlying structural heart disease are at higher risk of developing POAs com-
pared to patients with a normal heart. Structural heart disease in the atria and ventricles provides
a substrate for arrhythmia via abnormal automaticity, triggered activity, or reentry. Cardiac sur-
gery patients often have the substrate of atrial enlargement and elevation of atrial pressures may
function as a substrate for atrial arrhythmias. It is well known that large atrial size and fibrosis
supports propagation of atrial reentrant circuits and helps in maintaining atrial fibrillation (AF).
Similarly, patients with ventricular dysfunction, ventricular dilation, or fibrosis are at higher risk
of having ventricular arrhythmias [4]. Other important risk factors for POAs include previous
history of arrhythmias (e.g., AF), cardiac surgery, and POAs. Also, severe right coronary artery
stenosis [15], sinus nodal or atrioventricular nodal branch disease [13, 16, 17], and mitral valvular
disease (particularly rheumatic mitral stenosis) have been reported as risk factors for POAs. The
preoperative brain natriuretic peptide plasma concentration is another predictor of POAs [18].

2.1.3. Other comorbidities

Noncardiac comorbidities have been reported to increase the risk of POAs especially AF. These
include obesity [19], previous stroke, and history of chronic obstructive pulmonary disease [20].
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2.2. Surgery-related risk factors

Cardiac surgery may lead to POAs via multiple surgery-related mechanisms and risk factors
that include:

2.2.1. Trauma and inflammation

Cardiac surgery provokes a vigorous inflammatory response due to a variety of metabolic,
endocrine, and immune changes known as the “stress response,” which has important clini-
cal implications [21, 22] (Figure 1). Surgical trauma, blood loss or transfusion, hypothermia,
and CPB are nonspecific activators of the inflammatory response [18, 19]. Surgical trauma
may contribute to a higher degree of the inflammatory response compared to CPB [23]. These
effects predispose to atrial and ventricular arrhythmias in the early postoperative period.
Inflammatory mechanisms have been proposed for the development of postoperative AF
(POAF) as its incidence peaks at early postoperative days. Inflammation may be related to
the development of clinically aberrant or silent pericarditis. Unfortunately, clinical criteria,
such as fever, pleuritic chest pain, pericardial rubs, and electrocardiogram changes corre-
late poorly with postoperative pericarditis and supraventricular arrhythmias [7]. However,
patients with pericardial effusion in one study had a higher incidence of supraventricular
arrhythmias (63% compared with 11% in patients without effusions) [24].

Blood/extracorporeal circulation

‘Stranger material contact  Ischemiafreperfusion

N /

1 Ll:]lular response

» Endothelial and
smooth muscle

cells
« Cardiomyocytes

Figure 1. Pathophysiologic changes in response to cardiopulmonary bypass and the extracorporeal circulation. ROS,
reactive oxygen species; SIRS, systemic inflammatory response syndrome (from Ref. [22]).
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2.2.2. Hemodynamic stress

Atrial and ventricular hemodynamic changes during CABG predispose to POAs. The risk fac-
tors for POAs include atrial changes at the time of cardiac surgery, such as acute atrial trauma
from cannulation, enlargement, hypertension, and ischemia [7]. Postoperative pulmonary
edema and postoperative pleural effusion requiring thoracentesis have also been described
as possible risk factors [25]. Hemodynamic changes might trigger focal arrhythmias [7]. It is
possible that atrial stretch, hypertension, pressure and volume shifts, and heightened cat-
echolamine states can trigger AF foci from the pulmonary veins [26].

2.2.3. Ischemic injury

The coronary blood flow is interrupted during CABG surgery and CPB, and the heart is put
under circulatory arrest. This interruption of coronary blood flow causes ischemia-reperfu-
sion injury that is exacerbated by adverse neutrophil-mediated myocardial inflammation and
injury [27-29]. Atrial and ventricular ischemia or infarction triggers POAs [30]. Myocardial
focal ischemia may occur due to endogenous or exogenous catecholamines, hypoxemia,
hypercarbia, acid-base imbalances, drug effects, and mechanical factors. CPB, cross-clamp
times, type of cardioplegia, and CABG surgical technique are also critical in determining isch-
emic injury. The incidence of AF has been demonstrated to be lower after OPCAB than con-
ventional CABG. OPCAB is also associated with a lesser degree of inflammation [21].

2.2.4. Perioperative drugs

Beta-blocker withdrawal has been associated with an increased rate of postoperative supra-
ventricular arrhythmias [31]. In contrary, some studies showed that preoperative digoxin use
is a risk factor for POAs [2, 32], but not in the others [33]. Intravenous inotropic agents may
be associated with POAs in some patients. The reported primary arrhythmias are sinus tachy-
cardia (ST) and premature ventricular beats (PVCs), although other supraventricular (SVT) or
ventricular arrhythmias (VT) have been reported. Clinically significant proarrhythmic effects
with these agents appear to occur rarely. At conventional doses, intravenous inotropic agents
are relatively safe concerning proarrhythmic effects. Inotropic agents increase sinoatrial node
automaticity and decrease atrioventricular (AV) nodal conduction time [34, 35]. Dobutamine
use has been reported to induce ventricular ectopic activity in 3-15% of patients [34]. Dopamine
is more likely to be associated with a dose-related ST or AF [34]. Finally, short-term intrave-
nous administration of the phosphodiesterase inhibitors amrinone and milrinone has been
reported to cause PVCs and short runs of VT in up to 17% of patients [34]. Amiodarone and
sotalol are useful and can be considered appropriate alternatives in high-risk patients [36].
Patients who need urgent CABG may benefit from intravenous and oral amiodarone combina-
tion in addition to beta-blockers. Although corticosteroids are associated with risk, it may be
considered in selected CABG patients [36].

2.2.5. Electrolytes disorders

Hypokalemia leads to alteration of the electrophysiologic properties of cardiac myocytes with
an increase in the action potential duration (increase in phase-3 depolarization), enhanced
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automaticity (increased slope of diastolic depolarization), and decreased conduction veloc-
ity [37]. These changes may provoke POAs [37]. Preoperative serum potassium levels of
<3.5 mmol/L have a significant association with perioperative arrhythmias in patients under-
going elective CABG surgery [37].This association might be particularly evident in the atria,
where changes in inward-rectifier potassium currents are supposed to act as profibrilla-
tory mechanisms [38]. However, hypokalemia is more likely to be associated with VAs [38].
Moreover, it is worth noting that arrhythmogenesis is often multifactorial. Catecholamine
release increases cellular potassium uptake and thus decreases serum potassium levels [39].
Serum potassium levels greater than 5.5 mmol/L appear to be associated with the develop-
ment of POAF and atrial flutter (AFL) [37]. The role of magnesium remains controversial. The
low serum magnesium levels—which is frequently seen after cardiac surgery —correlate with
an increased incidence of POAs [7]. However, magnesium supplementation has produced
conflicting results. Magnesium supplementation should be considered in all patients with
hypomagnesemia [40-41].

2.2.6. Other factors

The human epicardial fat pads (FPs) contain parasympathetic ganglia [42]. There are two
posterior FPs with the first one located in the superior vena caval-atrial junction and con-
tains postganglionic fibers that lead to the sinoatrial (SA) node. The second FP is located
at the pulmonary vein-left atrium and contains postganglionic fibers that lead to the atrio-
ventricular (AV) node [43-45]. The anterior epicardial FP located in the aortopulmonary
window that is routinely dissected and removed in CABG because it is located where the
aortic cross-clamp is typically placed. Preservation of the human anterior epicardial FP dur-
ing CABG decreases the incidence of POAF in one study [46], but not in another more recent
study [47].

3. Postoperative atrial tachyarrhythmias (POATS)

3.1. Postoperative atrial fibrillation (POAF)
3.1.1. Epidemiology

AF is the most common complication seen after CABG surgery. The incidence of POAF is
approximately 30% after isolated CABG, 40% after valve replacements or repair, and about
50% after combined CABG and valve surgeries [2, 48-51]. The incidence of POAF increases
with older age [2, 52, 53].

3.1.2. Diagnosis

The diagnosis of POAF is confirmed based on the telemetry and 12-lead electrocardiogram
(ECG) recordings with an abrupt change in heart rate and rhythm, and loss of P waves [16, 54].
Atrial electrograms obtained from temporary atrial epicardial pacing wires that are often rou-
tinely placed at the time of cardiac surgery can be helpful in confirming the diagnosis of AF, AFL,
and other forms of supraventricular tachycardia (SVTs) [54].
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3.1.3. Clinical course

POAF usually occurs within 2—4 days after cardiac surgery, with a peak incidence on the sec-
ond postoperative day [12, 55]. In POAF patients without a prior history of atrial arrhythmias,
AF is usually self-limited. About 15-30% of POAF convert to sinus rhythm within 2 h and up
to 80% within 24 h [56, 57]. The mean duration of AF in one report was 11-12 h [57], and >90%
of the patients were in sinus rhythm 6-8 weeks after surgery [57, 58]. In another study, only 2
out of 112 patients who had paroxysmal AF after CABG were still in AF at 6 weeks [59].

3.1.4. Prognosis

Although POAF is often self-limiting, its clinical effects depend on ventricular rate, ventricular
function, arrhythmia duration, symptoms, hemodynamic stability, and risk of thromboembolism.
[60]. POAEF is associated with increased postoperative thromboembolic risk and stroke [25, 60-62].
In a series of 4507 patients, the incidence of stroke was significantly higher in those who devel-
oped POAF (3.3 versus 1.4%) [2]. Patient’s underlying comorbidities, such as older age, previ-
ous cerebrovascular disease (CVA), the presence of a carotid bruit, peripheral vascular disease
(PVD), and CPB time, have an important role in the development of in-hospital stroke [63-65].
In a review of 2972 patients undergoing CABG and/or valve surgery, POAF was associated with
late onset stroke only if accompanied by a low cardiac output syndrome (3.9 versus 1.9%) [66].
Besides, POAF development is associated with a prolonged length of hospitalization [2, 25, 54].
The POAF is associated with an additional 24 days hospital stay after CABG surgery with an
additional cost [54]. However, this effect seems to be less prominent with current cardiac surgical
care [67]. Additionally, POAF may result in hemodynamic compromise [68], ventricular dysrhyth-
mias [2], and iatrogenic complications associated with therapeutic interventions [53]. POAF may
result in increased in-hospital and long-term mortality in a subset of patients [3, 60]. In a retrospec-
tive study of 6475 patients undergoing CABG at a single institution: 994 patients (15%) developed
POAEF. Higher in-hospital (7.4 versus 3.4%) and 4-year mortality (26 versus 13%) was noted in
POAF patients but also with more comorbidities (i.e., older age, hypertension, and left ventricular
hypertrophy) [60].

3.1.5. POAF management

The management of POAF should include the strategy for prevention and treatment of POAF
when it develops. PAOF management starts with the optimization of medical comorbidities,
if possible (e.g., hypoxia), and the correction of underlying electrolyte disturbances (e.g.,
potassium and magnesium abnormalities) [53]. POAF is treated similarly to AF in nonsurgical
patients by rhythm control via pharmacological or electrical approach or heart rate control,
and appropriate antithrombotic therapy.

3.1.5.1. Rhythm control versus heart rate control

In the atrial fibrillation follow-up investigation of rhythm management (AFFIRM) trial, the
rate control versus rhythm control in nonsurgical patients with AF was studied and found
that the use of rhythm control had no survival advantage, and it was associated with more
frequent hospitalizations and adverse drug effects [69]. However, some studies involving
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patients with AF after cardiac surgery have suggested that rhythm control may offer advan-
tages over rate control. This is still controversial and the evidence is inconclusive [11, 70-72].

Treatment strategies of POAF aim to reduce symptoms, limit adverse hemodynamic effects,
decrease the length of hospital stay, prevent readmissions, and improve survival [73]. The
rhythm control strategy has the advantage of a rapid conversion to sinus rhythm, which
restores atrial activity, functional capacity, and might reduce thromboembolic. The rate con-
trol strategy has the advantage of avoiding the potential adverse effects of antiarrhythmic
drugs and complications associated with cardioversion [73]. In a recent trial, there was no dif-
ference in hospital admissions during a 60-day follow-up, with randomizing POAF patients
to either rhythm control therapy with amiodarone or rate control [73]. As a result, the main
aim of rhythm control therapy in POAF patients should be to improve AF-related symptom:s.
In asymptomatic patients and those with acceptable symptoms, rate control or deferred car-
dioversion preceded by anticoagulation is a reasonable approach [73].

In the following paragraph, rate control and rhythm control options will be discussed briefly.

(A) Rate control strategy: the rate control may be achieved by using beta-blockers, nondihy-
dropyridine calcium channel blockers, digoxin, or a combination of these medications. Beta-
blocker agents are the drug of choice, particularly for ischemic heart disease patients, because
of the increased adrenergic stress in the postoperative period [53, 73, 74]. However, beta-block-
ers might be poorly tolerated or relatively contraindicated in patients with known bronchial
asthma or bronchospastic lung diseases, active congestive heart failure, or AV conduction
block [53]. The nondihydropyridine calcium channel blocker agents represent an alternative
AV nodal blocking agent. Digoxin is less effective when the adrenergic tone is as high as in the
postoperative period, but it may be used in patients with congestive heart failure. Amiodarone
is another agent that can be used as it has been reported to be effective in controlling heart rate.
Also, intravenous amiodarone administration has been associated with improved hemody-
namic status [75, 76]. For further information about drugs used in AF rate control see Table 1.

(B) Rhythm control: the rhythm control could be archived by using a direct current cardio-
version (electrical cardioversion) or antiarrhythmic drugs (pharmacological cardioversion).
Electrical cardioversion is indicated on an urgent basis in hemodynamically unstable patients,
acute heart failure, or myocardial ischemia. Also, it may be used electively to restore sinus
rhythm when a pharmacologic attempt has failed to resume a sinus rhythm [53]. Rhythm con-
trol with antiarrhythmic medications is preferred in symptomatic patients despite rate control
trial, or when the control of ventricular response is hard to achieve. Amiodarone [77-79] or ver-
nakalant [79, 80] have been efficient in converting POAF to sinus rhythm. Other antiarrhyth-
mic medications that may be used include procainamide [80], ibutilide [81], and sotalol [82].
With ibutilide use, electrolyte imbalance should be corrected to avoid polymorphic ventricular
tachycardia [82]. For further information about drugs used in AF rhythm control see Table 2.

3.1.5.2. Anticoagulation

POAF is associated with poor short- and long-term outcomes, including high rates of early and
late stroke, and late mortality as mentioned earlier. However, the indication and timing of anti-
coagulation in POAF patients should take into consideration the risk of postoperative bleeding.



Arrhythmias Post Coronary Artery Bypass Surgery
http://dx.doi.org/10.5772/intechopen.70423

Drug

Route of admintration and doses

Side effects sects

Remarks

Beta-blockers

Atenolol

Bisoprolol

Carvedilol

Esmolol

Metoprolol
tartrate

Metoprolol XL
(succinate)

Nadolol

Propranolol

Oral 25-100 mg QD

Oral 2.5-10 mg QD

Oral 3.125-25 mg BID

L.V. 500 mcg/kg bolus over 1 min,
then 50-300 mcg/kg/min

IV 2.5-5.0 mg bolus over 2 min;
up to 3 doses Oral 25-100 mg BID

Oral 50-400 mg QD

Oral 10 (usual initial adult dose
40 mg)-240 mg QD

IV 1 mg over 1 min, up to 3 doses
at 2-min intervals

Oral 10-40 mg up to 160-320 mg/day

divided in BID to QID doses
80-160 to 320 mg QD (ER)

Bradycardia, hypotension,
fatigue, depression, negative
inotropy, bronchospasm, AVB
As above

As above

As above

As above

As above

As above

As above

Decrease dose if
CrCl <35

Good choice for
HF patients

Good choice for
HF patients

Only IV
Higher rate
of hypotension

Good choice for
HF patients

Dosage adjustments
based on CrCl

Calcium channel blockers

Diltiazem IV 0.25 mg/kg bolus over 5 min followed by Bradycardia, hypotension, Do not use in HF
0.05-0.15 mg/kg/h continuous infusion ankle swelling, exacerbation ~Drug interaction via
Oral 30 mg TID/QID up to 480 mg/day of HF, AVB CYP3A4 including
120-360 to 480 mg Q D (ER) digoxin and warfarin
Verapamil IV 5-10 mg (0.075-0.15 mg/kg) over bolus ~ Bradycardia, AVB, As diltiazem
at least 2 min; may give an additional 10 mg hypotension, constipation,
(0.15 mg/kg) after 30 min if no response, exacerbation of HF
then 0.005 mg/kg/min infusion
Oral 80-120 mg TID up to 480 mg/day
180-480 mg QD or 240 BID (ER)
Others
Digoxin IV 0.25 mg IV with repeat dosing to a Bradycardia, AVB, nausea, Narrow therapeutic
maximum of 1.5 mg over 24 h vomiting, visual disturbance window
Oral 0.125-0.25 mg QD Adjust for renal failure
Drug interactions via
p-glycoprotein
Amiodarone IV 150 mg over 10 min, followed by 1 mg/  Bradycardia, hypotension, Monitor thyroid, liver

min continuous IV infusion for 6 h, then 0.5
mg/min continuous infusion for 18 h

Oral 400-800 mg/day PO in divided doses
for 2—4 weeks to a total load of up to 10 g,

then 100-200 mg QD

AV block, QTc prolongation,
phlebitis on chronic use:
Ocular, pulmonary, hepatic,
hematological, neurological
complications

and lung functions

AVB, atrioventricular block; CrCl, creatinine clearance; BID, twice daily; h, hour; ER, extended release; HF, heart failure;
IV, intravenous; mg milligram; min, minute; QD, once daily; QID, 4 times a day; QTc, correct QT interval; TID, 3 times

aday.

Table 1. Medications commonly used for atrial fibrillation rate control with its dosage and common possible side effects.
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Drug

Usual doses

Side effects sects

Additional information

Vaughan Williams class IA

Disopyramide

Procainamide

Quinidine

Oral
IR 100-200 mg q 6 h
ER 200-400 mg q 12 h

IV 15-17 mg/kg infused

at a rate of 20-30 mg/min
or alternatively100 mg IV

every 5min, max.1g
MD 1-4 mg/min

Oral

IR 200-300 mg q 6-8 h up to

600mgq6h

ER 324 mg-648 mg q 8-12 h

HF

Prolonged QT interval
Prostatism

Glaucoma

HF

Prolonged QT interval
May cause hypotension,
myopathies, blood
dyscrasias, and SLE-like
syndrome

Prolonged QT interval
Diarrhea

Bradycardia, AV block,
bundle-branch block,
digitalis toxicity

Metabolized by CYP3A4: caution with
inhibitors (e.g., verapamil, diltiazem,
ketoconazole, macrolide antibiotics,
protease inhibitors, grapefruit juice) and
inducers (e.g., phenytoin, phenobarbital,
rifampin)

Avoid other QT interval prolonging drugs

Drug of choice for WPW with AF
Avoid other QT interval prolonging drugs
Adjust for renal failure

Inhibits CYP2D6: {+ concentrations of
metoprolol, tricyclic antidepressants,
antipsychotics; { efficacy of codeine
Inhibits P-glycoprotein:{ digoxin
concentration

Vaughan Williams class IC

Flecainide

Propafenone

IV 1.5-3 mg/kg over
10-20 min
Oral

LD 200 (wt <70 kg)-300 mg

(wt>70kg),
MD 50-200 mg BID max.
400 mg/day

IV 1.5-2 mg/kg over
10-20 min

Oral

IR: 150-300 mg q 8 h
ER: 225-425mg q12h

(Oral LD 450 mg (wt <70

kg)-600 mg (wt > 70 kg),

MD 450-900 mg/d divided
into q 8 h (IR), or 12 h (ER))

Sinus or AV node
dysfunction

HF

CAD

Atrial flutter
Brugada syndrome
Renal or liver disease

May cause blurred vision

Sinus or AV node
dysfunction or
Infranodal conduction
disease

HF

CAD

Atrial flutter
Brugada syndrome
Liver disease
Asthma may cause
dysgeusia

Metabolized by CYP2D6 (inhibitors
include quinidine, fluoxetine, tricyclics;
also genetically absent in 7-10% of
population) and renal excretion (dual
impairment can {4 plasma concentration)
Decrease dose if CrCl <35

Metabolized by CYP2D6 (inhibitors
include quinidine, fluoxetine, tricyclics;
also genetically absent in 7-10% of
population) — poor metabolizers have
{tbeta blockade

Inhibits P-glycoprotein: {+digoxin
concentration

Inhibits CYP2C9: {twarfarin concentration
(4INR 25%)

Decrease dose in hepatic failure

Vaughan Williams class III

Amiodarone

IV LD 150 mg over 10 min;
followed by 1 mg/min for 6
h; then 0.5 mg/min for 18 h or
change to oral dosing; after

24 h, consider decreasing
dose to 0.25 mg/min
Oral 400-600 mg daily
in divided doses for 2—4

wk; maintenance typically

100-200 mg QD

Sinus or AV node
dysfunction
Infranodal conduction
disease

Lung disease
Prolonged QT interval

Inhibits most CYPs to cause drug
interaction: {concentrations of warfarin
({INR between 0-200%), statins, many
other drugs

Inhibits P-glycoprotein: {+digoxin
concentration
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Drug Usual doses Side effects sects Additional information
Dronedarone  Oral 400 mg BID Bradycardia Metabolized by CYP3A: caution with
HF inhibitors (e.g., verapamil, diltiazem,
Liver disease ketoconazole, macrolide antibiotics,
Thyriod disease protease inhibitors, grapefruit juice) and
pulmonary fibrosis inducers (e.g., phenytoin, phenobarbital,
Prolonged QT interval rifampin) Inhibits CYP3A, CYP2D6,
P-glycoprotein: {rconcentrations of some
statins, digoxin, beta blockers, sirolimus,
tacrolimus
Avoid in long-standing persistent or
permanent AF and HF
Dofetilide Oral 125-500 mcg BID if Prolonged QT interval Adjust dose for renal function, body size,
CrCl>60, 250 mcg if CrCl and torsades de pointes  and age (avoid if CrCl <20)
40-60, 125 mcg if CrCl Renal disease Drug interactions via CYP3A4: CI to use
20-40 Hypokalemia with verapamil, cimetidine, ketoconazole,
Decrease MD if QTc hypomagnesaemia trimethoprim, prochlorperazine, HCTZ,
increased by >15% of >500 AV block, bradycardia, and megestrol
ms 2-3 h after dose or sick sinus syndrome Discontinue amiodarone at least 3 m
consider discontinuing it before initiation
Avoid other QT interval prolonging drugs
Ibutilide IV 1 mg over 10 min; may  Prolonged QT interval Mointor K and mg level
repeat 1 mg and torsade de pointes
once if necessary (if weight —hypotension
<60 kg, use 0.01 mg/kg) CAD
HF
Sotalol Oral 40-160 mg q12 h Prolonged QT interval Renal excretion: CI if Cr Cl <40 decrease
IV 75-150 mg QD or BID Sinus or AV nodal dose if CrCl 40-60
over 5 h (only if patient dysfunction Risk of torsade de pointes ( do not initiate
cannot take oral) HF sotalol therapy if the baseline QTc is longer

than 450 ms. If the QT interval prolongs
to 500 ms or greater, the dose must be
reduced, the duration of the infusion
prolonged or the drug discontinued)
Avoid other QT interval prolonging drugs
correct hypokalemia/hypomagnesemia

ACC AF [74]; JACC [53]. AF, atrial fibrillation; AV, atrioventricular; BID, twice daily; CAD, coronary artery disease; CI,
contraindicated; CrCl, creatinine clearance; ER, extended release; h, hour; HCTZ, hydrochlorothiazide; HF, heart failure;
IL, immediate release; IV, intravenous; LD, loading dose; INR, international normalized ratio; MD, maintenance dose; min,
minute; max, maximum; SLE, systemic lupus erythematosus; Q, every; QD, once daily; wt, weight. http://www.pdr.net/

Table 2. Medications commonly used for atrial fibrillation Rythm Control with its dosage and major pharmacokinetic
and drug interactions.

Oral anticoagulation at discharge has been associated with a reduced long-term mortality in
patients with POAF [83] but without evidence from controlled trials [75]. POAF that persists
for longer than 48 h should be anticoagulated with warfarin or nonvitamin K antagonist oral
anticoagulants (NOACs). The NOACs are available for the treatment of nonvalvular AF. NOACs
have been found to be as efficacious or even superior to warfarin in the prevention of stroke in
nonvalvular AF patients with high risk of thromboembolism, with similar to lower rates of major
bleeding, and also lower rates of intracranial hemorrhage [84].
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3.1.6. Prevention of POAF

Beta-blockers are effective in reducing POAF and SVTs. Propranolol uses reduced POAF inci-
dence from 31.7% in the control group to 16.3% in the treatment group [85]. In the majority
of beta-blocker studies, it is administered postoperatively [86]. Amiodarone reduced the inci-
dence of POAF and hospital stay compared to beta-blocker therapy in several meta-analyses
[86-89]. Prophylactic administration of sotalol may be considered for patients at risk of devel-
oping AF after cardiac surgery [76, 90, 91]. Also, administration of colchicine postoperatively
may reduce POAF [75, 92]. Statin use preoperatively did not prevent POAF in a prospective
controlled trial [93], despite that initial reports from meta-analyses were encouraging [94-96].

Other therapies for the prevention of POAF have been studied in small trials, but have not
demonstrated clear beneficial effects [76]. These include angiotensin converting enzyme
inhibitors (ACEIs) [97], magnesium [85, 98, 99], n-3 polyunsaturated fatty acids [100-108],
corticosteroids [109-111], and posterior pericardiectomy [112]. Conflicting results have also
been reported for acetylcysteine [113], and sodium nitroprusside [114].

Nonpharmacologic therapy with atrial pacing has been tested in various studies [7]. One meta-anal-
ysis showed a significant reduction in POAF with atrial pacing (OR 0.57, 95% CI 0.38-0.84) [67], and
most [115-117] but not all [118, 119] published studies showed benefit with this therapy. Besides,
there are conflicting findings as to the relative value of the different types of atrial pacing [115, 116].

3.2. Postoperative atrial flutter (POAFL)

Unlike POAF, POAFL after CABG is not well studied. In a single-center study with 80 con-
secutive patients who underwent CABG with no previous history of AFL, 16 patients (20%)
had documented POAFL. Ten of these patients showed temporary AFLs that were curable
without radiofrequency catheter ablation (RFCA), and 37.5% of the patients with POAFL (i.e.,
7.5% of the patients after CABG) showed sustained or repeated AFL with subjective symp-
toms [120]. In another study that looked at ATs late after open heart surgery, it was found that
cavotricuspid isthmus (CTI)-dependent AFL was the most common. Atypical AFL becomes
progressively more widespread with more extensive atriotomy [121]. AFL and ATs that devel-
oped late after cardiac surgery are believed to be due to scars created by incisions applied
to the right and/or left atrium either for establishing extracorporeal circulation or access to
intracardiac structures (coronary sinus, interatrial or interventricular septum, atrioventricular
valves, etc.) [122]. The scars created by these incisions play a significant role in the develop-
ment of ATs, months or years after surgery [123, 124].

AFL in the early postoperative period is managed as POAF with rate control or rthythm con-
trol and anticoagulation based on arrhythmia duration and patient risk factors. On long-term
catheter ablation of AFL is an effective, safe, and potentially curative procedure.

3.3. Supraventricular tachycardia (SVT)
3.3.1. Epidemiology

Sinus tachycardia (ST) represents an appropriate autonomic response to a physiological
stress. The upper limit of normal rate for sinus tachycardia is calculated from the formula
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(220 bpm minus age) [125]. Inappropriate ST may be seen in some patients, especially with
young age, but it is rare and should be considered a diagnosis of exclusion [125]. The term
‘SVT refers to paroxysmal tachyarrhythmias that require atrial or AV nodal tissue, or both,
for their initiation and maintenance [126]. It is typical of a sudden or paroxysmal onset and
includes AV nodal reentrant tachycardias (AVNRT), AV reentrant tachycardias (AVRT), and
atrial tachycardias. The overall incidence of perioperative arrhythmias in noncardiac surgery
varies from 16 to 62% with intermittent ECG monitoring and up to 89% with continuous
Holter monitoring [127]. It is more likely to be supraventricular than ventricular in origin
[127]. In small study, the incidence of persistent SVT in noncardiac surgery patients was 2%
during surgery and 6% in the postoperative period [128].

3.3.2. Diagnosis

12-lead ECG and rhythm strips during tachycardia are diagnostic and may give an impres-
sion about the most likely diagnosis. Although ST is usually easy to diagnose on 12-lead ECG,
the presence of first-degree AV block, which is not uncommon after cardiac surgery, may give
ECG appearance that mimics SVT due to P wave merge with T wave (P wave hidden within
T wave). ECG features of ATs including SVTs are shown in Table 3.

3.3.3. Clinical course

ATs occur most frequently 2-3 days postsurgery and are likely related to sympathetic stimu-
lation associated with an inflammatory response [129]. Patients with known SVT may have
an exacerbation of their tachycardia in the perioperative period. However, SVT may be diag-
nosed for the first time in the perioperative period [2, 7, 130, 131]. SVT is often associated with
a high sympathetic tone, but other precipitants may contribute to its occurrence. The clinical
symptoms, time of onset, and natural course of ATs are identical in patients with cardiac,
thoracic, or other surgery.

3.3.4. Prognosis

The prognosis of perioperative SVTs is good, but it may be associated with increased hospital
stay [128].

3.3.5. Management

The SVT management, in general, depends on the hemodynamic status of the patient. If
the patient with SVT is hemodynamically unstable, synchronized cardioversion is recom-
mended for acute termination of the tachycardia when vagal maneuvers or adenosine is
ineffective or not feasible [132]. Before initiating specific drug therapy for acute SVT in
hemodynamically stable patients, it is important to assess and correct possible precipitat-
ing factors such as respiratory failure or electrolyte imbalance. SVT may respond to vagal
maneuver if the patient can do it. Adenosine might be used if there is no contraindication.
SVT also responds to rate control drugs such as beta-blockers (e.g., esmolol, metoprolol,
bisoprolol) or nondihydropyridine calcium channel antagonists (e.g., diltiazem, verapamil).
Intravenous (IV) digoxin, IV amiodarone, adenosine, IV or oral beta-blockers, diltiazem, and
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verapamil are potentially harmful in acute treatment in patients with pre-excited AF (AF in
patients with Wolff-Parkinson-White (WPW) syndrome) [133]. Of note, atrial tachycardia
unifocal or multifocal usually respond to rate control drugs but are not amenable to direct
current cardioversion. Cardiac electrophysiology study with catheter ablation is an effective
long-term management for recurrent SVT.

4. Postoperative ventricular tachyarrhythmias (POVTAs)

The postoperative ventricular tachyarrhythmias (POVTAs) range from isolated PVC to VT or
ventricular fibrillation (VF).

4.1. Premature ventricular complexes (PVCs)
4.1.1. Epidemiology

Isolated PVCs including nonsustained ventricular tachycardia (NSVT) are seen in about 50%
of patients during and after cardiac surgery [134]. PVCs can be related to electrolyte or other
metabolic imbalances [7].

4.1.2. Diagnosis

PVCs may be seen on continuous telemetric monitoring and 12-lead ECG, however, careful
evaluation of the ECG tracing is needed to be distinguished from atrial ectopy with aberrant
ventricular conduction [7].

4.1.3. Clinical course

Patients with postoperative PVCs may be asymptomatic or may have palpitations with a
skipped beat, or dizziness. It is rarely associated with hemodynamic instability.

4.1.4. Prognosis

Patients with isolated and noncomplicated PVCs postoperatively do not exhibit increased
risk of malignant VAs [135, 136]. On the contrary, frequent PVCs (>30 per hour) may reduce
ventricular function and therefore have an adverse impact on the short-term outcome. There
was no significant difference in mortality in patients with versus patients without frequent
postoperative PVCs and NSVT (8 versus 5%), at an average follow-up of 3 years, in a study
including 185 postoperative patients [137]. However, in another study of 126 patients with
postoperative PVCs, it was shown that patients with left ventricular ejection fraction (LVEF)
of <40% had a 75% mortality rate and 33% incidence of sudden death at an average follow-
up of 15 months, whereas none of the patients with preserved left ventricular function had
sudden death [135]. Thus, PVCs are not related to mortality with good LV function, and long-
term outcome after cardiac surgery seems to be closely related to the left ventricular function.
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4.1.5. Management

Correction of any reversible cause of ventricular arrhythmias should be performed. Hemo
dynamically stable and asymptomatic PVCs do not usually need treatment with antiarrhyth-
mic therapy on short or long-term. Lidocaine has been used with a successful result in reducing
hemodynamically significant or symptomatic PVCs, but without improving mortality. Empirical
use of class I antiarrhythmic drugs for suppression of frequent and/or complex PVCs had no ben-
eficial effects on mortality rate and may be harmful as shown in several studies in another setting
[138, 139]. Additionally, overdrive pacing, using either atrial or atrioventricular sequential pac-
ing, has been used without significant results [138, 139]. Patients with asymptomatic NSVT after
cardiac surgery and preserved LVEF generally have a favorable long-term prognosis and do not
require invasive workup with an electrophysiology study. The use of implantable cardioverter
defibrillators (ICDs) has shown no benefits in improving prognosis in this population [140].

4.2. Ventricular tachyarrhythmias
4.2.1. Epidemiology

Sustained VT and VF rarely occur after cardiac surgery with an incidence of 0.4-1.7% in most
of the studies [138, 141], but an incidence of 3.1% has been reported [142]. Furthermore, it is
life threatening and affects outcome [134, 143].

4.2.2. Pathophysiology and risk factors

Pathophysiology of POAs, in general, was disused in item 2. Coronary artery disease (CAD)
leads to a broad spectrum of changes and may trigger arrhythmia mechanisms via enhanced
automaticity, triggered activity, and reentry. While myocardial infarction (MI) related scar
constitutes the clinical model of reentry [144], focal activation due to abnormal automaticity
is the primary mechanism involved in the VT during acute ischemia [145]. Early and delayed
after depolarization result from focal discharge by calcium overload and triggered activity is
another likely mechanism of VT initiation in ischemia, but this needs to be proven experimen-
tally thus far [146, 147]. Acute ischemia activates the adenosine triphosphate-sensitive potas-
sium (K-ATP) channels, causing an increase in extracellular potassium along with acidosis
and hypoxia in the cardiac muscle. As a result of the minor increases in extracellular potas-
sium depolarize the myocardiocyte’s resting membrane potential, which can increase tissue
excitability in early phases of ischemia [145]. The mechanism underlying the VT associated
with healed or healing MI is reentry in more than 95% of cases [144].

Complex ventricular arrhythmias (VAs) are associated with multiple risk factors [7]. Based
on clinical studies, the conditions associated with VAs after cardiac surgery may include:
increased age, female gender, presence of unstable angina, congestive cardiac failure, hemo-
dynamic instability, preoperative use of inotropes, preoperative use of IABP, emergency sur-
gery, electrolyte disturbances, hypoxia, hypovolemia, myocardial ischemia/infarction, acute
graft closure, reperfusion after cessation of CPB, and inotropes antiarrhythmic drugs use,
on-pump surgery, and PVD [134, 135, 141, 143, 148].
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4.2.3. Diagnosis

In addition to a clinical history and a physical exam, the general evaluation of a patient with
CAD and suspected or documented VAs includes performing a 12-lead ECG and an echo-
cardiogram. Telemetry monitoring with careful evaluation of VAs initiation and termination
is very helpful. Based on ECG criteria, wide complex tachycardias (WCT) may be either
ventricular or SVT with aberrancy. However, in patients with structural heart disease like
prior infarction, the diagnosis is mostly VT. If feasible, a 12-lead ECG and atrial electrograms
through temporary epicardial wires placed at the time of cardiac surgery should be obtained.
The presence of AV dissociation strongly suggests VT [138]. Although the ECG diagnosis of a
WCT is challenging, it is important to remember that VT is the cause in at least 80% of cases
[149].

4.2.4. Clinical course

Clinical presentation of patients post cardiac surgery with VTs is variable. The hemodynamic state
of these patients depends mainly on the rate of the tachyarrhythmia and the left ventricular func-
tion. Therefore, some patients may be asymptomatic. Other patients with VT may complain of
palpitations, dyspnea, or chest discomfort as their main symptoms. VTs may present with syn-
cope and sudden cardiac death as a result of hemodynamic compromise. Incessant VT, even if it
is hemodynamically stable, can lead to hemodynamic deterioration and heart failure [150, 151].

4.2.5. Prognosis

The prognosis is correlated with the type of arrhythmia and the type and degree of structural
heart disease [7]. As mentioned earlier, PVCs and NSVT generally have no impact on the
outcome. However, patients with sustained VAs have poorer short- and long-term prognosis.

POVAs predicts higher in-hospital mortality (21.7-31.5%) compared with (1.4-2.9%) in con-
trol [134, 143, 148]. In one study, POVAs was associated with increased long-term mortality
over a mean follow-up of 3.5 years. Patients with POVAs had a high risk of death in the
POVAs group during the first 6 postsurgical months (6-month survival of POVAs 59.8 versus
93.8% for POVAs free group). This difference in survival persisted over time [148].

4.2.6. Management of POVAs

Asymptomatic PVCs and hemodynamically stable short runs of NSVT do not need spe-
cific intervention, and the correction of any reversible cause of VAs is generally sufficient.
Postoperative sustained VAs treatment follows the ICD indications used in other clinical set-
tings [150, 152]. However, the postoperative patients require close attention to the identifi-
cation and treatment of reversible causes of arrhythmia like electrolyte or other metabolic
disturbances, myocardial ischemia, or mechanical complications of surgery [7]. Sustained
VAs should be promptly cardioverted either by drugs infusion or electrically based on hemo-
dynamic stability. Hemodynamically stable sustained VTs may be initially treated with anti-
arrhythmic drugs infusion.
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4.2.6.1. Pharmacological treatment

It includes antiarrhythmic medication use and standard medical therapy. The most com-
monly used antiarrhythmic agents include:

- Amiodarone: IV amiodarone is frequently used as a first-line treatment for VAs as it is bet-
ter tolerated in patients with low ejection fraction than the other antiarrhythmic drugs. The
recommended starting dose of Cordarone LV. is 1000 mg over the first 24 h of therapy. It is
usually delivered by bolus infusion of 150 mg over 10-15 min, followed by 1 mg/min for 6 h,
then 0.5 mg/min infusion for 18 h. The alternative dose would be 300 mg over 1 h then infu-
sion at 50 mg/h. Additional 150 mg blouses may be given but frequent boluses during the first
24 h should be limited due to the risk of hepatic toxicity [153].

- Lidocaine: it is generally a good choice if ischemia is suspected. Lidocaine is administered
as a bolus of 0.75-1.5 mg/kg, followed by an IV infusion of 1-4 mg/min (the maximal dose is
3mg/kg/h). In elderly patient and patients with congestive heart failure or hepatic dysfunc-
tion, the lidocaine dose should be reduced [153].

- Procainamide: it is often a second line drug, and it is given as loading dose of 15-18 mg/kg
administered as a slow infusion over 25-30 min or 100 mg/dose. The infusion rate should not
exceed 50 mg/min. The loading dose may be repeated every 5 min as needed to a total dose of 1
g. However, it should be stopped if hypotension occurs, or QRS complex widens by 50% of its
original width. This is followed by a maintenance dose of 1-4 mg/min by continuous infusion.
The procainamide maintenance infusion should be reduced by 1/3 in patients with moderate
renal or cardiac impairment and by 2/3 in patients with severe renal or cardiac impairment [153].

Standard medical therapy includes beta-blockers, and ACEIs drugs have been demonstrated
to improve long-term survival particularly in patients with left ventricular dysfunction.

4.2.6.2. Nonpharmacological management

- Overdrive pacing: in patients with slower VIs who have ventricular epicardial wires, over-
drive pacing may be performed. Electrical cardioversion/defibrillation should be easily avail-
able because of the possibility of acceleration of the VT or degeneration to VF [154].

- Electrical cardioversion/defibrillation: in patients with cardiac arrest, basic life support (BLS)
and advanced cardiovascular life support (ACLS) should be followed. Electrical defibrillation
should be performed for VF, pulseless VT, and hemodynamically unstable VT. Electrical car-
dioversion may be used for stable sustained VT as the first choice or for those who do not
respond to antiarrhythmic medications. The recommended energy with current biphasic defi-
brillators ranges from 150 to 200 Joules. Sedation with short-acting agents should precede
cardioversion in awake patients [154].

- Emergency mechanical support: in postoperative patients who are not responding to stan-
dard resuscitation maneuvers, initiation of emergency CPB in the intensive care unit may be
considered. In one study, CPB use in a postoperative cardiac arrest was associated with a 56%
long-term survival rate with a 22% incidence of soft tissue infections and no mediastinitis [154].
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- Implantable cardioverter-defibrillator (ICD) therapy:

In the absence of a reversible cause of sustained VT or cardiac arrest after CABG, long-term
management may include electrophysiology study and eventually an ICD implantation.
Patients with NSVT, prior M, and left ventricular dysfunction (LVEF <40%) may be considered
for electrophysiology testing and implantation of an ICD if a sustained ventricular arrhythmia
is induced [152, 155]. Multicenter automatic defibrillator implantation trial (MADIT) study
[152] excluded subjects within 2 months after CABG and 3 months after percutaneous trans-
luminal coronary angioplasty (PTCA), and MADIT-II study [156] excluded subjects within 3
months after revascularization. Conversely, early revascularization was permitted in MUSTT
(Multicenter Unsustained Tachycardia Trial) study [155], which enrolled subjects at least 4 days
after revascularization, and sudden cardiac death in heart failure trial (SCD-HeFT) study [157]
made no specific exclusion on the timing of revascularization. However, in SCD-HeFT, the
median time from CABG to enrollment was 3.1 years, and from PCI to enrollment was 2.3 years.
Therefore, ICD implantation within 90 days of coronary revascularization for patients who
otherwise meet ICD implant criteria for primary prevention of sudden cardiac death (SCD) is
not addressed in the published device-based therapy guidelines. Revascularization has signifi-
cant time-dependent benefits. In fact, MADIT-II study showed that the efficacy of ICD therapy
in patients with ischemic left ventricular dysfunction is time dependent, with a significant
life-saving benefit in patients receiving device implantation more than 6 months after coronary
revascularization (CR). The lack of ICD benefit early after CR may be related to a relatively
small risk of SCD during this period [158]. Although, sudden cardiac arrest (SCA) has a higher
incidence in patients with reduced LVEF in the months after acute MI and/or following revas-
cularization [159, 160]. The two randomized controlled trials, defibrillator in acute myocardial
infarction (DINAMIT) and immediate risk stratification improves survival (IRIS), showed that
early ICD implantation does not reduce mortality [161, 162]. In both of those trials, there was
a reduction in arrhythmic death, which was counteracted by a concomitant increase in death
due to other causes [163]. Similarly, the coronary artery bypass graft (CABG)-patch trial [164]
examined ICD implantation at the time of elective CABG surgery showed a small decrease
in arrhythmic death, but no benefit for overall mortality in patients with preoperative LVEF
<35%. However, one should keep in mind that the epicardial ICDs tested in this trial differed
significantly from the current transvenous endocardial ICD systems. A retrospective study
evaluating ICD implantation within 3 months of cardiac surgery suggested the benefit of ICD
implantation for secondary prevention. In this study, 164 patients were with ICD implanta-
tion within 3 months of cardiac surgery; 93 of these patients had an ICD for sustained pre
or postoperative VT or VF requiring resuscitation. During the mean follow-up of 49 months;
the primary endpoint was total mortality (TM) and/or appropriate ICD therapy (ICD-T), and
secondary endpoints are the TM and ICD-T, and individual end points of TM and ICD-T were
observed in 52 (56%), 35 (38%), and 28 (30%) patients, respectively, with 55% of TM, and 23%
of ICD-T occurring within 2 years of implant [165].

Overall, ICD for primary prevention of SCD can be useful in patients who are within 90 days of
revascularization and who are not within 40 days of an acute MI if:

- they are previously qualified for primary prevention of SCD or

- revascularization is unlikely to result in an improvement in LVEF to level >35% [166].
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ICD for secondary prevention (i.e., in patients resuscitated from cardiac arrest due to VI/VF) is
recommended for patients within 90 days of revascularization who have:

- previously satisfied criteria for ICD implantation if they have abnormal left ventricular func-
tion or

- SCD is unlikely related to myocardial ischemia/injury and have normal left ventricular func-
tion [166].

ICD implantation can be useful in patients who are within 90 days of revascularization if SCD
was not related to acute myocardial ischemia/injury and who were subsequently found to
have coronary artery disease that is revascularized with normal left ventricular function, or
SCD was not related to acute myocardial ischemia/injury and who were subsequently found
to have coronary artery disease that is revascularized with normal left ventricular function
[166]. ICD is not recommended in patients within 90 days of revascularization who were resus-
citated from cardiac arrest due to VT that was related to acute Ml/injury, with normal left
ventricular function, and who undergo complete coronary revascularization [166]. ICD with
appropriately selected pacing capabilities is recommended in patients within 90 days of revas-
cularization who require nonelective permanent pacing, who would also meet primary pre-
vention criteria for implantation of an ICD, and in whom recovery of left ventricular function
is uncertain or not expected [166].

An alternative approach for primary prevention of SCD in patients with ischemic cardiomy-
opathy and low LVEF undergoing revascularization would be the use the wearable cardio-
verter-defibrillator vest during the 3 months waiting period after revascularization until LVEF
is reassessed and design made about permanent ICD implantation [163].

- Ventricular tachycardia ablation:

There are no studies of VT ablation in POVAs situation. In patients with extensive struc-
tural abnormalities, especially those with prior MI, multiple morphologies of VT might
develop. Therefore, VT ablation does not eliminate the need for ICD and/or antiarrhyth-
mic therapy. VT episodes might occur in up 0-60% of patients who have received an ICD
for secondary prevention and in 2.5-12% of patients with ICD implanted for primary
prevention [167]. Because antiarrhythmic drugs do not eliminate the risk of VAs, VT cath-
eter ablation may be needed to reduce the frequency of VT episodes, especially patients
with incessant VT or frequent ICD therapy [149]. Ablation is usually indicated in cases
of recurrent, monomorphic VT arising from a specific substrate that can be targeted by
mapping techniques.

5. Postoperative bradyarrhythmias (POBAs)

5.1. Epidemiology

Bradyarrhythmias (BAs) are common after cardiac surgery, but it mostly consists of tran-
sient episodes of low ventricular heart rate. The conduction defects post cardiac surgery
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include sinus node dysfunction, partial and complete bundle branch blocks, and various
degrees of atrioventricular (AV) block. The right bundle branch block (RBBB) was the most
frequently noted abnormality [168]. Bradyarrhythmias may decrease cardiac output in
patients with relatively fixed stroke volumes. The risk of developing conduction distur-
bances after CABG or valvular surgery leading to permanent pacemaker (PPM) implanta-
tion is about 0.4-1.1% of patients after isolated CABG and 3-6% after heart valve operations
[169-171]. It seems that in the current surgical era that the incidence of postoperative PPM
implantation has decreased due to improvements in surgical techniques, technological
innovations and enhanced understanding of the mechanisms of injury [172]. However,
some studies have shown an increased incidence of PPM implantation after cardiac surgery
after the year 2000 [173].

5.2. Pathophysiology and risk factors

Conduction disorders after cardiac surgery are explained by one of the following two mecha-
nisms: (1) direct trauma to the conduction system in operative procedures in proximity to the
sinoatrial or AV nodes or the His bundle; or (2) ischemic injury to the conduction system due
to extensive coronary artery disease might compromise myocardial protection during intra-
operative cardioplegic arrest [174].

The risk factors for POBAs may be classified as preoperative, operative, and postoperative
factors. Preoperative risk factors include age >75 years, the use of rate lowering cardiac medi-
cations (e.g., beta-blockers, calcium channel blockers, digoxin, and antiarrhythmic drugs), the
presence of conduction system disease preoperatively, right bundle branch block (RBBB) or
left bundle branch block (LBBB), first-degree AV block or left anterior fascicular block (LAFB)
[169-171, 175-178].

Operative risk factors include myocardial ischemia, inadequate cardiac protection during sur-
gery, and direct surgical injury to conduction system, prolonged CPB time and cross-clamp
time, and reoperation [171, 172, 174, 179, 180].

Postoperative risk factors include postoperative conduction disturbances and high-grade AV
block [174, 175, 181].

5.3. Clinical course and management

Temporary electrical pacing may be required in symptomatic bradycardias. It is common
practice nowadays to place temporary epicardial atrial and ventricular pacing wires placed
at the time of surgery to facilitate temporary pacing when needed. In some cases, as men-
tioned above, the conduction defect does not revert, and permanent pacing may be necessary.
Chronotropic medications, such as theophylline or aminophylline, have been used for sinus
bradycardia after transplantation to improve SSS [182] or high-grade AVB [183] and may
decrease the need for permanent pacing but its long-term effect is not encouraging.

The challenge with POBAs is often to determine when to implant the PPM as the sinus node
function or AV conduction may recover in some patients. Recovery of conduction system is
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common with long-term follow-up. Only 30-40% of patients with a permanent pacemaker
due to sinus node disease remain pacemaker dependent. However, the rate of recovery is less
in patients with postoperative AVB, as 65-100% of patients with complete heart block, remain
pacemaker dependent. Currently, the usual practice is to implant a PPM if postoperative
symptomatic complete AVB or severe sinus node dysfunction persists longer than 5-7 days
[184]. PPM implantation may be considered earlier if the underlying intrinsic rhythm is absent
or temporary pacing leads fail.

6. Conclusion

Arrhythmias are common after CABG. Although tachyarrhythmias are frequent, they are usu-
ally transient and have a benign course. POAF represents the most frequently observed ATs.
VAs are less common but have an adverse impact on the short and long-term outcome. POTAs
management includes optimization of the patient’s condition, controlling patient’s risk fac-
tors, and careful attention to hemodynamic changes during surgery with using appropriate
anesthesia. Postoperatively, it is important to correct reversible arrhythmia predisposing fac-
tors, followed by specific therapy based on the arrhythmia type and its hemodynamic effect.

On the other hand, bradyarrhythmias are also frequently observed after cardiac surgery.
However, most of the conduction disturbances are transient and recovered spontaneously.
PPM implantation may be required in patients with persistent symptomatic bradycardia due
to sick sinus syndrome or second degree type 2, third degree, or high-grade AV block.
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Abstract

Exercise-based rehabilitation is considered an important adjunct therapy for secondary
prevention in patients with coronary artery disease, mainly in populations with coronary
artery bypass graft (CABG) and percutaneous coronary intervention. Thus, the increasing
number of cardiac surgeries along the years is enlarging the participation of patients in
cardiac rehabilitation programs. Encouraging exercise-based cardiac rehabilitation might
decreases in-hospital stay, speeds returns to work and reduces costs in public health.
Recently, two training modalities of exercise gained much attention in cardiac rehabilita-
tion programs: continuous exercise and high-intensity interval aerobic training (HIIAT).
The aim of this chapter is to review the effects of HIIAT in patients that undergone to
CABG or other cardiac surgeries regarding clinical and physiological parameters such as
death, cardiovascular outcomes, aerobic capacity, anaerobic capacity, quality of life and
other parameters, beyond to evaluate the feasibility and safety of HIIAT in this patient’s

group.

Keywords: coronary artery bypass grafting, high-intensity interval training, exercise
intensity, cardiac rehabilitation, physical activity

1. Introduction

At the beginning of the twentieth century, the treatment of heart disease was based on few
medicines and unconditional rest over weeks or months. The idea that exercise could overload
cardiac pump and increase mortality changed facing the evidence that maintaining physi-
cal training and activity under supervision quickly reinsert patients to social-economic life.
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This concept could be used for patients in a stable status with acute coronary syndromes,
heart failure, post-coronary artery bypass graft (CABG), post- percutaneous coronary inter-
vention (PCI), and most of cardiovascular disease.

Currently, exercise-based rehabilitation is considered an important adjunct therapy for sec-
ondary prevention in patients with coronary artery disease mainly in populations undergone
CABG and PCI Thus, physical training was included as Class I recommendation for both
healthy subjects and those with coronary artery disease as a central point in cardiac rehabilita-
tion (CR) programs [1-4].

In this chapter, we will discuss exercise physiology, clinical assessments, CR programs and
the effects of exercise on cardiac outcomes in patients with coronary artery disease and more
specifically patients that undergone CABG.

2. Exercise physiology

Exercise physiology uses some basic principles, and the terms that we will use in the pres-
ent chapter are described as follows: physical activity as any bodily movement, exercise as
physical activity to stress and train, aerobic exercise as exercise that stresses the oxygen trans-
port system, resistance exercise as exercise that stresses musculoskeletal system, and exer-
cise training as exercise performed in a repetitive way to improve cardiovascular (aerobic) or
musculoskeletal (resistance) systems. Two main types of exercise have been proposed with
beneficial health effects on subjects with CHD: interval aerobic training (IAT) and continuous
aerobic training (CAT). IAT uses a balanced or equal time-periods between work and rest.
CAT uses a steady-state exercise.

Three variables are important to understand the physiology of exercise: maximal oxygen
uptake (VO,), myocardial oxygen uptake (MO,), and ventilatory threshold (VT).

VO, is the amount of oxygen consumed during exercise, and this variable maintains a closed
correlation with the amount of energy used.

Fick describes an equation where cardiac output (Q) = VO,/difference between arterial and
venous oxygen content (AA-V O,). So, VO, = AA-V O, multiplied by Q. Q might be calculated
by the product of heart rate (HR) and cardiac stroke volume. Q and AA-V O, increases during
exercise training.

Maximum exercise capacity is measured as maximum VO, (VO,_ ), and it reflects the maxi-
mal oxygen transported during exercise before being limited by fatigue or dyspnea. This vari-
able evaluates all together: cardiac, respiratory, muscle-skeletal and vascular systems.

Often diseased patients do not achieve their VO, _, and the term peak VO, (VOZPeak) should
be preferred. VO, , is the highest level attained by a patient in the absence of fulfilling the
criteria for VO, _ [5]. The metabolic equivalent (MET) is defined as the oxygen requirement
in the resting awake individual, and it is equal to 3.5 ml/Kg/min.
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The MO, can be estimated multiplying HR by systolic blood pressure, also named double
product. MO, is not determined by the external work-rate exercise, but rather by the exercise
work-rate relative to maximal exercise capacity.

The VT is the divergence of VO, and carbon dioxide production (VCO,) curves, and it is due
to production of latic acid. In the beginning of exercise both VO, and VCO, curves increases
in same magnitude. Throughout exercise, the latic acid is buffered by bicarbonate and it
increases exhalation of additional CO,, achieving VT. VT denotes exercise tolerance and rep-
resent the maximal constant workrate that can be sustained during submaximal exercise.

3. Cardiac rehabilitation program

World Health Organization defines cardiovascular, pulmonary and metabolic rehabilitation
as the integration of interventions called “non-pharmacological actions,” to ensure the best
physical, psychological and social conditions for the patient with cardiovascular, pulmonary
and metabolic diseases.

Based on scientific evidence and proven economic advantages, the ethical medical practice
guidelines recommends cardiovascular, pulmonary and metabolic rehabilitation for patients
with atherosclerotic coronary disease, heart failure, arterial hypertension, peripheral arterial
disease, metabolic diseases (obesity, metabolic syndrome and diabetes mellitus), chronic lung
disease, and for subjects with risk factors for cardiovascular diseases such as smoking, dyslip-
idemia, glucose intolerance, excessive stress, long-term sedentary, and patients with chronic
nephropathy. In this context, prescription of training programs is highlighted for the thera-
peutic benefit of physical exercise which in certain situations should occur under specialized
supervision [6].

In the immediate post-operatory period, rehabilitation is based on standard protocols that
take more regard the current clinical status and the cardiac pump like left ventricular ejection
fraction. Cycle ergometer or treadmill tests are not performed routinely during hospitaliza-
tion, and the decision to use maximum HR to stop exercise is not suitable. Additionally, most
of patients are under beta-blockers and their HR response to exercise will be reduced.

The coordinator of the CR team should focus on several clinical parameters during exercise such
as important blood pressure changes—high blood pressure or blood pressure fall during exer-
cise—arrhythmia, syncope or pre-syncope, rales, moderate to severe dyspnea (Borg scale > 14),
the onset of angina or claudication. Additionally, upper body motion must be hold by 4 weeks
until surgical wound knitting, and 3 or 4 months for pushups and other strenuous exercises.

After the hospital discharge, patients with coronary artery diseases or those that undergone
CABG need the referral and the assistant physician consent to perform CR. Before, patients
get analysis of their clinical condition and feasibility for performing physical training [6].
Some physicians requiring imaging functional tests like cardiac scintigraphy to assess the
baseline perfusion after CABG. The scintigraphy may be performed with a treadmill test or
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pharmacological stress, like dipyridamole. If the assessment were performed associate to a
treadmill test this data can be used as additional information about physiological cardiovas-
cular status, like VO,, MET, maximal heart rate achieved, chronotropic reserve.

3.1. Phases of CR program

Beyond pharmacological treatment, it is fundamental that patients with heart failure, coro-
nary artery disease or after CABG should be included in an CR program. For the patient’s
optimal development with improvement in quality of life, it is necessary the participation
of a team with different specialties. The CR program aims to improve physiological, clinical
and psychological state of the cardiac patient, based on a multidisciplinary intervention of
physician, surgeons, physiotherapists, nutritionists, nurses, physiologists, and psychologists.

Secondary prevention and CR are an integral part of the management strategy after revascu-
larization, and it is associated with reductions in morbidity and mortality in a cost-effective
way and can further ameliorate symptoms [7, 8].

Traditionally, the CR program can be divided in phases, as follows:

Phase 1: Performed in hospitalized patients. It will introduce the patient to an active and
productive life and aims to ensure that the patient will have discharge with the best physical
and psychological conditions. Initially, CR was applied for recovery following myocardial
infarction or CABG. Currently, it should include patients submitted to PCI by balloon or by
stent implantation, heart valve surgeries, congenital heart surgeries, cardiac transplantation,
patients with stable angina pectoris and subjects with risk factors for CAD such as subjects
with diabetes, hypertension, metabolic syndrome, chronic nephropathy and chronic lung dis-
ease. Phase 1 begins after the patient has been considered clinically compensated due to the
optimization of the clinical treatment and/or the use of an interventional procedure. In this
phase, a combination of low-intensity physical exercise is indicated as well as stress manage-
ment techniques, and education in relation to risk factors. The duration of this phase has
decreased in recent years, due to shorter hospitalizations [6].

Phase 2: This is the first extra-hospital step. It begins immediately after discharge and / or a
few days after a cardiovascular event or cardiovascular, pulmonary and metabolic decom-
pensation. Estimated duration: 3-6 months, and in some cases may be more extensive. It can
work in a structure that is part of the hospital complex or another environment suitable for
physical exercise (sports club, sports gym, gym, etc.). The ideal team should include doc-
tor, physiotherapist, physical education teacher, nurse, nutritionist and psychologist. It must
have the basic resources to handle emergencies. It works with sessions supervised by the
physiotherapist and/or physical education teacher. The exercise program should be individu-
alized, in terms of intensity, duration, frequency, training modality and progression. There
must always be resources for the accurate measurement of heart rate and blood pressure
checking, besides the possibility of eventual verification of oxygen saturation, blood glucose
determination and electrocardiographic monitoring. Part of this phase is an educational pro-
gram aimed at lifestyle modification, with emphasis on dietary reeducation and strategies for
smoking cessation. The rehabilitation in this phase has as main objective to contribute to the
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early return of the patient to his social and work activities, in the best possible physical and
emotional conditions [6].

Phase 3: Estimated duration of 6-24 months. This is the immediate treatment for the patients
discharged from phase 2, but can be started at any stage of the disease evolution. It is not
necessary to follow previous phases. Therefore, low-risk patients who did not participate in
phase 2 are good candidates. The supervision of exercises should be done by a professional
with specialization in physical exercise (physical education teacher and/or physiotherapist),
and must be have the coordination of a physician and have the conditions for possible cardiac
monitoring and determination of oxygen saturation. It is recommended that other important
professionals also integrate the team: nurse, nutritionist and psychologist. The main objec-
tive is the improvement of the physical condition and quality of life and other procedures
that contribute to the reduction of the risk of clinical complications, such as the strategies for
smoking cessation and food reeducation [6].

Phase 4: It is a long-term program, of indefinite duration. Activities are not necessarily super-
vised and should be appropriate to the availability of time for the maintenance of the physical
exercise program and the preferences of patients in relation to recreational sports activities.
The material and human resources available should also be considered. At this stage, patients
after each medical evaluation, especially when undergoing ergometric tests, should be evalu-
ated and oriented in practice by some supervised exercise sessions. The periodicity to realize
the ergometric tests should not exceed 1 year. The main objectives of this phase are to increase
and to maintain physical fitness. It is not mandatory that this phase be preceded by phase
3. The rehabilitation team should propose activities that are more appropriate for each one.
Patients should be periodically and systematically contacted by the CR team, even by tele-
phone, at least once every 6 months [6].

Within the CR session, each professional can choose to carry out different activities, among
which are: aerobic training proper, which can be performed with cycle ergometer, sliding
bands, climber or simply with walks guided by trained personnel; resistance exercises, strength
exercises, coordination exercises, flexibility exercises and, in phases 3 and 4, specific exercises
that have similarity to the work performed by the patient or to the activities performed.

The aerobic training can be performed using two types of exercises:

A. a continuous method (CAT), which is characterized by the application of an uninterrupt-
ed load, that means, without pause or periods of rest during the work. This method can be
extensive or intensive, finding the difference between both in the intensity of the exercise.

B. an interval aerobic training—IAT method, that contains intervals of rest. When the work
is high or moderate intensity, active intervals are used, whereas if the functional capacity
of the patient is low, passive recovery intervals are used.

The intensity and duration of aerobic exercises are used to obtain greater benefits for the car-
diovascular system and metabolism and have been explored in recent research.

At the beginning of the twenty-first century, research using high-intensity interval aerobic
training (HIIAT) was carried out to improve the performance of athletes in competitions.
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Examples of protocols of high-intensity interval training (HIIT) applied in studies in trained
health volunteers are described as follow:

1. In moderately-trained healthy males. The HIIAT interventions consisted of the following
parts: (1) 8 min of a warm-up at a speed of 50% VO,__; (2) interval exercise: total duration
of 12 min, work/rest ratio = 1, work intensity 100% VO, ., restintensity 60% VO, , work
and rest duration of 15 s, 30 s, or 60 s (three different groups); (3) a cool-down: 3 min at
5km-h™. All HIIT interventions were identical over the total duration, work/rest ratio, rela-
tive work and rest intensity [9].

2. In healthy adults enrolled in non-randomized study. The protocol was low-volume, HIIT
consisting of 60 s work and 60 s recovery (60 s/60 s) repeated for 10 repetitions has previ-
ously been found to produce beneficial cardiopulmonary, cellular, and metabolic adapta-
tions in healthy and at-risk populations, however using several combinations of work and
recovery intensities based in varying percentages of peak power output (PPO) that con-
sisted of the following work/recovery intensities (80% PPO/0% PPO; 80% PPO/50% PPO;
100% PPO/0% PPO and; 100% PPO/50% PPO). In a 100/50 group showed an increasing of
PPO and VO, compared to other groups and, the researchers concluded that use of the
80/0, 80/50, and 100/0 protocols would be appropriate for individuals who are at the low to
moderate end of the cardiopulmonary fitness spectrum [10].

3. In healthy young men that performed eight 20 s bouts at 130% of the velocity associated
with the VO, __ on a treadmill with 10 s of passive rest in HIIT protocol. In this study, the
researchers compared to moderate continuous training (MCT), which performed 30 min
running on a treadmill at a submaximal velocity equivalent to 90-95% of the heart rate as-
sociated with the anaerobic threshold for data related to oxygen consumption and energy
expenditure (EE) were measured during the protocols and the excess post-exercise oxygen
consumption (EPOC) was calculated for both sessions. The results showed that post-exer-
cise EE and EPOC values were higher after HIIT, suggesting that supramaximal HIIT has a

higher impact on EE and EPOC in the early phase of recovery when compared to MCT [11].

The good response to exercise in heath volunteers excited researchers that have been start
investigating the benefits of IAT in patients with heart failure during rehabilitation or in
patients after CABG. One protocol that showed be effective after CABG consisted of 8 min
warm-up, 4 times of 4-min intervals at 90% of maximum heart rate, pauses of 3-min walking
at 70% maximum heart rate, and 5 min cool-down after session [12]. This protocol enrolled
patients referred to a residential rehabilitation center 4-16 weeks postoperatively, and they
excluded heart failure, inability to exercise, or drug abuse. All patients performed a treadmill
ergospirometry test before rehabilitation program to evaluation and prescription of exercise
intensity and to determine the peak VO, , pre- and post-training. Ergospirometry is a func-
tional capacity test that noninvasively studies the pathophysiology of the respiratory and
cardiovascular systems under conditions of physical stress, objectively evaluating the degree
of functional limitation and its mechanism [13]. The ergospirometry have the advantage over
conventional treadmill test because it calculates the VT.
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Some studies performed the cardiopulmonary test on a treadmill [14, 15], while other studies
performed the evaluation on a cycle ergometer [16, 17]. It should be noted that all patients
were trained with the same tool with which they were evaluated, both those who performed
the test in ergometric bicycle and in the treadmill.

The first IAT study in HF appears to have been in 1972, when patients were asked to cycle
on high work load for 60 s with 30 s of rest between intervals. Using intervals, patients could
perform the exercises at least twice if they were able to perform on a continuous cycling [18].
Several years ago, most of the scientific evidence demonstrated the benefits of training in
patients with HF used continuous low to moderate intensity aerobic exercise. Therefore, few
were the professionals who questioned the possibility of using a method that demand greater
intensity during aerobic training.

3.2. Benefits of cardiac rehabilitation in cardiac diseases: coronary disease and heart
failure

The cardiovascular system response to exercise integrates systemic, cellular, and molecular
signaling pathways. The benefits assign to physical training on cardiopulmonary system are
improve functional capacity, lessen the intensity of breathing and muscle discomfort, improve
quality of life, increase blood muscle flow, increase oxidative and metabolic capacity, attenu-
ate or reverse skeletal muscle atrophy, improve autonomic activation, increase endothelium
activation, and improve muscle performance. In this way, it believes that interval exercise
training additionally prolongs exercise duration, lowers cardiovascular demand, lowers ven-
tilator requirement, allows higher exercise intensity, and reduces symptoms of dyspnoea and
leg discomfort.

A recent meta-analysis [19] from Cochrane Group in CHD concluded that exercise-based
CR reduces cardiovascular mortality and provides reduction in hospital admissions and
improvements in quality of life regardless of the type of strategy used to treat CHD —medi-
cine, angioplasty, or surgery. Several trials enrolled in this meta-analysis were performed
before modern techniques of myocardial revascularization, and it could affect the final results.
The GOSPEL study [20] enrolled 3241 patients with recent myocardial infarction and after
3 years of follow-up showed a decreased risk of nonfatal myocardial infarction and combined
end-points as cardiovascular death plus nonfatal myocardial infarction and stroke. However,
the DANREHARB trial [21] showed no differences between patients with HF, CHD, or high
risk heart disease randomized to rehabilitation (n = 380) versus control group (n = 390) after
12 months of follow-up in primary composite outcomes.

The last trial to determine the exercise effect on outcomes in HF patients was the HF-ACTION
trial (Heart Failure and A Controlled Trial Investigating Outcomes of Exercise Training) [22, 23].
This trial enrolled 2331 stable systolic HF patients with an EF lower or equal to 35% and
randomized them to aerobic training or control group in France, Canada, and United States.
Study participants had CHD (51%) and EF (25%). A total of 759 patients (65%) in the exer-
cise group died or were hospitalized compared with 796 patients (68%) in the control group
(hazard ratio 0.93 [95% CI: 0.84-1.02]). So, in this sample, the primary and secondary clinical
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end-points do not show difference between groups. After adjustment for highly prognostic
predictors of these end-points, a modest but significant reduction for both, any cause of death
or hospitalization and cardiovascular death or HF admission.

In a recent study [24], 261 patients with HF and reduced LVEF (<35%) and NYHA II-III were
randomly assigned to HIIT at 90-95% of maximal HR, MCT at 60-70% of HRmax or regu-
lar exercise (RRE). In a large clinical trial study, the researchers showed that HIIT was not
superior to MCT in changing left ventricular remodeling or aerobic capacity. To access left
ventricular remodeling, left ventricular end-diastolic diameter was measured at the tip of
the mitral leaflet in two-dimensional parasternal long-axis view by echocardiography and,
for aerobic capacity, VO, ., and respiratory quotient were accessed. There was also no dif-
ference between HIIT and MCT in VOzpeak, but both were superior to RRE. The researchers
still reported serious adverse events during the 12 weeks intervention, though there were no
statistical significant differences between groups (HIIT 39%, MCT 25%, RRE 34%, P = 0.16),
numerically was higher in HIIT, followed by RRE and MCT: n = 82, 76 e 73, respectively.
Therefore, the feasibility of the IAT program remains unresolved in heart failure patients.

Other studies in patients with HF trained in IAT program evaluated variables pre and post-
training such as VO, _ [7], left ventricular ejection fraction by echocardiographic analysis [7],
endothelial function by evaluation of the flow-measured dilation [7], levels of natriuretic pep-
tide in brain plasma, myeloperoxidase, interleukin-6, quality of life by questionnaires SF-36, the
Minnesota Living With Heart Failure [8], and the Hare Davis Cardiac Depression Scale [25].
These results were controversial between the group in IAT and CAT programs for some variables.

Although controversies exist for HIIAT in patients with low functional capacity, as in patients
with HF, this training method is often the best tool for starting a physical activity program,
preventing patients from quickly fatigue and for achieving a better progression during train-
ing. Additionally, the HIIAT has been described as feasible to be performed by elderly patients
with chronic heart failure and severe alterations in LVEF.

In patients with CAD with preserved or reduced LVEF, HIIAT showed to be superior to moder-
ate MCT to improve VO, which s closely related to long-term survival in cardiac patients [26].

3.3. Benefits of cardiac rehabilitation in patients undergone CABG, focused on
interval aerobic training

There are no trials with a sample size that could be considered sufficient to assess the magnitude
of effect of exercise training rehabilitation in patients undergone CABG. Regarding IAT versus
CET comparisons in such patients, there are only few trials with small sample sizes. Indeed,
even with more than 50 years using surgery to treat CHD The scientific evidence of effects of
rehabilitation with different protocols on post-CABG management is not extensive [27].

One observational cohort study [28] with 163 survivors’ patients after CABG that were fol-
lowed-up for 5-6 years showed that higher levels of exercise were associated with increased
functional status, after adjustment for age, sex, severity of angina, shortness of breath, and
fatigue. Interestingly enough, women who did not perform exercise more than 2 times a week
had significantly lower physical and social status outcomes than women who did it.
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A randomized controlled trial employed to analyze whether a behavioral and educational
cardiac rehabilitation program was effective in modifying cardiovascular disease risk fac-
tors in 86 patients. The results showed more aerobic capacity assessed by VO, _ in the

interventional group [29]. Quality of life tended to improve steadily over time in both
groups.

In a lack of sufficient trials to evaluate the effect of IAT versus CET as rehabilitation programs
on mortality or major cardiovascular events after CABG, few trials with a small sample size
used surrogate end-points as hemodynamic and ventilatory parameters to test exercise per-
formance. In this way, VO, , that strongly predicts mortality and was evaluated in patients
submitted to IAT versus continuous moderate training (CMT) after CABG for 4 weeks and
6 months. The VO, , was measured at the baseline, 4 weeks and after 6 months, presenting
similar short-term increases in both IAT and CMT groups. However, there was better long-
term effect in IAT group after CABG [12]. Other clinical trial tested IAT versus CET program
by 3.5 weeks in a bicycle ergometer protocol. Nine patients in each group performed the
exercise 24-26 days after CABG. At the end of protocol, IAT favors increasing physical perfor-
mance, lower heart rate at rest (-9 bpm versus -4 bpm), lower rate-pressure product at rest,
and lower lactate. There were no differences in catecholamines between groups. The authors
concluded that IAT is better suited to increase physical performance and is more effective in
saving cardiac function compared to CAT [30]. Rate-pressure product were also evaluated by
others, and its measures in similar sample of patients with CAD undergone CABG and then
trained in either CAT or IAT programs, presented a decreasing in resting and maximal rate-
pressure product more significant only in IAT group. The rate-pressure product is an indirect
index of myocardial oxygen consumption of patients with CAD [31].

Flow-mediated dilatation reflect the endothelial function and serves as a prognostic marker
for cardiovascular events. IAT also enhance endothelial function as observed in studies
that evaluated flow-mediated dilation of brachial artery after IAT in post-infarction heart
failure [7], but there is a lack of studies with patients after CABG and IAT. In patients with
cardiovascular and cerebrovascular disease [32] a systematic review including 20 stud-
ies showed that HIIAT was similar to moderate CAT through improvement in endothelial
function measured by flow-mediated dilatation, nitric oxide bioavailability and circulating
biomarkers.

On the other hand, there is controversy whether physical activity can improve heart func-
tion among several cardiac parameters evaluated by echocardiography. One study evaluated
patients after CABG [7] and failed to show improvements in systolic annular velocity, mitral
annular excursion, late diastolic mitral flow velocity (A wave), early diastolic mitral velocity,
late diastolic mitral velocity, deceleration time of the early diastolic mitral velocity ejection
fraction, end-diastolic volume, or end-systolic volume after 4 weeks of IAT. The results were
similar to baseline, except by peak early diastolic mitral flow velocity (E wave) that it showed
significant fall after 4 weeks IAT. However, patients that developed heart failure after infarct,
but who did not perform CABG, and undergoing physical training, the IAT showed decline in
left ventricle end-diastolic and end-systolic volumes, and left ventricle ejection fraction raised
from 28 + 7.3 to 38 + 9.8%, with better results to IAT compared to CMT [7].
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Regarding changes in blood markers as low-density lipoprotein (LDL)-cholesterol, HDL-
cholesterol, triglycerides, glucose, and hemoglobin were not demonstrated or do not have
clinical value after IAT in CABG patients [8].

The HIIAT in CABG and PCI patients has been associated with platelet activation (CD62P)
and function (platelet aggregation) compared to moderate continuous exercise, showing
that the risk of exercise-induced thrombosis is higher during HIIAT than moderate CAT in
patients with recent revascularization. Therefore, the acute effect of HIIT on platelet activa-
tion and function in patients with recent revascularization is still on debate [33]. In 1990, some
studies initiated the research about IAT in patients submitted to CABG [34], but the literature
about the theme is still scarce because current researches look for to compare continuous exer-
cise training versus control groups [19]. In this context, it should be emphasized that more
clinical trials with patients after CABG are still necessary.
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Abstract

Coronary artery disease (CAD) is a major cause of death and disability in developed
countries. Although coronary artery disease mortality rates worldwide have declined
over the past decades, CAD remains responsible for about one third or more of all deaths
in individuals over the age of 35 years. Various methods of treatment have been proposed
including medical therapy, catheter-based interventions, and lastly, coronary artery
bypass grafting. The purpose of this chapter is to outline those treatment regimens and
examine the literature detailing their outcomes in hopes of guiding treatment.

Keywords: coronary artery disease, management, outcomes, coronary artery bypass
grafting, PCI

1. Introduction: coronary artery disease, an overview and disease
burden

Coronary artery disease (CAD) represents a spectrum of clinical syndromes caused by insulffi-
cient coronary blood flow to the myocardium. It is almost always due to subintimal atheroma
deposition leading to arterial luminal stenosis or occlusion and wall thickening. Coronary
atherosclerosis usually involves the proximal portions of larger coronary arteries, especially
at or just beyond branching sites. Myocardial ischemia and necrosis occur when coronary
blood flow is impaired by atherosclerotic stenosis, resulting in increased oxygen demand.
In the setting of symptomatic CAD, compensatory physiologic processes are insufficient to
provide adequate myocardial perfusion. The effect is either supply ischemia, responsible
for myocardial infarction (MI) and most episodes of unstable angina, or demand ischemia,
where coronary blood flow is insufficient during period of increased myocardial demands
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from exercise, tachycardia, fever, hypertension, or emotional distress [1]. Because the heart
has virtually no stores of oxygen and relies entirely on aerobic metabolism, within seconds of
coronary occlusion, its high rate of energy expenditures results in a sudden decline of oxygen
tension and left ventricular function impairment. The subendocardium is most vulnerable
to myocardial ischemia as its collateral flow is lowest; thus, myocardial necrosis progresses
toward the epicardium with continued ischemia.

Coronary artery disease is a major cause of death and disability in developed countries.
Although coronary artery disease mortality rates worldwide have declined over the past
decades, CAD remains responsible for about one third or more of all deaths in individuals
over the age of 35 years. In 2017, the Heart Disease and Stroke Statistics update of the American
Heart Association reported that 16.5 million persons aged 20 years or older in the United States
have coronary artery disease, with a slight male predominance of 55%. In 2013, The Global
Burden of Disease estimated that 17.3 million deaths worldwide were related to cardiovascular
disease, a 41% increase since 1990 [2-6]. Significant risk factors include but are not limited to
age, male sex, hypertension, hyperlipidemia, diabetes mellitus, obesity, tobacco use, family his-
tory, and peripheral vascular disease. As one can see, the incidence and prevalence of coronary
artery disease are staggering; thus, managing and treating these patients is of utmost concern.

2. Treatment goals of coronary artery disease

The goal of treatment for coronary artery disease is to decrease the frequency and sever-
ity of angina symptoms and to increase the duration of one’s functional capacity (duration
of angina-free exercise). Furthermore, one hopes to prolong life and reduce the incidence
of acute coronary syndromes. Such goals are accomplished by increasing myocardial oxy-
gen supply or decreasing myocardial oxygen consumption or both. The reduction in cardiac
mortality and incidents of myocardial infarction is achieved by pharmacotherapy and stabi-
lization of atherosclerotic plaques. Comorbid conditions that are treatable could aggravate

Goal How to Achieve the Goal
Abolish or reduce anginal episodes Trial of antianginal drugs

Coronary revascularization

Increase angina-free walking or exercise Antianginal drugs

Coronary revascularization

Prolong life and reduce acute coronary events (unstable angina, myocardial infarction, Lifestyle modification

coronary death)
Moedify or correct risk factors

Daily aspirin

Phar herapy of dyslipid
Control of hypertension

Beta blockers, ACE inhibitors, and CABG surgery in special
situations

Figure 1. Management of chronic stable angina.
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Figure 2. Treatment algorithm for stable ischemic heart disease. *From Ref. [11].

angina, and these conditions must be sought and treated in all patients who have chronic
stable angina. There are three options for treatment of stable angina-drug therapy, coronary
balloon angioplasty, and coronary artery bypass graft surgery [7-10].

As no two patients are the same, therapy should be individualized and consideration should
be given to the risks and benefits of each therapeutic option with regard to symptom relief and
longevity. Figure 1 shows the treatment goals for chronic stable angina and how to achieve
them [7-10], and Figure 2 shows the treatment algorithm for chronic stable angina [11].

3. Medical management of coronary artery disease

From the above treatment algorithm, one can see that there is a large armamentarium at one's
disposal for the treatment of coronary artery disease. The uses of these drugs and their mecha-
nisms of action will be outlined below.

Beta blockers have been shown to be very effective in the treatment and management of stable
angina. These agents decrease myocardial work and improve exercise tolerance. The primary

165



166  Coronary Artery Bypass Graft Surgery

mechanism of this benefit is through a competitive blockade of B-adrenergic receptors that
reduces heart rate and contractility and therefore myocardial O, demand. In addition, beta
blockers decrease exercise-induced vasoconstriction and blunt the rise in systolic blood pres-
sure during exercise. Beta blockers also increase coronary perfusion by prolonging diastolic
perfusion time. Such drugs should be titrated to a heart rate of 50-60 beats per minute at rest
and less than 100 beats per minute with exercise.

Calcium channel blockers act mainly by vasodilatation and reduction of peripheral vascular
resistance. The nondihydropyridine agents (verapamil and diltiazem), a T-channel blocker
(mibefradil), and bepridil inhibit the sinoatrial and atrioventricular nodes and thus also
reduce myocardial oxygen demand. The dihydropyridine agents (e.g., nifedipine, amlo-
dipine, felodipine, and nisoldipine) do not affect the sinoatrial or atrioventricular nodes in
humans; their mechanism of action is primarily by dilating the coronary arteries and reducing
peripheral vascular resistance (and thus reducing myocardial O, demand) and by increasing
coronary blood flow. Calcium channel blockers block the entry of calcium into the calcium
channels in both smooth muscle and myocardium so that less calcium is available to the con-
tractile apparatus. The net result is vasodilatation and a decrease in myocardial contractility.
All calcium channel blockers inhibit L-type calcium current in arterial smooth muscle at low
concentration and therefore dilate coronary arteries. A major antianginal effect is coronary
vessel dilatation and prevention of exercise-induced vessel constriction. Afterload reduction
and, in the case of nondihydropyridine channel blockers, the suppressant effects on the sino-
atrial node and myocardium also contribute to antianginal efficacy.

Nitrates are coronary vasodilators, and they are anti-ischemic, although the antianginal
effects are more far-reaching. Nitrates produce venodilatation, thereby reducing preload,
and high doses of nitrates also reduce afterload through arterial vasodilatation. The reduc-
tion of preload is secondary to reduced venous return, which in turn reduces ventricular
volume and intracavitary pressure and ventricular wall stress. Nitrates can produce dilata-
tion of the site of stenotic coronary lesions and thus increase perfusion to the ischemic myo-
cardium. Nitrates also increase collateral blood flow to ischemic areas. These drugs have
not been shown to have an impact on cardiac death from coronary artery disease; however,
they have been shown to reduce the rate of angina frequency and increase time to ischemia
ECG findings on stress test.

Ranolazine is a selective inhibitor of late sodium influx into myocytes, reducing myocardial
contractility. This drug is usually used in combination with beta blockers significantly reduc-
ing the frequency of angina and increases exercise duration and time to onset of angina.

Statins are lipid-lowering drugs that work by inhibiting HMG-CoA Reductase. Improvement
of myocardial ischemia during ambulatory monitoring has been shown in several studies;
however, it is not known whether these agents improve exercise performance [12]. Lipid-
lowering agents are recommended for patients with stable angina who have dyslipidemia
because these agents have an important influence on prognosis for these patients. High
intensive therapy targets an LDL reduction of greater than 50% in high-risk patients and
a reduction of 30-50% in those patients who cannot tolerate a high-intensity treatment
regimen.
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ACE inhibitors (captopril, enalapril, and lisinopril) work by inhibiting the angiotensin-con-
verting enzyme. These drugs are a class I recommendation for patients with chronic CAD
with LV dysfunction LVEF <40% or diabetes and a class II recommendation for CAD patients
without these features [13, 14].

Daily use of aspirin has been shown to reduce the incidence of sudden death and acute myo-
cardial infarction in stable angina. In the Swedish Angina Pectoris Aspirin Trial (SAPAT), daily
use of aspirin was associated with a 34% reduction in the incidence of sudden death and acute
myocardial infarction, with an absolute reduction of 12 sudden deaths for every 1000 patients
treated during the 15-month period [15]. The relative reduction in secondary endpoints (vas-
cular events, vascular death, all-cause mortality, and stroke) ranged from 22 to 32%. There was
no difference in major bleeding episodes, including hemorrhagic strokes, between the aspirin
and placebo groups. On the basis of these data and available data of the usefulness of aspirin
in acute myocardial infarction and unstable angina, it is mandatory that aspirin be used in all
patients with stable angina, unless they are unable to tolerate the medication because of either
an allergic reaction or intolerable gastrointestinal side effects [8, 16].

Clopidogrel works by selectively inhibiting the binding of adenosine diphosphate (ADP) to
its platelet P2Y12 receptor and the subsequent ADP-mediated activation of the glycoprotein
GPIIb/Illa complex, thereby inhibiting platelet aggregation. Patients who are intolerant to
aspirin therapy may be treated with clopidogrel. Long-term treatment with a combination
of aspirin plus clopidogrel is not superior to aspirin treatment alone and increases the risk
of bleeding [17], and it is not recommended for treatment of patients with stable angina.
However, combination of aspirin plus clopidogrel for up to 3-12 months after coronary artery
stenting reduces adverse clinical outcomes and is indicated in this group of patients.

4. Percutaneous coronary intervention (PCI)

PCI has become one of the most commonly performed medical procedures in the United
States, with more than 600,000 procedures performed annually. Over the past decade, the
use of drug-eluting stents (DESs) has supplanted the use of older stents, referred to as bare-
metal stents (BMSs). Almost all percutaneous coronary interventions (PCls) performed cur-
rently involve stent placement. Thus, although the term percutaneous coronary intervention
refers to any therapeutic coronary intervention, it has become essentially synonymous with
coronary stent implantation. PCI is performed for coronary revascularization in patients with
stable coronary disease as well as, in the appropriate clinical settings, in those with acute coro-
nary syndromes. In Figures 3 and 4, one can see a schematic diagram of a PCI [18].

Indications for PCI include:

1. Moderate-to-severe stable angina with evidence of reversible ischemia
2. High-risk unstable angina or non-ST segment elevation myocardial infarction

3. Acute ST segment elevation myocardial infarction
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Lesion crossed
with guibchewing

Lesion dilated
with balboeon

Stent aligned
in lesion

Start
daployec

Deployed stent
in artery

Figure 3. Schematic diagram of a PCI.

Pre-intervention Post-balloon dilation Post-stent implantation

Figure 4. Percutaneous intervention of the circumflex artery seen angiographically [17]. Images from [18].

4.
5.
6.
7.

Rescue percutaneous coronary intervention after failed thrombolysis

Cardiogenic shock after myocardial infarction

Revascularization after successful resuscitation

Patients with diabetes mellitus

The only absolute contraindication to PCI is the lack of vascular access or active untreatable

severe bleeding, which precludes the use of anticoagulation and antiplatelet agents. Relative
contraindications include the following;:

¢ A bleeding diathesis or other conditions that predispose to bleeding during antiplatelet
therapy.
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Severe renal insufficiency unless the patient is on hemodialysis or has severe electrolyte
abnormalities.

Sepsis.
Poor patient compliance with medications.

A terminal condition, such as advanced or metastatic malignancy, that indicates a short life
expectancy.

Other indications for open-heart surgery.
Anatomic features of poor success.
Failure of previous PCI or not amenable to PCI based on previous angiograms.

Severe cognitive dysfunction or advanced physical limitations.

Patients generally should not undergo PCI if the following conditions are present:

Only a very small area of myocardium is at risk.

There is no objective evidence of ischemia (unless the patient has clear anginal symptoms
and has not had a stress test) with either noninvasive or invasive testing (e.g., fractional
flow reserve). One should also beware of false-negative stress tests in patients with left-
main CAD.

There is a low likelihood of technical success.

The patient has left main or multivessel CAD with a high SYNTAX score and is a candidate
for coronary artery bypass grafting (CABG).

There is insignificant stenosis (less than 50% luminal narrowing).

The patient has end-stage cirrhosis with portal hypertension resulting in encephalopathy
or visceral bleeding.

Following PCI, the patient should be placed on antiplatelet therapy. Patients who are already
on aspirin therapy should continue with 81 mg of aspirin daily. Those who are not on aspirin
should receive 325 mg of non—enteric-coated aspirin preferably 24 hours prior to PCL, after
which aspirin should be continued indefinitely at a dose of 81 mg daily. A loading dose of a
P2Y12 inhibitor should be given prior to PCI with stent placement. Following a loading dose
of a P2Y12 inhibitor, a maintenance dose is continued. The recommendations for dose and
duration are as follows:

In patients undergoing elective BMS implantation, the duration of P2Y12 inhibitor therapy
should be a minimum of 1 month.

For patient undergoing elective DES implantation (with a second-generation DES) for stable
ischemic heart disease, the duration of P2Y12 inhibitor therapy should be at least 6 months.

For patients undergoing stent BMS or DES implantation in the setting of ACS, clopidogrel
75 mg daily, prasugrel 10 mg daily, or ticagrelor 90 mg twice daily should be continued for
at least 12 months. In this setting, ticagrelor and prasugrel are preferred over clopidogrel.
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¢ Shorter duration therapy may be reasonable in patients at high risk for bleeding. Con-
versely, longer duration therapy may be reasonable in those at higher risk for ischemia but
not for bleeding.

5. Coronary artery bypass grafting (CABG)

The decision for surgery is made based on the comprehensive evaluation of the patient.
Anatomic considerations that favor recommendation for CABG include presence of significant
LM or proximal LAD CAD, multivessel CAD, and presence of lesions not amenable to stent-
ing. The presence of diabetes also favors surgical revascularization over stenting in operable
patients. Depressed ejection fraction has been recognized as an additional indication for CABG.

Although the coronary anatomy may be suitable for bypass, each patient’s comorbidities
should be considered in the overall risk-benefit analysis. Preoperative renal insufficiency,
peripheral vascular disease, recent myocardial infarction, or recent stroke, as well as emer-
gency operation and cardiogenic shock, has been identified as factors that increase mortality.
The decision to offer CABG or PCI should be determined by a multidisciplinary heart team
that evaluates the appropriate therapy on a case-by-case basis.

The current American Heart Association Guidelines for coronary artery bypass grafting can
be found in Figure 5.

6. A review of the literature: which treatment is best?

Three early prospective randomized trials comparing CABG with medical therapy were con-
ducted in the late 1970s and were reported in the early 1980s. The Veterans’ Affairs (VA)
cooperative trial, European Coronary Surgery Study (ECSS), and Coronary Artery Surgery
Study (CASS) showed long-term superiority of surgery over medical therapy in patients with
left main (LM) coronary artery disease, significant coronary artery disease involving the LAD
artery, and multivessel disease.

The first study was reported in 1982 in the European Coronary Surgery Study [19]. This study
randomized 768 men to medical or surgical treatment. In follow-up extending to 8 years, sur-
vival was significantly improved by surgery in patients with significant three-vessel disease
and in patients with significant stenosis in the proximal LAD coronary artery who had two- or
three-vessel disease. Compared with medically treated patients, late mortality was reduced by
53% at 5 years in surgically treated patients, and among those with three-vessel disease, the
5-year mortality rate was lowered by 66%. In the subgroup of patients with significant narrow-
ing of the proximal LAD coronary artery, the 5-year mortality rate was lowered 60% by surgery.

The second study reporting the efficacy of coronary revascularization was the 1984 Veterans
Administration study [20]. This study evaluated the long-term survival after CABG in 686
patients with stable angina, and patients were observed for an average of 11.2 years. The
7-year survival curves for the total population of patients showed a statistically significant
survival benefit of 77% with surgical therapy compared with 70% survival with medical
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AHA/ACC Guidelines for CABG

Asymptomatic/Mild Angina
Class|

1. Left main stenosis

2. Left main equivalent (proximal LAD and proximal circumflex )

3. Three-vessel disease
Class Ila

1. Proximal LAD stenosis and one- or two-vessel disease
Class Ilb

1. One- or two-vessel disease not involving proximal LAD

If a large territory at risk on noninvasive studies or LVEF50%, Ila and IIb become

class I indications
Stable Angina
Class |

1. Left main stenosis

2. Left main equivalent (proximal LAD and proximal circumflex )

3. Three-vessel disease

4. Two-vessel disease with proximal LAD stenosis and EF <50% or demonstrable ischemia

5. One- or two-vessel disease without proximal LAD stenosis b ut with a large territory at
risk and high-risk criteria on noninvasive testing

6. Disabling angina refractory to medical therapy
Class lla

1. Proximal LAD stenosis with one-vessel disease

2. One- or two-vessel disease without proximal LAD stenosis, but with a moderate territory
at risk and demonstrable ischemia
Unstable Angina/Non-ST-Segment Elevation MI (NSTEMI)
Class|

1. Left main

2. Left main equivalent

3. Ongoing ischemia not responsive to maximal nonsurgical the rapy
Class Ila

1. Proximal LAD stenosis with one- or two-vessel disease
Class Ilb

1. One- or two-vessel disease without proximal LAD stenosis w hen PCI not possible
(becomes class I if high-risk criteria on noninvasive testing)
ST-Segment Elevation (Q wave) MI
Class |

1. Failed PCT with persistent pain or shock and anatomically feasible

2. Persistent or recurrent ischemia refractory to medical treatment with acceptable anatomy
who have a significant territory at risk and not a candidate fo r PCI

3. Requires surgical repair of post-infarct ventricular septal rupture or mitral valve
insufficiency

4. Cardiogenic shock in patients <75 years of age who have ST elevation, LBBB, or a
posterior MI within 18 hours of onset

5. Life-threatening ventricular arrhythmias in the presence o f >50% left main stenosis or
three-vessel disease
Class lla

1. Primary reperfusion in patients who have failed fibrinolyt ics or PCI and are in the early
stages (6-12 h) of an evolving STEMI

2. Mortality with CABG is elevated the first 3-7 days after STEMI/NSTEMI. After 7 days,
criteria for revascularization in previous sections apply.
Poor LV Function
Class |

1. Left main stenosis

2. Left main equivalent

3. Proximal LAD stenosis and two- to three-vessel disease
Class Ila

1. Significant viable territory and noncontractile myocardium
Life-Threatening Ventricular Arrhythmias
Class |

1. Left main disease

2. Three-vessel disease
Class lla

1. Bypassable one- or two-vessel disease

2. Proximal LAD disease and one- or two-vessel disease.

These become class I indications if arrhythmia is resuscita ted cardiac death or

sustained ventricular tachycardia.
Failed PCI
Class |

1. Ongoing ischemia with significant territory at risk

2. Shock
Class Ila

1. Foreign body in critical position

2. Shock with coagulopathy and no previous sternotomy
Class Ilb

1. Shock with coagulopathy and previous sternotomy
Previous CABG
Class |

1. Disabling angina refractory to medical therapy

2. Nonpatent previous bypass grafts, but with class I indicat ions for native CAD
Class lla
1. Large territory at risk
2. Vein grafts supplying LAD or large territory are >50% stenos ed

Figure 5. AHA/ACC guidelines for CABG.

treatment. This benefit diminished by 11 years of observation, but a survival advantage per-
sisted 11 years in surgical patients with three-vessel disease and impaired left ventricular
function and in those at high clinical risk defined by preoperative ST-segment depression,
history of myocardial infarction, or hypertension (Figure 6).
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Figure 6. VA study results. Eleven-year cumulative survival for all patients according to treatment assignment. Survival
curve for randomized medical (M) and surgical (S) groups in all patients and all patients without left main disease (non-
LMD). From Veterans Administration Coronary Artery Bypass Surgery Cooperative Study Group [20].

Finally, the Coronary Artery Surgery Study (CASS) [21] reported survival data of 780 patients
with stable angina and ejection fractions greater than 35% who were assigned to receive medical
or surgical therapy. At 8 years of follow-up, 87% of surgically treated patients were alive com-
pared with 84% of those receiving medical therapy. Although not statistically significant, the
trend favored surgical therapy. Of note, the subgroup with three-vessel disease and a reduced
ejection fraction of less than 50% but greater than 35% had a significant survival benefit in the
surgical group at 7 years of 88% compared with 65% in the medical therapy group (Figure 7).

While the above studies showed the impact coronary revascularization has on patient long-
term outcomes compared to medical therapy alone, there remained much debate in regard
to efficacy and patient survival when comparing coronary artery bypass grafting and per-
cutaneous coronary interventions. Perhaps, the single most important trial comparing the
two interventions was the SYNTAX trial. This trial involved 85 treatment centers and 1800
patients with multivessel or left main coronary artery disease. These showed worse outcomes
in the PCI group as compared to the CABG group, with increased composite major adverse
cardiac and cerebrovascular events (MACCE: death, stroke, MI, or repeat revascularization).
Although there was no significant difference in all-cause mortality and stroke at 5 years, MI
and repeat revascularization were both increased in the PCI group. Of note, in patients with
three-vessel coronary artery disease (CAD), CABG in comparison with PCI was associated
with a significantly reduced rate of MI-related death, which was the leading cause of death
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Figure 7. CASS results. Cumulative survival for patients participating in the CASS randomized trial. (A) Survival curve
for all patients assigned to medical or surgical therapy and (B) survival curve for patients with three diseased vessels and
ejection fractions (EF) less than 0.50 assigned to medical or surgical therapy. From Killip et al. [21].

after PCI. The study concluded that patients with more complex disease (3VD with inter-
mediate-high SYNTAX scores and LM with high SYNTAX score) have an increased risk of a
MACCE event with PCI, and CABG is the preferred treatment option.

The syntax score is a scoring system developed by the SYNTAX trial investigators to quan-
tify the extent and complexity of CAD based on findings at cardiac catheterization. Scores
are divided into terciles: low (0-22), intermediate (23-32), and high (=33), with higher scores
representing more extensive and complex CAD. The SYNTAX score was found to corre-
late with PCI risk and outcome but not with CABG risk and outcome. Patients with higher
SYNTAX scores generally benefited from a revascularization strategy of CABG in preference
to PCI. This is reflected in current guidelines, which state that it is reasonable to choose CABG
over PCI as a revascularization strategy in patients with complex three-vessel disease and
high SYNTAX score.

It must be noted that for patients with complicated coronary artery disease, coronary artery
bypass surgery has been shown to be superior to that of PCI. From the studies above, it can be
noted that this difference can be seen after a 5 year follow up period. Thus, for patients with
triple vessel disease, diabetes and reduced ejection fraction, coronary artery bypass surgery
should be the standard of care.
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